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Chapter 1
Introduction and outline of this thesis
This thesis addresses the pathogenesis of irritable bowel syndrome (IBS),
one of the most common functional gastrointestinal disorders among the
westernized population. In this thesis, we discovered a key role for gut
fungi in the abdominal pain many IBS patients experience, and we explored
potential therapeutics based on this finding.

Diagnosis and clinical manifestations
The term IBS relates to functional bowel complaints that currently
affect around 10 to 15% of the worldwide population. In fact, the
identification of the syndrome IBS is relatively new and dates from the
1950s1. However, earlier descriptions of bowel problems with names such
as colitis or membranous enteritis originate from the 19th century. In 1846
the English physician William Cumming describes in the London medical
gazette ‘’Bowels that are at one time constipated and at another time lax in
the same person’’ while not understanding how such opposite symptoms
could coexist in the same person2. He already realized the serious effects of
this disorder, describing the mental consequences of this disease as near
insanity.
In addition to inconvenient consequences such as diarrhea,
constipation or an alternating state between the two, one of the main
symptoms of IBS is abdominal pain. Although IBS is not life threatening,
these manifestations seriously affect the quality of life in patients with IBS3.
Unfortunately, despite high prevalence, treatment options are limited. It
has been suggested that 25% of patients suffer from severe complaints,
necessitating considerable amounts of visits to primary and secondary
health care3-6. This intensive use of health care resources, together with
high work absenteeism, results in a high economic burden of IBS3-6.

7

539334-L-bw-Botschuiver
Processed on: 19-12-2019

PDF page: 7

The overall difficulty in IBS is that it is a functional disorder of the
gastrointestinal tract and thus characterized by symptoms suggestive of a
cause within the bowels, while there are no histopathological or other
abnormalities that can explain these symptoms. In this respect, IBS is
distinguished from inflammatory bowel diseases by the absence of overt
inflammation and macroscopic abnormalities in the intestines. Normally,
diagnosis is made by a well-defined measurable biomarker or a visible
abnormality that does not occur in healthy subjects. Because no such
biomarkers are present, IBS remains highly difficult to diagnose.
Because the lack of biomarkers, bowel symptoms in IBS were long
thought to be of psychological origin. Until the late 1980s, people with IBS
were often told that their symptoms exist merely in their heads and were
often not taken seriously by professionals2. For IBS patients this created a
problematic position, since in IBS the physical effects often coexist with
psychiatric problems such as anxiety and depression7.
In an attempt to legitimize IBS as a disorder and to improve
diagnosis, gastroenterologists gathered in Rome in 1987 to draft guidelines
for the diagnosis of IBS and other functional disorders. This effort led to
diagnostic criteria that evolved, according to new insights, from the Rome I
into the present Rome IV criteria8. According to the latest criteria, IBS is
defined as a functional bowel disease with recurrent abdominal pain,
related to defecation or a change in bowel habits e.g. irregular bowel
habits — constipation, diarrhea or a mix of both — and common symptoms
such as bloating and distension. For a condition to be classified as IBS, it
must be chronic: the symptoms should have persisted for at least six
months. The criteria further include the presence of abdominal pain, at
least one day per week on average, during the preceding three months.
This is in contrast to previous criteria (Rome III) defining IBS as the
presence of abdominal pain and discomfort for at least three days per
month8. Besides, the current definition and diagnostic criteria do no longer
use the term discomfort: the term has different meanings in different
languages, and may be unclear for patients9. In addition to this, in the
Rome IV criteria the phrase “improvement with defecation” was changed
into “related to defecation” since not all IBS patients experience less
8
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abdominal pain upon defecation, but instead report a worsening as well 8.
The Rome IV criteria, depending on the presence of alarm features such as
inflammation, may also include diagnostic tests to exclude other common
conditions, like coeliac disease, lactose intolerance and inflammatory
bowel disease8.
According to the predominant disorder in bowel habits (presented
in stool consistency) IBS is categorized in four main subtypes (Table 1): IBS
with constipation (IBS-C), IBS with diarrhea (IBS-D), mixed IBS (IBS-M) and
unclassified IBS (IBS-U) in which the stool consistency does not meet the
above defined stool consistencies.

Table 1. Main clinical subtypes according to Rome IV criteria
Subtype

IBS-C
(constipation)

IBS-D
(diarrhea)

IBS-M(mixed
pattern)

IBS-U
(unclassified)

Stool

>25% hard or
lumpy

>25%loose or
watery

>25% hard or
lumpy

Meet IBS criteria,
but no
categorization
possible

consistency

<25% loose or
watery

<25% hard or
lumpy

>25% loose or
watery
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Stress in IBS etiology
The establishment of the Rome criteria has improved the diagnosis of IBS
greatly. However, IBS is still identified on a specific set of clinical symptoms
without an explanation for these symptoms. This feature of IBS diagnosis
results in a heterogeneous patient group, because with clinical subtyping
the underlying pathology is not addressed.
The heterogeneity in IBS may explain the absence of a unifying
theory during many years of research. However, IBS etiology involves
multiple interrelated factors such as intestinal microbiota composition,
inflammation provoked by intestinal pathogens, psychosocial factors such
as depression and anxiety, disturbed day and night rhythms, traumatic
experiences during childhood, and exposure to stress. These factors may
cause pathological effects such as disturbed stress responses and
ultimately intestinal barrier dysfunction, aberrant motility, and enhanced
pain perception (figure 1). The association between the occurrence of
stressful events and IBS complaints, points towards stress as a connecting
factor; hence our general hypothesis in this thesis is, that stress – in a
predisposed individual – is important in symptom generation10-12. In the
next paragraphs we introduce a number of concepts underling the stress
related pathogenesis of abdominal pain in IBS.

10
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Figure 1. Factors and mechanisms important in IBS pathology
In IBS multiple interrelated factors are involved wich may cause
pathological effects such as intestinal barrier dysfunction, aberrant
motility and enhanced pain perception(visceral hypersensitivity).

11

539334-L-bw-Botschuiver
Processed on: 19-12-2019

PDF page: 11

The hypothalamic-pituitary-adrenal axis and aberrant stress
responses in IBS
Our bowels are extensively innervated and contain their own nervous
system (the enteric nervous system) that is connected to the central
nervous system (CNS) by an extensive network of neurons. The enteric
nervous system is able to control motility, secretion of gastric juices and
microcirculation in an autonomous fashion. However, it is as well under
exogenous control of the sympathetic and the parasympathetic neurons of
the autonomous nervous system (ANS). Together these neural networks
regulate digestion through a wide range of hormones and neuropeptides13.
IBS research primarily focused on the potential role of the ANS1416
.in IBS pathology. For example, compared to healthy individuals, IBS
patients were suggested to display a (subtle) increase in basic sympathetic
nervous system activity and a decreased parasympathetic nervous
activity.14, 17, 18 As a result, IBS patients tend to show elevated resting heart
rate compared to healthy controls 14.
The strong correlation between stress and symptom severity
suggest that enhanced stress responsiveness plays a role in IBS. Indeed,
altered responses of the hypothalamic-pituitary-adrenal (HPA) axes have
been observed in IBS patients and animal models of IBS12, 15, 16, 18, 19. The
HPA-axis responds to environmental changes and enables the body to
adapt to unforeseen stressors. Activation of this axis results in the release
of corticotrophin releasing factor (CRF) from the paraventricular nucleus of
the hypothalamus. CRF in turn, stimulates adrenocorticotropic hormone
(ACTH) release from the anterior pituitary. In order to adjust physical
functions, ACTH stimulates the adrenal cortex to release cortisol. Although
many studies have yielded conflicting results, levels of hormones, ACTH,
and cortisol show differences in IBS patients versus healthy controls.
Corticotrophin releasing factor (CRF) injections in IBS patients resulted in
increased20 or blunted 19 levels of ACTH and higher stimulated plasma
cortisol levels compared to healthy controls15, 19, 20.
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Normally cortisol inhibits the HPA-axis response via negative feedback via
glucocorticoid receptors in the hypothalamus and the pituitary. The
enhanced HPA axis response in IBS patients has been associated with a
reduced negative feedback inhibition via these receptors21, 22. Thus
dysregulation of the HPA-axis is important in the pathogenesis of IBS
(figure1).
The enhanced HPA axis reactivity can explain the association
between traumatic experiences, during childhood, and the incidence of IBS
later in life 23-27. It has been suggested that early adverse life events, for
instance physical, emotional or sexual abuse, may affect HPA axis function
through epigenetic mechanisms22, 25, 28 leading to aberrant stress responses
at adulthood23, 27. Although well-defined mechanisms are lacking to
substantiate these claims, the occurrence of early adverse life events is
now put forward as predisposition for IBS and can be modeled in animals
29, 30
. For example, the IBS model of neonatal maternal separation in rat (rat
MS model) simulates early adverse life events that are often seen in people
that develop IBS later in life27, 30. In this model, pups are separated from the
mother, and at adult age maternal separated rats show IBS like complaints
after exposure to stress30, 31. An altered maternal behavior towards pups,
due to the separation protocol, is likely responsible for the changed HPAaxis reactivity. It is thought that this altered behavior leads, via epigenetic
mechanisms, to reduced negative feedback inhibition of the HPA axis31, 32.
Weaver et al showed that maternal behavior alters epigenetic
programming in the offspring32, as a decrease in pup licking and grooming
was associated with hyper methylation at the GR promotor leading to
altered GR expression patterns.
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Disturbed circadian rhythms and IBS
Gastrointestinal physiology follows a night and a day rhythm. For example,
intestinal motility decreases in sleep and increases during the day33. This
circadian rhythmicity is controlled by the master clock system under the
influence of light. The master clock system connects to numerous organs
and tissues including the intestine, relaying information from the centrally
generated circadian rhythm. At a molecular level, clock genes in peripheral
tissues control circadian rhythms. These clock genes are expressed within
the gastrointestinal tract and can function independently of the master
clock system34, 35.
To adjust for physiologic activities, the master clock system and the
HPA–axis communicate with each other at multiple levels. For instance,
CRF is released in a circadian manner from the paraventricular nucleus of
the hypothalamus, resulting in an oscillating glucocorticoid secretion,
preparing the body for appropriate daily function36. However CRF is also
released in response to a variety of stressors. Changes in the circadian
rhythm or HPA-axis leads to similar conditions, suggesting that there is
crosstalk between the two systems 37. Indeed disruptions in circadian
rhythmicity, such as those taking place when traveling across different time
zones, or working in night shifts, has been associated with IBS related
gastro intestinal symptoms (including abdominal pain, constipation or
diarrhea) 38-40.

Barrier dysfunction, mast cells, stress and the intestinal microbiota
in visceral pain
Infections of the gastro-intestinal tract can predispose or even directly
initiate IBS41, 42. For example giardiasis, an infection with the pathogenic
protozoan giardia, is a risk factor for developing IBS 41. The incidence of IBS
after giardia infection can reach 7-31% in a population that had no previous
diagnosed symptoms43, 44. This increased risk may persist over years.
Gastroenteritis following infections from a range of bacteria including
Campylobacter, Salmonella, and Shigella may provoke IBS as well45.
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The presence IBS symptoms following an infectious event is
defined as post-infectious-IBS (P-IBS). This type of IBS shows high similarity
with the clinical subtype IBS-D. In P-IBS, abdominal pain, bloating and
diarrhea persist after infection. Psychological factors such as anxiety,
increases the risk to develop IBS after gastroenteritis46. Moreover the
presence of anxiety itself also increases the risk for gastroenteritis after
exposure to intestinal pathogens, emphasizing the multifactorial nature of
IBS.
On a mechanistic level, the association between gastroenteritis and
the risk to develop IBS may be explained by an impairment of the intestinal
barrier-function after infection47, 48. The intestinal mucosal barrier consists
of a single-cell epithelial layer followed by the lamina propria that consist
of connective tissue, immune cells and nerve endings. The epithelial layer
forms a selective permeable barrier maintained by the -apical junctional
complex- that is composed of tight junctions (zonula occludens), adherens
junctions and desmosome protein structures49. Through this mucosal
barrier the absorption of nutrients, ions and water takes place, while at the
same time, it protects against potential harmful factors, such as intestinal
microbiota or pathogens. As is clear from figure 1, this disruption of this
barrier-function is central in IBS50. Experiments using animal models
demonstrate that various types of stress can disturb the intestinal barrier51
while in humans, diarrhea predominant and P-IBS patients show impaired
barrier function52-54. Potentially, commensal or pathogenic intestinal
microbiota translocate via this barrier dysfunction and subsequently
activate immune cells, a process that is likely to contribute to symptom
generation in IBS. For example, rats develop visceral hypersensitivity post
giardiasis which correlates with bacterial translocation, degradation of the
tight junction proteins, occludin and claudin-448.
It has been suggested that post inflammatory IBS develops because
the immune system fails to resolve inflammation completely after infection
and that IBS, in general, reflects low grade inflammation50. There is ample
data indicating low grade mucosal inflammation in IBS, as shown by
increased mucosal immune cells and altered serum cytokine levels in
patients55.

15

539334-L-bw-Botschuiver
Processed on: 19-12-2019

PDF page: 15

However, there are also studies that conflict with these findings56, 57. These
contradictory results may be explained by the presence of multiple
subtypes in the heterogeneous IBS patient group or by used methodologies
58, 59
. On the other hand, as mentioned before, one of the main
characteristics of IBS is the absence of inflammatory biomarkers,
discriminating IBS from inflammatory bowel diseases which is in conflict
with inflammation, albeit microscopic. In this perspective, Braak et al
recently proposed ‘’dysregulation of the mucosal immune system’’ as a
pathophysiologic mechanism in IBS rather than mucosal low grade
inflammation56. With this the authors imply differences in functional
properties of mucosal cells upon immune activation. Normal immune
function would mean recruitment and infiltration of immune cells into
tissues. A process probably not taking place in IBS due to differences in
gene expression or cytokine release of mucosal (immune) cells.

Visceral hypersensitivity: altered pain perception in IBS patients
Despite the ambiguity concerning low-grade inflammation in causing
symptoms in IBS, and the absence of organic biomarkers, there is a
common abnormality present: between 35-60% of the IBS patients show
increased sensitivity to bowel distension60-62. This increased sensitivity,
referred to as ‘’visceral hypersensitivity’’ is recognized as an important
pathophysiological aspect, underlying the morbidity of IBS63. It is thought
that by this hypersensitivity, normal physiological visceral stimuli such as
bowel movements are perceived as abdominal pain.
Visceral stimuli are sensed by sensory nerve endings of afferent
nerves in the intestine. These nerve endings are surrounded by a complex
signaling environment where they are subjected to mechanical pressure
and a dynamic milieu of neuroactive molecules64. Even though the
pathways to visceral hypersensitivity are probably multifactorial, involving
both peripheral and central pain mechanisms, it is evident that it arises at
the initiation of sensing, and that it involves nociceptors (receptors for
pain) expressed at visceral nerve endings that are described in detail
below64.
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The transient reporter potential channel V1 in visceral pain
perception
The transient reporter potential channel V1 (TRPV1) is such a nociceptor.
This nonselective ligand-gated cation channel is ubiquitously expressed in
the intestine and important in visceral pain perception65-67. TPRV1 can be
activated by a wide variety of exogenous and endogenous physical or
chemical stimuli such as heat, acidic conditions or capsaicin (an active
component present in chili peppers)68. In mice, TRPV1 knock-out causes a
decrease in sensitivity to colorectal distension and TRPV1 antagonism
attenuates visceral hypersensitivity in the rat neonatal maternal separation
model69, 70. In human IBS patients, increased expression of TRPV1 in colonic
biopsies compared to healthy subjects also suggest involvement of this
receptor67. Yet, the increased TRPV1 expression is not consistent66.
Wanrooij et al showed increased pain responses to the TRPV1 agonist
capsaicin in hypersensitive IBS patients. However, TRPV1 mRNA or protein
expression was not increased in the rectal mucosa of these patients. This is
possibly due to an altered state of the TRPV1 channel, instead of higher
expression of this nociceptor59, 66, 71. Moreover, the supernatant of colonic
biopsies or intestinal fluid collected from IBS patients can activate visceral
afferent neurons of humans72. In addition, soluble factors released from
human colonic biopsies are able to induce visceral hypersensitivity in
mice73. Thus, the mucosal micro environment in IBS patients has an
increased ability to activate or sensitize enteric afferent neurons containing
TRPV1 nociceptors59, 71-77.

The role of mast cells in visceral hypersensitivity
The mast cell products protease and histamine, were shown to be mainly
responsible for the IBS associated neuroactive micro environment73, 75, 77.
The importance of mast cells in the development of visceral
hypersensitivity is further supported by numerous findings, such as
increased numbers of mast cells in the mucosa or activated mast cells that
are in close proximity to nerve endings in IBS patients78, 79. In addition, the
mast cell mediator histamine proved to be essential in the MS rat model of
IBS80. Exposure to acute stress causes visceral hypersensitivity in this
model. This post stress induced hypersensitivity is reversed by the
17
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histamine receptor H1 (HRH1) agonist Ebastine81. Potentially, histamine
sensitizes the transient reporter potential TRPV1 via HRH1 activation,
which is co-expressed along TRPV1 in sensory neurons lining the intestine59,
66, 82
. This histamine sensitization of TRPV1 may explain the increased pain
perception in IBS: Ketotifen and Ebastine, HRH1 receptor antagonists,
reduced visceral hypersensitivity and abdominal pain in IBS patients66, 83
Stress can trigger mast cell activation, explaining the correlation
between the presence of stress and symptom generation in IBS. It has been
shown that upon exposure to stress, CRF release in the peripheral tissues
takes place. This CRF is able to activate intestinal mucosal mast cells via the
expression of CRF receptors on these cells. Through this route, perceived
stress may lead to visceral hypersensitivity in IBS patients and animal
models84. However, despite the therapeutic potential to interference with
this pathway, clinical trials in humans with CRF-receptor antagonists were
unsuccessful85, 86. This could be explained by the moment at which CRF is
antagonized; antagonizing CHR is only effective when administered before
the actual stressor, suggesting the presence of other triggers for mast cell
activation80. Upon activation, mast cells also release tryptase, which may
cause increased intestinal permeability by the modulation of tight junction
proteins73, 87. Because of the stress mediated barrier dysfunction, intestinal
microbiota or its products enter the mucosa and may prolong mast cell
activation.

Role of the microbiome in IBS
Most studies concerning the intestinal microbiome in health and disease
document a difference in microbiota between healthy and diseased
individuals. This difference is often referred to as a dysbiosis. The strongest
suggestion for a role of the intestinal microbiome composition in the
pathophysiology of IBS comes from the shared consensus in IBS research of
a dysbiotic microbiome, which is frequently associated with clinical
complaints88-90.
However, we must keep in mind that most studies in this area are
descriptive; they document differences in microbiota rather than providing
causal evidence that the microbiota have a role in initiation of IBS. The IBS
patient group as a whole (the clinical subtypes IBS-D, IBS-C and A grouped
18
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together), harbors different microbiota compared to healthy controls.
However, no differences were observed between clinically defined
subtypes in most of these studies88-90. Interestingly, Jeffery et al 2012
described IBS subgroups that have different fecal microbiota
compositions89. Patients clustered in two subgroups or were not different
from healthy individuals. These IBS clusters showed either a higher or a
lower intestinal diversity compared to healthy individuals. The authors
state that on the phylum level, an increased Firmucutes - Bacteroidetes
ratio discriminates IBS subjects from normal intestinal microbiota. The high
Firmicutes - Bacteroidetes IBS clusters were characterized by the high
abundance of Bifidobacteria, Dorea and Blautia genera, while healthy
individuals showed increased abundance of the genus Bacteroides.
Simultaneously Rajlic et al 2011 reported an increased Firmicutesbacteroidetes ratio in IBS patients due to increased abundance of members
of the Firmicutes Clostridium cluster XIVa and a decrease in Bacteriodetes88.
Furthermore, a distinct fecal and mucosal microbial signature was
observed in IBS patients that was associated with symptom severity90. The
potential role of the microbiome in the pathogenesis of IBS is evidenced
further by the observation that the clinical features PI-IBS and IBS-D
coincide with similarities in fecal microbiota composition91. JalankaTuovinen 2014 et al identified a group of bacteria that separate the fecal
microbiota profile of PI-IBS and IBS-D patients from healthy controls91. This
particular dysbiosis arose if a patient kept persistent gastro-intestinal
symptoms after gastroenteritis, and thus developed PI-IBS. Moreover,
similar IBS microbiota profiles correlated with severity of symptoms, pain
and immune markers but not with psychosocial symptoms. The authors
suggest, similar to Jeffery et al89, that they have identified a manner to
stratify subgroups of patients based on their microbiota91.
A different study reported similar findings: altered fecal and
mucosal microbial compositions in PI-IBS, general IBS and healthy controls.
Bacteria of the Bacteroidetes phylum were more abundant in PI- IBS and
healthy volunteers than in the general IBS group. While the Firmicutes
phylum, more specifically the Clostidium clusters IV and XIVa, was the most
abundant in the general IBS group. Here the authors did observe a

19
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correlation between altered microbial composition with anxiety and
depression scores which contrasts with previous studies92.
Chassard et all explored IBS-C gut microbiota with a more
functional-based approach. Via culturing and biochemical methods, the
authors reported that the functional profile of intestinal microbiota in
constipated IBS-C patients is different compared to that of healthy
controls. A study by Crouzet et al in 2012 showed that hypersensitivity to
colonic distention of IBS-C patients can be transferred by fecal
transplantation in germ free rats. In germ free rats colonized with IBS-C
and healthy microbiota, only the IBS colonized animals become
hypersensitive to distention93. In addition, animal models of visceral
hypersensitivity e.g. the rat MS rat model and the trinitrobenzene
sulphonic acid (TNBS) model (a post inflammatory IBS model), show
changes in intestinal microbiota94, 95. Maternal separation triggered a time
dependent dysbiosis, and TNBS exposure revealed a different microbiome
composition compared to control animals95. Unlike in humans, the animal
models did not show the significant increase in Firmicutes to Bacteroidetes
ratio. However, some similarities with the human IBS dysbiosis were
demonstrated95.
The likely role of the microbiome in the pathophysiology of IBS
suggests that the microbiome could be used as a therapeutic target, by the
aid of probiotic bacteria. However the effect of microbiome modulation to
relieve symptoms in IBS is controversial, some studies report beneficial
effects96-98, but inconsistent findings were also found97, 99. For example
Lactobacillus gasseri BNR17 isolated from human breast milk or Clostridium
butyricum, improved abdominal pain scores in IBS-D patients accompanied
with profound changes in fecal microbiota100, 101. Findings that were
contrary to a rigorously designed study with a multi species probiotic (with
health associated species such as Bifidobacterium breve, Bifidobacterium
longum, and Lactobacillus rhamnosus) that did not demonstrate superiority
of probiotics compared to placebo102.

20
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Outline of this thesis
Taken together, there is ample evidence that IBS patients show a dysbiotic
intestinal microbiome which is associated with clinical complaints. IBS
patients can, to some extent, be stratified based on their microbiota.
However, causal evidence that the microbiota is important for the
development of IBS, and in particular, visceral hypersensitivity is absent.
An objective of this thesis was therefore to identify intestinal microbiota
responsible for the development of visceral hypersensitivity in IBS. The
second chapter of this thesis reviews the potential molecular mechanisms
by which microbial components may cause visceral pain by acting on
afferent nerves.
Thus the role of the microbiome in gastro-intestinal disorders has
been a subject of intense study. Less attention however, has been paid to
the role of intestinal fungi in IBS. Only recently, contemporary research has
recognized the importance of fungi for a healthy gut homeostasis103, 104. In
the third chapter, we investigated the intestinal fungi in the MS rat model
of IBS and in a human IBS cohort. Our hypothesis is that upon stress
mediated barrier disruption, fungal cell wall components (such as βglucans), are important triggers for mast cell activation and sustain the
stress-related hypersensitivity in IBS patients (figure 2). We used the rat MS
model to interfere with different pathways for fungal recognition. In
addition, we used high throughput sequencing of human and rat feces to
establish the mycobiome in human IBS patients, healthy volunteers,
maternal-separated and non-separated rats.
Several lines of evidence suggest that essential oils can be used to
treat symptoms associated with IBS. A number of clinical trials proved that
peppermint oil could be a safe and effective treatment option for IBS 105,
106
. Proposed mechanisms include antispasmodic properties by relaxing
smooth muscle or reduction of bowel hypersensitivity via the activation of transient receptor potential cation channel subfamily M member 8 (TRM8)by menthol, one of the active components of peppermint. Earlier, a
combination two essential oils attenuated visceral hypersensitivity in a rat
model of post inflammatory IBS107. This oil mixture is now known as
Menthacarin. It is an over-the-counter drug for functional dyspepsia 108 and
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a proprietary combination of essential oils of peppermint (Mentha x
piperita L.) and caraway seed (Carum carvi). The essential oils peppermint
and caraway both exhibit potent anti-bacterial and anti- fungal properties
thus Menthacarin may mediate its therapeutic effects by affecting the gut
microbiome.
In the fourth chapter the action of Menthacarin on visceral
sensitivity was investigated in our rat MS model of IBS and its effect on gut
bacteria and fungi was studied by high throughput sequencing of the fungal
and bacterial ribosomal DNA genes before and after treatment in maternalseparated and non-separated rats.
To treat visceral hypersensitivity in IBS, only few effective therapies
are available. The development of new drugs is cost and time consuming.
Therefore the re-evaluation of existing drugs is often considered. The FDA
approved drug miltefosine for the treatment of leishmaniasis is an
attractive candidate because it has the potential to act on both intestinal
fungi and the signaling pathways important for the development of visceral
hypersensitivity. Miltefosine has antifungal properties because it interferes
with fungal membrane biosynthesis and, in addition, is a lipid raft
regulate receptor-mediated signal
modulator109, 110. Lipid rafts
transduction processes. Proteins with a high affinity for lipid rafts include
transmembrane receptors in fungal and pain signaling, hence the potential
of miltefosine to treat visceral hypersensitivity in IBS111. In the fifth
chapter, the pleiotropic effects of miltefosine in reducing visceral
hypersensitivity were investigated. To this end we treated maternalseparated and non-separated rats with this compound and studied the
mycobiome and microbiome composition in these rats. In addition, the
influence of miltefosine on signal transduction of TRPV1 or Dectine-1 was
studied. The potential to inhibit TPRV1 activation by lipid raft modulation
was investigated with the aid of TRPV1 transfected neuroblastoma cells
and by the TPRV1 agonist capsaicin dependent rat model of visceral
hypersensitivity.
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The symptoms of IBS vary during the day, with high symptom
severity early in the morning compared to the rest of the day112. Via
concerted actions the nervous and endocrine system regulates physical
function and these systems are, in turn, under tight regime of the circadian
clock. Recently, a circadian variation in pain perception to rectal distention
in healthy men was described113. The increased sensitivity for pain of the
internal organs in IBS patients, upon stimulation to rectal distension, may
rely on subtle alterations of the autonomous nervous system, caused by a
disrupted circadian control of the ANS 18, 37, 113. In the sixth chapter the
hypothesis that disruptions in circadian control of the ANS underlie visceral
hypersensitivity was investigated. For this the sensitivity status of nonseparated rats along different time points during the day and night cycle,
was assessed.

Figure 2. Outline thesis: potential mechanisms leading to sustained
visceral hypersensitivity in IBS. This figure provides a schematic overview
of the mechanisms involved in IBS pathogenesis. Chapters investigating the
different pathways are indicated.
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ABSTRACT
Visceral pain, characterized by abdominal discomfort, originates from
organs in the abdominal cavity and is a characteristic symptom in patients
suffering from irritable bowel syndrome, vulvodynia or interstitial cystitis.
Most organs in which visceral pain originates are in contact with the
external milieu and continuously exposed to microbes. In order to maintain
homeostasis and prevent infections, the immune- and nervous system in
these organs cooperate to sense and eliminate (harmful) microbes.
Recognition of microbial components or products by receptors expressed
on cells from the immune and nervous systems can activate immune
responses but may also cause pain. We review the microbial compounds
and their receptors that could be involved in visceral pain development.
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Introduction
Visceral pain originates from internal organs and is experienced as chronic,
diffuse abdominal pain or abdominal discomfort1. In addition, these
symptoms are frequently accompanied by complaints such as nausea and
vomiting. Visceral pain is regularly observed in patients with irritable bowel
syndrome (IBS), interstitial cystitis (painful bladder syndrome) or
vulvodynia. Visceral pain is usually chronic, non-malignant and allodynic by
nature; patients that suffer from visceral pain may perceive normal
physiologic stimuli as painful (i.e. visceral hypersensitivity)1. As many
individuals will experience visceral pain at some point in their life, a better
understanding of the mechanisms that cause this type of pain could be
useful in the development of therapies to help these patients.
Many of the visceral organs (e.g. bladder, vulva, gastro-intestinal
tract) are in contact with the exterior and are hence colonized by microbes,
mainly bacteria and fungi, the microbiota). To a lesser extent, other
organisms are present, including protozoans, phages and archaea. The
composition of this microbial pool is referred to as the microbiome, and is
highly variable between various anatomical locations 2.
In order to prevent entry of pathogens or compounds, a protective
structure of the visceral organs is required. Using the gastro-intestinal tract
as example, the first barrier to prevent invasion of pathogens is provided
by the epithelium which, together with a mucus layer, protects the
organism from the external milieu. Tight junctions ensure the integrity of
the epithelial barrier3. Below the epithelial barrier lies the lamina propria,
which contains a multitude of cell types including fibroblasts, lymphocytes
and sensory nerves. Continuous immune surveillance ensures that immune
responses are readily evoked if pathogens invade beyond the epithelium.
Under normal, physiological conditions, translocation is of
microbes is limited through a tightly regulated epithelial barrier. However,
several pathological conditions cause a decrease in barrier function of the
gut epithelium4. Microbes in the gut lumen can subsequently translocate
into the mucosal layer of the intestine5. Similarly, microbial compounds
such as metabolites and cell wall components may also pass the epithelial
barrier.
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Inflammatory mediators can activate nerve endings and trigger the
release of nociceptive mediators from other cells that sensitize the endings
of afferent nerve terminals. This sensitization results in an increased
response to painful stimuli and is suspected to play a role in chronic pain
syndromes like IBS6. Inflammation can also prime the organ for nociception
even in absence of inflammation. It is hypothesized that irritable bowel
Syndrome is at least partially mediated by low-grade inflammation, as tight
junction markers have lower expression as compared to healthy
volunteers7. Additionally, this is illustrated by post-inflammatory irritable
bowel syndrome, a disorder in which patients still suffer from abdominal
pain whilst being in remission from inflammatory diseases 8.
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Many excellent reviews have been published on the neuroanatomy of
visceral pain9. In brief, pain originates from specialized neurons with nerve
endings in the (visceral) tissues. These nociceptors in and around the
visceral organs signal through either vagal or spinal routes towards the
brain. Activation of vagal pathways is related to homeostatic and
physiologic functioning of organs, whereas signalling through the spinal
cord is associated with perception of pain (Figure 1). For clarity, in this
review we will mainly focus on spinal routes of pain perception. These
nociceptive neurons can be activated by a number of physical stimuli,
including mechanical, thermal, and chemical triggers10. Interestingly, recent
data implicate that these stimuli also include microbial products and
inflammatory mediators.

Figure 1: neuroanatomy of visceral
pain. After activation of sensory
afferent nerves the signal is relayed to
the brain trough the spinal cord via
dorsal root ganglia (DRG). These
sensory afferents connecting to the
spinal cord are associated with visceral
nociception.
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It has become clear that the human microbiomes of different anatomical
locations play an important role in the pathogenesis of a wide range of
disorders. However, causal relationships between microbiome composition
and human diseases are difficult to establish11. In this review we focus on
microbial metabolites and microbial components that can activate
receptors on cells of the neuronal and or immune system and are thus
likely to play a causal role in microbe mediated pain.
The importance of the microbiome in nociception is illustrated by
the observation that, without commensal microbiota, germ free mice show
reduced inflammatory pain compared to conventional mice 12. Likewise,
commensal intestinal microbiota are necessary for normal excitability of
gut sensory neurons 13. However, in absence of gut microbiota, germ free
mice display visceral hypersensitivity associated with changes in brain
areas that are involved in pain processing. This hyperalgesia could be
normalized by postnatal colonization with microbiota of conventional mice
14
. Moreover, changes in the gut microbiome by antibiotic treatment have
been found to be associated with increased colorectal pain responses in
mice15. Visceral hypersensitivity in IBS patients appeared to be dependent
upon the fecal microbiota composition: fecal transplantations in germ free
rats demonstrated that only the fecal microbiota of IBS patients induced
hyperalgesia of the viscera in these rats 16.
The instigation of IBS after gastroenteritis e.g. post-infectious IBS,
further reinforces importance of microbiota in nociception17, 18. For
example giardiasis, an infection with the pathogenic protozoan Giardia
lamblia, is a risk factor for developing IBS and visceral hypersensitivity in
humans 19. In rats, visceral hypersensitivity after giardia infection
correlated with bacterial translocation, barrier dysfunction and the
enhanced expression of the nuclear transcription factor c-Fos, a marker for
neuronal activity and important in pain processing 20-22.
Altered intestinal bacterial composition is also associated with the neonatal
maternal separation IBS model of visceral hypersensitivity 23. This indicates
that early life stress shapes the gut bacterial microbiome as well. Recently
it was shown that maternal separation also shapes the gut fungal
microbiota (the mycobiome) and that a specific mycobiome was
responsible for a hypersensitive phenotype in this model24.
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A role for vaginal microbiota is also highly suspected in the chronic
pain syndrome vulvodynia. Overall, a history of repeated vulvovaginal
fungal infections or vaginal bacterial dysbiosis is associated with vulvodynia
25-27
. Similarly, interstitial cystitis, or bladder pain syndrome, has a link with
previous infections of the urinary tract 28. An infection can result in chronic
allodynia of the bladder long after the clearance of the inciting pathogen 29.
Various microbial compounds are able to activate sensory neurons,
which implicates that the presence of microbes in contact with visceral
organs may evoke visceral pain30. Several pathways can induce nerve
activation, including cytokine receptors, activation of pattern recognition
receptors, or receptor-independent modes of activation. The goal of this
review is to provide a comprehensive inventory of pathways by which
microbial molecules may induce pain. Throughout this review, we will
discriminate between two main pathways: an indirect pathway in which
activation of the immune system causes secondary activation of the
afferent neurons (Figure 2A), or direct pathways of nociceptor activation
(Figure 2B). However, these two pathways are not mutually exclusive:
compounds may be able to activate neurons through both direct and
indirect mechanisms.
This review necessarily focussed mostly on studies in irritable
bowel syndrome, as knowledge on the role of microbial compounds in
other visceral pain-related diseases such as vulvodynia and interstitial
cystitis is more limited. The focus in the literature on IBS is explained by its
prevalence, around 20% of the population suffers from IBS or IBS-related
symptoms31. Even though the exact cause of IBS remains elusive, epithelial
barrier dysfunction32, 33 and changes in the gut microbiome have been
observed16, 34, 35. The combination of an increase in gut permeability and
change in the gut microbiome make IBS a mechanistically relevant model
to study the effect of microbes on the development of visceral
hypersensitivity. However, because the composition of microbiomes and
expression of receptors differs between organs, it is not certain if
mechanisms of microbe induced pain can always be translated between
organs.
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Indirect versus Direct Activation of Nociceptive neurons
Indirect activation
Upon recognition of pathogens, the immune system is activated and the
subsequent response results in release of pro-inflammatory cytokines and
mediators, including interleukin (IL)1β, IL-6, tumor necrosis factor alpha
(TNFα), reactive oxygen species, and mast-cell derived proteases. Even
though an inflammatory response is needed to eradicate invading
pathogens, these cytokines and other compounds can concomitantly cause
a secondary pain response by activating nociceptive neurons. This interplay
between the immune and neural compartment is described as indirect
activation (Figure 2A).
Direct activation
Neurons are also able to directly detect microbial components and
metabolites which in turn can induce nociception. In this direct pathway,
nociception is independent of immune activation30. Direct activation can
occur through two mechanisms: afferent neurons express a broad set of
pattern recognition receptors (PRRs) (Table 1), which enable the neuron to
respond to bacterial compounds such as cell wall components or molecules
such as pore-forming toxins and neurotransmitters secreted by microbes
can induce activation by mechanisms that are independent of the PRRrepertoire of the neurons (Figure 2B).
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Figure 2: Direct and indirect activation of sensory afferents in the lamina propria
of visceral organs. A) Indirect activation is mediated by recognition of pathogens
by the host’s immune system. Subsequently mediators (e.g. proteases, cytokines)
are released that activate neurons through Protease Activated Receptor 2 (PAR2)
or cytokine receptors. B) Direct activation is mediated by bacterial compounds
activating sensory afferents, e.g. integration of pore-forming toxins, recognition by
Pattern Recognition Receptors (PRRs), or activation through neurotransmitters
produced by microbes.
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Compound

γ-Aminobutyric
acid (GABA)

Microbe
Corynebacteriace
ae
(Corynebacterium
glutamicum,
Brevibacterium
lactofermentum,
Brevibacterium
flavum),
Artherobacter
globiformis
Lactobacillus,
Bifidobacterium

Histamine

Lactobacillus spp.

Glutamate

Neuroactive
compounds and
metabolites

Organ

Gut

Gut,
bladder
Gut,
bladder
Gut

Serotonin (5-HT)

Corynebacterium
spp.,
Streptococcus
spp. and
Enterococcus spp.

Gut,
bladder,
DRG

Receptor

Pain

N-methylDaspartase Increase
(NMDA)
receptor

Mechanism

Direct
36-38

mGlu,
Decrease Direct
kainate
receptors
(GABA-A,)
Decrease Direct
GABA-B
H1R, H2R

Increase

H4R

Decrease

5-HT1B, 1D,

Ref

39-43

Direct

44-47

Increase

Direct

48-54

2A-C, 3, 4, 7

Quinolinic acid

Gut

NMDA
receptor

Increase

Indirect

55-58

Kynurenic acid

Gut

GPR34

Decrease Indirect

59-61

Gut

AhR
receptor

Decrease Direct

62-66

Indole derivatives

Bacteria
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Compound

Microbial
fermentation
products

Microbe

Shortchain fatty Bacteria
acids

Organ

Receptor

pain

Mechanism

ref

Nuclear Factor kappaB (NFkB), peroxisome
proliferator-activated
receptors (PPARy)

Decrease

Indirect

67-69

Gut
Calcitonin geneIncrease
related peptide (CGRP)

Free Fatty Acid
Receptor (FFAR2,
FFAR3)

70,

Direct

71

72,

Motility,
Unknown

Direct

73
74
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Compound
Lipopolysaccharide

Microbe
Gramnegative
bacteria

Organ

Receptor

Gut, bladder

CD14, TLR4

Immune cells

CD14, TLR2,
Nod1/Nod2

Pain
Increase

Mechanism

Ref

Indirect

75, 76

Direct

77, 78
67, 79,

Peptidoglycan

Lipoteichoic Acid
Cell wall
components
Flagellin

β-Glucans

Bacteria

Grampositive
Prostate, pelvis TLR2
bacteria
Flagellate
Gut
TLR5
d
bacteria
Fungi

Gut

Dectin-1

Increase

Indirect
Direct

81-84

Increase

Indirect

85

Increase

Indirect

86-88

Indirect

89, 90

Direct

91-93

Increase

Decrease Indirect

Microbial
proteins

Indirect

Staphyloc
occus
aureus,
Bladder
Streptoco
ccus
pyogenes

n/a

Increase

Direct

Bacteria

Protease
Activated
Receptor
(PAR) 1-4

Increase

Direct

97-99

Formylated
Peptide
Receptor
(FPR1, FPR2)

Indirect

100-106

Increase

Direct

107

Fungi

Pore-forming toxins

N-formylated peptides

94

TLR2, DectinIncrease
1

Chitins

Proteases

80

Bacteria

Immune cells

Gut

Gut
DRG

81, 90

Direct

30, 95,
96

Table 1. Microbes, microbial products, receptors and their mode of action.
In this table different microbial components and products are categorized by type
of compound. The receptors and mode of action on the perception are also
indicated.
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Bacterial derived compounds acting on nociceptors
The synthesis of metabolites that can act as neurotransmitters is
evolutionary conserved, bacteria synthesise compounds that are identical
to mammalian neurotransmitters108. Although these compounds have
different functions in prokaryotes and eukaryotes, we cannot exclude the
possibility that they are also actively synthesised by microbes to affect host
physiology. The bacterial derived neurotransmitters most important in pain
perception are described below.

Glutamate
Glutamate, the deprotonated form of glutamic acid, is an excitatory
neurotransmitter. In bacteria, glutamate serves several purposes, including
nitrogen metabolism and protection from external stressors109. Glutamate
is essential in the nitrogen metabolic circuit in all enteric bacteria 110.
Bacteria that have been described as major glutamate producers are
Corynebacteriaceae spp. (including Corynebacterium glutamicum,
Brevibacterium lactofermentum and Brevibacterium flavum)108, 111 and
Arthrobacter globiformis112. Some of these glutamate producers are
present in human intestine, for instance Corynebacteriaceae spp. occur in
the intestine of neonates born through caesarean section113.
Both ligand-gated N-methyl-D-aspartate (NMDA) and G-protein
coupled glutamate receptors (mGlu) are widely expressed throughout the
central and peripheral nervous system36, with the highest expression within
the enteric nervous system 38. Although downstream glutamate signalling is
pleiotropic, the ionotropic glutamate receptors are responsible for chronic
pain effects through long-term neuronal activation 37. Upon activation of
these receptors, opening of ion channels induced (prolonged) action
potentials 36-38.
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GABA
γ-Aminobutyric acid (GABA), a major inhibitory neurotransmitter, is
synthesized by many bacteria, using glutamate as precursor molecule. A
number of these bacteria, such as Lactobacillus spp. and Bifidobacterium
spp. can be isolated from human feces114-116. In bacteria, GABA aids in the
resistance against acidic environmental pH levels115. Fungal species have
also been described to produce GABA116, in these organisms GABA plays a
role in processes such as spore formation115.
The ionotropic GABA-A receptor is mainly found in the central
nervous system, but the metabotropic GABA-B receptor is also expressed
within the viscera41. The latter receptor is a G-protein coupled receptor,
which is also able to regulate ion fluxes. Upon activation, K+ efflux and
inhibition of adenylyl cyclase occurs, ultimately creating hyperpolarization
of the neuron43. Besides, GABA-B agonism has been shown to decrease
sensitivity to colorectal distension in rats39, to alleviate neuropathic pain42,
and as therapeutic option in overactive bladder syndrome 40, 41. Pokusaeva
et al. have shown that daily administration of the GABA-producing
probiotic Bifidobacterium dentium ameliorates visceral hypersensitivity in a
rat model for IBS117. Thus, signalling through GABA-B receptors likely
decreases visceral pain sensation.
Histamine
A biological amine that functions as neurotransmitter is histamine. The
amino acid histidine is the precursor of histamine, and is (in eukaryotes)
converted by histidine decarboxylase (HDC) into histamine. Histamine
signalling occurs via the dedicated histamine receptors (HR) of which H1R,
H2R and H4R have been described to be present in the colon45, whereas
H3R is mainly expressed within the central nervous system118. Histamine
receptors are G-protein coupled receptors (GPCR), H1R and H2R are
associated with activation, whereas H3R and H4R are coupled to a Gi
subunit and thus have inhibitory effects119.
Bacteria also produce histamine; two types of microbial HDC have
been described, both are dependent on the cofactor pyridoxal phosphate
or pyruvoyl. Gram-positive bacteria (including Lactic Acid Bacteria) produce
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histamine through pyruvoyl-dependent HDC, whereas gram-negative
bacteria utilize pyridoxal phosphate-dependent HDC120. Furthermore, Lactic
Acid Bacteria (LAB), including multiple genera of bacteria involved in wine
making (Lactobacillus, Pediococcus, Leuconostoc and Oenococcus)121, 122 and
enteric bacteria involved in spoilage of foodstuff 123 produce histamines.
The role of histamine signalling in bacteria includes regulation of
proliferation, metabolism and chemotaxis 124.
It is not clear through which mechanisms microbial histamine can
reach into tissues, but evidence does exist that an increased amount of
histamine is taken up shortly after administration of other amines, such as
cadaverine 125. The relevance of histamine signalling in visceral pain can be
observed from several diseases. Both histamine poisoning (scromboid fish
poisoning) and histamine intolerance (HIT) are characterized by diarrhoea,
hives and abdominal pain126, 127. Histamine poisoning can be caused by
bacteria in spoiled fish which synthesize histamine from available histidine
in fish muscles. Consumption of spoiled fish can lead to sickness due to the
high amount of ingested histamine. Histamine intolerance is caused by low
levels of the histamine-degrading enzyme, diamine oxidase (DAO) and
results in abnormal serum histamine levels127. It has been hypothesized
that histamine intolerance also underlies chronic abdominal pain in
children128.
A role for histamine in visceral pain in IBS is also evident. Activation
of H1R has been shown to mediate sensitization of nociceptive nerves in
the gut47. H1R increased signalling of Transient Reporter Potential channel
V1 (TRPV1)129, and thus lowered the threshold for nociception. Treatment
options include stabilization of mast cells, which decreases release of mast
cell mediators130, or histamine receptor antagonism, which decreases
visceral hypersensitivity in a stress-based rodent model and IBS patients 44,
46, 129
. In the case of nerve activation through TRPV1, histamine signalling
thus lowers the threshold for activation of nociceptive neurons. Similar
mechanisms have been proposed for painful bladder syndrome, as
histamine signalling is able to evoke cystitis pain131, and the severity of this
pain is correlated to the expression of TRPV1 nerve fibers132.
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Serotonin
Serotonin (5-hydroxytryptamine, 5-HT) acts via a distinct set of serotoninreceptors. In total, 14 receptors divided into 7 classes (5-HT1-7) are known.
The localisation and role of these different receptors in IBS has been
reviewed elsewhere133. All 5-HT receptors, with exception of 5-HT3, are Gprotein Coupled Receptors (GPCRs, and present either inhibitory or
excitatory functions 53. The different subtypes influence the intracellular
cAMP concentration and hence downstream signalling. Because of these
opposed downstream signalling routes, opinions are contrasting whether
5-HT is algesic or analgesic 54. In addition, serotonin signalling is able to
potentiate signalling through TRPV1, hence lowering the threshold for pain
perception 51, 52.
Disruptions in central and peripheral serotonergic signalling
pathways have been found in patients with IBS. The role of 5-HT in multiple
characteristics of IBS such as increased epithelial permeability, visceral
hypersensitivity, activation of immune cells and changes in motility,
secretion and nociception has also been studied extensively in relation to
IBS48 and are reviewed elsewhere 134. Noteworthy, transient depletion of
the serotonin precursor tryptophan in the cerebrospinal fluid, achieved
through administration of a mixture of neutral amino acids lacking
tryptophan, is shown to decrease serotonin levels because these amino
acids compete with the same transporter to cross the blood-brain
barrier135. This reduced central level of tryptophan and serotonin was
shown to increase pain and urge scoring in IBS 50. In a mouse model for
inflammatory visceral pain, chronic exposure to 5-HT increased
visceromotor response to colorectal distension and worsened colitis, which
was explained through interaction with endocannabinoid signalling via 5HT3 and 5-HT4 receptors136. An association of 5-HT3 and 5-HT4 receptors
with visceral hypersensitivity primarily in female rats has also been
reported137 .
Serotonin can be synthesized by bacteria including
Corynebacterium spp., Streptococcus spp. and Enterococcus spp. 138 and
may thus contribute to microbial induced visceral pain as well. Two main
synthesis routes from tryptophan have been described in bacteria; one is
similar to the eukaryotic enzymatic serotonin synthesis, whereas e.g.
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Escherichia coli synthesizes serotonin through the metabolite tryptamine.
In microbes, serotonin possibly functions in quorum sensing139. In
mammals, the tissue with highest synthesis of 5-HT is the intestine, mainly
in the enterochromaffin (EC) and mast cells that reside in the intestinal
lamina propria140. Serotonergic EC cells that are proposed to act as
chemosensors are likely the source of serotonin most relevant to IBS
pathology. Such EC cells express specific chemosensory receptors, and
modulate serotonin-sensitive primary afferent nerve fibers via synaptic
connections 141, 142.
By studying mice that lack the enzyme to produce 5-HT (full Tph1
knockout), a 90% decrease of 5-HT serum levels was found as compared to
wild type mice 143. The remaining 10% of serotonin is not yet accounted for,
but is most likely due to microbial production of 5-HT. However, serotonin
levels of germ-free mice were decreased with 50% as compared to
conventional mice. In addition, treatment of conventional specificpathogen free mice with antibiotics decreases 5-HT levels, confirming the
role of the presence of microbiome as trigger for 5-HT synthesis in the gut
144
. A more recent study adds to the purported role of the microbiome as
networks of microbiome genera could be described that associate with
functional connectivity of brain regions in the somatosensory network and
GI sensorimotor function in IBS patients145.
Microbial mechanisms driving the activation of EC and thus 5-HT
secretion are less abundantly described, but isovalerate, isobutyrate, and
butyrate are volatile fatty acid fermentation products produced by gut
microbiota are shown to modulate serotonin biosynthesis144 and as such
could potentially be linked to IBS associated visceral pain. Thus, microbiota
can produce serotonin, and their presence stimulates endogenous
serotonin synthesis.
Regarding the potential role of serotonin in transmitting pain in the
pelvic viscera, a precursor of serotonin (5-hydroxytryptophan) has been
shown to enhance nociception via activation of the 5-HT3 receptor in the
bladder49. This 5-HT is purportedly released from specialized urethral cells,
the 5-HT expressing paraneurons, which are anatomically located in close
proximity to sensory nerves expressing neuropeptides such as calcitonin
gene-related peptide (CGRP)146. In studies in which the release of 5-HT
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from paraneurons is triggered, it was demonstrated that 5-HT activates
urethral primary afferent neurons including capsaicin sensitive C-fibers147.
Activation of afferent nerves and pain sensation was documented by
enhanced expression of associated markers such as p-ERK in the spinal cord
and sensitization of visceromotor reflexes elicited by urethral distention146.
As neurogenic inflammation is associated with increased release of
peptides from the afferent nerves, it can be speculated that interaction
between nerves and 5-HT expressing paraneurons may increase the release
of 5-HT, which can in turn increase neuronal excitability and contribute to
pain.
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The kynurenine pathway and microbial neuroactive tryptophan
metabolites
The essential amino acid tryptophan is a precursor to a wide array of
bioactive molecules that play a role in various aspects of human
metabolism and physiology, Figure 3. Microbial induced disturbances in
endogenous tryptophan metabolism are related to aberrant visceral pain
perception. In addition, tryptophan metabolites generated by the intestinal
microbiota may also play a role the development of visceral pain 148.
While only 1–2% of the available tryptophan is converted to
serotonin, about 95% of the ingested tryptophan is metabolized via the
kynurenine pathway148, 149. The biological role of this pathway is diverse
and includes clearance of excess tryptophan, maintenance of nicotinic acid
levels, and central nervous system function 148, 150. Tryptophan can enter
the kynurenine pathway via indoleamine 2,3-dioxygenase (IDO1) which is
expressed in most tissues, with high expression levels in the human
intestine 151. The expression of IDO1 increases under inflammatory
conditions, in particular, interferon gamma (IFNγ) appears a strong inducer
of IDO1 152, 153.
Two important downstream metabolic products within the
kynurenine pathway are kynurenic and quinolinic acid which have immune
regulatory and neuroactive properties (Figure 3). Besides endogenous
production of kynurenic and quinolinic acid, there are indications that
microbial synthesis of these metabolites by the intestinal microbiota also
takes place. In the mucus of rat ileum, the concentration of kynurenic acid
is high compared to that of the intestinal tissues. The high concentration in
the lumen, and the kynurenic acid producing capacity of microbiota,
suggest that it is microbial in origin: Saccharomyces cerevisiae and
Escherichia coli, both prevalent human gut commensals, have been
described to produce both quinolinic and kynurenic acid 154-158.
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Figure 3 Tryptophan metabolism in relation to pro- and anti-nociceptive
activation.
Kynurenic acid may be involved in visceral pain signalling via direct
and indirect mechanisms of nociception. Kynurenic acid exerts antiinflammatory effects via the G protein-coupled receptor GPR35, expressed
on immune cells. Via GPR35 ligation, kynurenic acid attenuates
lipopolysaccharide (LPS)-induced TNFα secretion in peripheral
mononuclear cells and CD14+ monocytes, thereby potentially having an
indirect effect in nociception by counteracting inflammatory pain 61.
However this indirect effect is not yet confirmed in animal models. The
anti-inflammatory effect of kynurenic acid on immune cells is suggested to
represent a negative feedback mechanism since the tryptophan metabolic
pathway is activated by pro-inflammatory stimuli 148.
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Next to expression on immune cells, GPR35 expression is present in
tissues lining the intestine and dorsal root ganglions 60, 61. The activation of
neuronal GPR35 is associated with an anti-nociceptive effect which is most
likely mediated via the interaction with hyperpolarization activated cyclic
nucleotide gated (HCN) channels. Agonizing GRP35 may prevent HCN
mediated hyperpolarization of the neuron and thereby decreases visceral
pain perception in mice 159-161.In the central nervous system, quinolinic is
considered to act as a neurotoxic agent 56. However the role of quinolinic
acid in the intestine is not fully understood. Both kynurenic and quinolinic
acid are able to interact with the N-methyl-D-aspartate receptor (NMDA
receptor, a receptor which is known to be involved in visceral nociception
57
. Kynurenic acid antagonizes this receptor, whereas quinolinic acid may
act as an agonist 55, 58. In this respect kynurenic and quinolinic acid both
have the potential to directly influence visceral nociceptive mechanisms in
the intestine.
Interaction of bacterial tryptophan metabolism with the endogenous
kynurenine pathway
Next to endogenous tryptophan metabolism, bacteria possess additional
tryptophan metabolic pathways. Gut microbes such as Escherichia coli,
Achromobacter liquefaciens and Bacteriodes spp metabolize part of the
available dietary tryptophan into indole derivatives148. These indole
derivatives can regulate inflammation in the intestines by acting as ligands
for the aryl hydrocarbon receptor (AhR). In turn, AhR receptor-induced
signals up-regulate a wide array of genes including CYP1A1 and IL-22, a
cytokine involved in the maintenance of the gut epithelium. Via this
mechanism bacterial derived indoles promote optimal barrier function in
the intestine 66.
Inflammatory bowel disease (IBD) is a chronic disorder
characterized by an inflammation of the gastrointestinal tract. The most
prevalent complaint in IBD is severe abdominal pain and the disease
etiology has a strong association with the intestinal microbiota[33, 110,
126, 127]. In mice, a mutation in the Card9 gene (a gene involved in
pathogen recognition receptor signaling, associated with IBD) shapes the
microbiome to aggravate inflammation in an experimental model of colitis.
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The Card9 associated dysbiotic microbiota, as well as fecal microbial
samples of IBD patients, fail to induce AHR transcription factors162. The
inoculation of mice with Lactobacillus strains capable of metabolizing
tryptophan into AhR ligands or treatment with an AhR agonist attenuated
colitis in mice that received microbiota from Card9−/− mice. These findings
link bacterial tryptophan metabolism to intestinal inflammation and
potentially impaired intestinal barrier function.
The bacterial dysbiosis associated with IBD may also contribute to
the increased activity of the kynurenine pathway162. IBD patients show
increased activity in the intestines and a higher concentration of
kynurenine metabolites in the serum 162, 163. An increased activity in the
kynurenine pathway, related to dysbiosis of the intestinal microbial
community, was also observed in IBS, possibly contributing to impaired
barrier function and the subsequent development of visceral
hypersensitivity62-65. However, contrasting observations have been
reported in IBS, increased circulating kynurenine levels were seen in some
studies164, 165, whereas decreased kynurenine concentrations in the mucosa
of IBS patients were also observed 59.
Taken together, the kynurenine pathway is important in intestinal
homeostasis and is dependent on the composition of the intestinal
microbiome. Tryptophan metabolites from microbial origin and
endogenous kynurenine pathways, have pain modulating properties.

Bacterial fermentation: short chain fatty acids
Intestinal microbes such as Faecalibacterium prausnitzi, Roseburia
intestinalis and Bifidobacterium adolescentis are able to ferment
indigestible food components into absorbable and nutrient-rich, short
chain fatty acids (SCFA)166. Starting substrates for SCFA are soluble or nonsoluble fibres, such as galacto-oligosaccharides, fructo-oligosaccharides,
pectin or resistant starch. Depending on the substrate and several other
factors, including the type of gut bacteria and the pH, these fibres are
metabolized into the SCFA acetate, propionate and butyrate. This
fermentation mainly takes place at the proximal part of the colon in
humans.
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The role of SCFA in visceral or somatic pain perception is somewhat
paradoxical: depending on the context the effect of SFCA signalling can be
either analgesic or nociceptive 167.
The functions of SCFA in health and disease are versatile, they may act as
signalling molecules, serve as main energy source for enterocytes, regulate
inflammation via epigenetic mechanisms on lymphocytes, promote
mucosal healing, barrier function and are involved in host metabolism and
nociception168, 169. The natural receptors for SCFA are the G-proteincoupled free fatty acid receptor 2 (FFAR2) and FFAR373. These receptors are
involved in various aspects of host physiology such as metabolism and
energy homeostasis. FFAR2 and FFAR3 act as sensors for SCFA and are
expressed in enteroendocrine cells throughout the gastrointestinal tract 73.
Interestingly, FFAR3 has been reported to be expressed on postganglionic
sympathetic and sensory neurons in both the autonomic and somatic
peripheral nervous system72, 73. This indicates that SCFAs not only act
through the enteroendocrine system but could also directly act on the
nervous system. This is exemplified by the observation that FFAR3
activation in rats counteracts serotonergic motor activation and thereby
suppresses neurogenic motility 74. There are however no indications that
FFAR3 is directly involved in visceral nociception, despite expression on
sensory nerves.

Analgesic effects of short chain fatty acids
Analgesic effects of SCFA have been demonstrated both in healthy
volunteers as well as in IBS patients and animal models. In healthy human
subjects, the administration of physiologic relevant butyrate
concentrations (50 to 100 mM) into the distal colon decreases pain and
discomfort to colorectal distension170. In addition, oral treatment with low
doses (300 mg/day) of micro-encapsulated sodium butyrate reduced the
frequency of abdominal pain in in IBS patients 171.
In models of acute visceral pain, the oral administration of butyrate
decreases nociception severity172. The analgesic property of butyrate in this
model was mediated via the expression of peroxisome proliferatoractivated receptors (PPAR) receptors, that play a role in controlling
53

539334-L-bw-Botschuiver
Processed on: 19-12-2019

PDF page: 53

inflammation and pain through the suppression of nuclear factor kappalight-chain-enhancer of activated B cells (NF-κB) activity in diverse target
cells68, 173-175. Indeed, there is substantial evidence that butyrate exerts
some of its anti-inflammatory effects through the suppression of NFκB 173.
Butyrate is able to modulate NF-kB signalling in epithelial cells, in LPSactivated cells butyrate exerts its anti-NF-κB nuclear activity via PPARy,
while in TNFα activated cells butyrate exerts its NFκB nuclear activity via
the vitamin D receptor68. Furthermore, butyrate is known to suppress NFκB
activation in colorectal cancer cells via upregulation of PPAR alpha68. Thus,
butyrate is indirectly involved in nociception via the induction of antiinflammatory effects 50-52, 69, 176.
Nociceptive effects of short chain fatty acids
SCFA can have opposing effects on visceral perception: The analgesic
effects of the SCFA butyrate described above contrast with studies
documenting nociceptive effects. Rats that received enemas of a butyrate
solution in a broad range (8 mM – 1M) twice daily for 3 days showed a
transient visceral hypersensitivity, with no macroscopic or histologic
modifications177. The increase of visceral hypersensitivity was already
observed at the lowest concentration (8 mM). In addition, the feeding of a
high dose of fructo-oligosaccharides (8 gram/kg) intensified the sensitivity
status in a chronic stress mouse model of visceral hypersensitivity 178.
Moreover, butyrate enemas in the TNBS colitis rat model resulted in a
transient visceral increased colonic sensitivity without modifying the
inflammation score. The pro-nociceptive effect of butyrate was also seen in
control rats. Acetate and propionate, however, did not modify the
hypersensitivity of rats with colitis nor induced pro-inflammatory effects
179
.
The butyrate dependent hypersensitivity is likely relayed via sensory
neurons and the neuronal substance calcitonin gene-related peptide
(CGRP) as it plays an important role in visceral nociception70. It is expressed
in sensory neurons of dorsal root ganglia and in neurons that co-express
the transient receptor potential cation channel subfamily V member 1
(Trpv1)180. The conditional deletion in mice of CGRP within this population
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neurons decreases visceral nociception 71. Moreover, the blocking of CGRP
decreases visceral motor responses in rat 70. In addition, butyrate
treatment in rats that have compromised TRPV1 fibers, did not lead to
visceral hypersensitivity. Thus CGRP within neurons population that
express TRPV1, plays an important role in nociceptive effects provoked by
butyrate.
Another mechanism whereby butyrate enemas may promote
visceral hypersensitivity is by stimulation of nerve growth factor (NGF) 181.
NGF is an important factor in neuronal sprouting but also plays a role the
development of colonic hypersensitivity probably by a direct action on
sensory neurons 182. IBS patients show increased NGF and increased nerve
fibre outgrowth in their intestinal tissues183. Butyrate may play a role in this
process because it is able to stimulate NGF production by enteric glial cells
181, 182
.
Taken together, it appears that the effects of butyrate on visceral
perception can be either nociceptive or analgesic. These opposed effects
may depend on the inflammatory status of the host, concentration, way of
entry or integrity of the barrier.

Microbial cell wall components
Bacteria and fungi both possess a sturdy cell wall which forms their main
defence against a constantly changing environment, consisting of
molecules such as lipopolysaccharide, peptidoglycans, lipoteichoic acid,
and β-glucans. The most important receptors that recognize microbial cell
wall components are TLR4, TLR2, CD14, TLR5, Nod1/Nod2 and Dectin-1.
Both cells of the immune compartment and nociceptive neurons express
these so called pattern recognition receptorsand are thus able to recognize
these bacterial components184.
Lipopolysaccharide (LPS) is an important part of Gram negative bacterial
cell walls 185 and consists of three common domains: Lipid A, which is in
anchored in the outer membrane of the bacterium; the core domain, which
attaches both Lipid A and the most exterior domain, which is the Oantigen. The O-antigen is comprised of various polysaccharides, of which
the composition is very heterogeneous between bacterial species 186. LPS
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has well-described effects on the immune system, it triggers proinflammatory responses in immune defence. CD14 is the main PRR for LPS,
as it is able to bind both unbound LPS, but also LPS in combination with LPS
binding protein76. Takeuchi et al showed that TLR4 is essential for the
detection of Gram-negative bacteria LPS 75. LPS is also able to directly
activate trigeminal ganglia neurons77, by activation of TLR4 that leads to
sensitization of TRPV1 77. Even though this research has not been
performed on peripheral nerves, it does clearly indicate the potential of
sensory nerves to recognize LPS.
Moreover, LPS has been described to cause visceral
hypersensitivity in a rat model of irritable bowel syndrome. Rats were
injected subcutaneously with 1 mg/kg LPS after which the animals show
visceral hypersensitivity as determined by measuring muscle contractions
during colorectal distention 78. The induction of this hypersensitivity is
dependent on IL-1 and IL-6 signalling, thereby suggesting that this
observation is most likely mediated through indirect activation of dorsal
root ganglia through cytokine receptor activation78.
A role for LPS in visceral pain has also been observed in interstitial
cystitis, or bladder pain syndrome. Interstitial cystitis has a high
comorbidity with IBS and has a link with previous infections of the urinary
tract [196]. A bacterial infection can result in chronic allodynia of the
bladder, long after the clearance of the inciting pathogen [197].
Remarkably, the development of the type of allodynia is dependent upon
the core domain O-antigen of LPS in the invading E. coli bacteria29, 187: in
mice, the presence of O-antigen, causes an acute and transient
inflammatory pain, whereas the absence of the O-antigen will induce
chronic allodynia. Both effects are mediated via TLR4, and these persist
after clearance of the pathogen.
Lipoteichoic acid (LTA) is the Gram-positive bacteria counterpart of LPS.188.
In bacteria, LTA regulates autolytic activity and is crucial for cell division188,
189
. The main receptor of LTA is TLR2, which is mainly found on cells of the
innate immune system190. The prostate was considered to be a sterile
environment, but recent work has shown that bacteria may also reside in
the prostate 191, 192. In experimental mouse models pain responses were
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monitored by pelvic tactile stimulation with von Frey filaments, and an
enhanced sensitivity was referred to as pelvic tactile allodynia. LTA has
been shown to cause pain in prostate inflammation, (prostatitis), and
chronic pelvic pain syndrome 85. The role of microbes in prostatitisoriginated pain was confirmed by instillation of Staphylocccus aureusderived LTA, which increased the sensitivity towards stimuli85. Thus, LTA
recognition can induce visceral pain through an increase in pelvic tactile
allodynia.
Peptidoglycans (PGN), (murein), are essential components of microbial cell
walls. The polymeric structure of peptidoglycan is comprised of saccharides
and amino acids 79. Short peptides form the bridges between these
polymeric molecules. Peptidoglycan is not limited to a specific microbes,
but does occur in cell walls of most bacteria. However, the composition or
abundance of PGN may vary between species. For example, Gram positive
bacteria possess more peptidoglycans than Gram negative bacteria, as PGN
can account for approximately half of the weight of the cell wall in Gram
positive bacteria79, 193.
Peptidoglycans are foremost recognized by the innate immune
67
system ; the main receptors involved in this immune response are CD14
and TLR2, peptidoglycan response proteins (PGRPs), and Nod1/Nod2.
These receptors have different cellular localizations: CD14 and TLR2 are
extracellular receptors, PGRPs are secreted proteins, and Nod1/Nod2 are
classified as intracellular receptors for peptidoglycans 67, 79, 80. Signalling
through either of these mechanisms generally leads to release of proinflammatory cytokines, which subsequently can activate neurons.
Although a direct relation between peptidoglycans and visceral
pain has not yet been described, several studies suggests a role for PGN in
pain. In arthritic rodent models, recognition of peptidoglycan exacerbates
pain responses 83, 84. Interestingly, both sensory neurons and innate
immune cells in the viscera express the PGN receptors CD14 82 and TLR281.
PGN may thus be able to cause visceral pain through neuronal recognition
of peptidoglycan. This assumption is strengthened by the observation that
Nod1/Nod2 signalling may also be a nociceptive process: blockage of Nod2
through small molecule inhibitors reduces pain signalling in a murine
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visceral pain induced by intraperitoneal injection of acetic acid194. Thus,
both the CD14/TLR2 and Nod1/Nod2 pathways have been linked to
(visceral) pain, indicating that PGN may interfere with nociception.
Flagellin is a 30-60 kDa protein that forms homodimeric complexes and is
the main component of bacterial flagella. The receptor for monomeric
Flagellin is TLR5, and downstream signalling occurs via MyD88-dependent
pathways, ultimately leading to activation of NF-κB 195. TLR5 has mainly
been described as a pattern recognition receptor on innate immune cells,
able to evoke a release of pro-inflammatory cytokines and thereby
indirectly causing nerve activation. However, TLR5 has also been found on
neurons; in dorsal root ganglia, expression of TLR5 is co-expressed with
neurofilament-200, a neuronal marker 88. Based on these findings, Das et al
have shown that TLR5 signalling mediates hypersensitivity in a model of
allodynia in which agonists of TLR5 were injected in the hind paw of rats87.
In this same model, sensitivity was reversed by blocking TLR5 with the
specific antagonist TH102087. Even though this experimental model does
not involve visceral organs, these findings can be superimposed to visceral
pain as TLR5-expressing dorsal root ganglia are also responsible for pain
sensation in the visceral organs. Taken together, TLR5 signalling upon
recognition of flagellin is relevant in visceral pain through both direct and
indirect mechanisms and this nociception can be reversed by application of
TLR5-specific agonists86, 87.
Beta-glucans are the most abundant cell wall polysaccharides in fungi196,
197
, constituting 50-60% of the cell wall. These molecules are very
heterogeneous, with a majority being beta-1,3-glucan 196. Dectin-1, a Ctype Lectin receptor, is the main receptor for β-glucan particles and signals
through phosphorylation of spleen tyrosine kinase (Syk) 91-93. Upon
activation of Dectin-1, various processes are initiated, including
phagocytosis, reactive oxygen species production and cytokine release.
However, responses to fungal β-glucans are dependent on the size of the
β-glucan molecule198. To achieve functional signaling of Dectin-1,
particulate β-glucans are needed.
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In contrast, smaller and soluble β-glucans antagonize Dectin-1 and can thus
be used as inhibitor for recognition of fungal compounds.
Besides its expression on immune cells, Dectin-1 is also found on
nociceptive neurons. Confirming a possible role of Dectin-1 in nociceptor
activation, Candida albicans has been shown to activate Dectin-1 on
nociceptors 90. Recent research has shown that fungal components are
responsible for visceral pain in a rodent model of Irritable Bowel Syndrome
24
. Antifungal strategies reduced visceral sensitivity, as well as blockage of
the receptors by administration or Syk-inhibitors or specific receptor
antagonists 24, 89. Besides, oral administration of low-molecular weight βglucans derived from Aureobasidium pullans ameliorate visceral sensitivity
in two models of Irritable Bowel Syndrome 94. These contrasting findings do
not only emphasize the relevance of fungal β-glucans in causing visceral
pain, but could also highlight the importance of the different subtypes of βglucans.
Chitins, a linear polysaccharide, comprise about 1-20% of the fungal cell
wall which is needed for osmotic stability of the fungal cell196. The
immunologic response is, similar to β-glucans, dependent on the size of the
polymer199. Large fragments will be recognized by macrophages – mainly
through TLR2, and small fragments signal through Dectin-1. Both large and
small chitin molecules induce release of TNFα, whereas only small chitins
induce a release of macrophage-derived IL-10 199. This response towards
smaller molecules is speculated to occur through Dectin-1 200. Chitin has
not yet been described as a molecule to be responsible for visceral pain.
However, sensory neurons are equipped with TLR2 and Dectin-1 81, 90 to
cause activation upon recognition of chitins, and might thus contribute to
visceral pain.
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Microbial proteins
Pore-forming toxins
Pore-forming toxins (PFTs) are a subset of the widely expressed poreforming proteins (PFPs), which are produced by many bacteria95. PFTs play
a role in virulence during bacterial infections95. These proteins are able to
disrupt membranes, and thus compromise epithelial barriers. PFT insertion
always leads to enhanced membrane permeability and flux. However, the
pore toxin determines which compound will cross the plasma membrane;
proteins, molecules or specific ions95. Receptors, lipids or glycans on the
plasma membrane determine the specific binding of PFTs95; there is no
specific intracellular signaling pathway involved in nociception from PFTs.
Staphylococcus aureus produces the toxin α-hemolysin (αHL), which binds
to either phosphocholine or receptors such as ADAM1095. αHL has been
shown to induce dorsal root ganglion activation in rats, causing nociception
via a direct mechanism by increasing in Ca2+ flux in neurons30, PFTs cause a
depolarization of nociceptive neurons, and thus increase pain response. Dal
Peraro and van der Goot provide a summary of the many PFTs which could
be associated with pain perception95. PFT’s could also indirectly contribute
to visceral pain by compromising epithelial integrity. Epithelia from
patients suffering from Bladder Pain Syndrome show increased cell death
after Streptococcus pyogenes-derived streptolysin O (SLO) exposure as
compared to asymptomatic controls, which could lead to exposure of
neurons to PFT’s or other nociceptive stimuli 96.

Microbial proteases
Proteases found in contact with visceral organs can either be of microbial
or endogenous origin. Microbes use proteases as virulence factors,
whereas the host can utilize proteases against pathogens. Several microbial
proteases are able to directly target epithelial barriers of mucous layers,
originating
from
Bacillus
anthracis,
Clostridium
difficile,
enterohaemorrhagic Escherichia coli and Helicobacter pylori201.
Furthermore, the commensal Enterococcus faecalis produces Gelatinase
(GelE) a protease which is able to disrupt the epithelial barrier as well201.
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Akkermansia muciniphila is a well-known example of a microbe that is able
to degrade mucous barriers201. This bacterium uses mucin, a component of
the mucous layer, as energy source 202. Akkermansia muciniphila can be
found both in healthy controls and IBD patients. In combination with an
increase in Ruminococcus bacteria, as seen in IBD patients, Akkermansia
muciniphila degrades the mucus barrier, after which Ruminococcus species
can more readily reach the epithelial barrier. The presence of Akkermansia
muciniphila can thus result in a larger amount of migrating bacteria into
the lamina propria, and a subsequently increased exposure to microbial
proteases and metabolites201, 203.
Whereas the effect of proteases on epithelial integrity could lead
to indirect effects on nociception, there is more clear evidence that
bacterial proteases can directly cause pain. The host possesses signaling
mechanisms for detection of proteases, Protease-Activated Receptors
(PARs) 1 – 4, which are all G-protein Coupled Receptors204. These receptors
are expressed in various tissues, among which te vasculature, epithelial
cells and neurons204. Each of these receptors is specific to a distinct set of
proteases and downstream signaling effectors201. PAR1 and PAR2 are
considered to be pro-nociceptive and related to visceral hypersensitivity99,
whereas PAR4 is anti-nociceptive201. Supernatant of colonic biopsies from
IBS patients was able to cause visceral sensitivity upon administration onto
the colon of a mouse, all mediated through activation of PAR2 97.
Furthermore, when administering supernatant of colonic biopsies into the
colon of mice, visceral pain is induced97. Besides, PAR1 and PAR4 were also
indirectly linked to visceral sensitivity, as these receptors evoke pronociceptive signaling by sensitizing TRPV1, a known mechanisms for
visceral pain in IBS98, 129. Taken together, microbial proteases are able to
directly attack epithelial barriers or signal through PARs on the host’s cells,
thereby causing visceral sensitivity through both direct and indirect
mechanisms.
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N-formylated peptides
Bacterial protein synthesis starts with a formylated methionine tRNA that
forms the first residue of a nascent protein. In contrast, eukaryotes do not
incorporate formyl-methionine at the start of protein synthesis. This
difference is used by the mammalian immune system to identify Nformylated peptides at sites of infection to serve as chemoattractant for
innate immune cells205. Pathogen recognition receptors that enable
immune cells to interact with N-Formylated peptides, are the G proteincoupled formyl peptide receptors 1 and 2 (FPR1 and FPR2) which are
expressed on macrophages, neutrophils and mast cells 100, 206. The
interaction between N-Formylated peptides, and its receptors leads to the
release of inflammatory mediators at the site of infection101, 103, 104, 106, 207.
Consequently, bacterial derived N-formylated peptides can contribute via
indirect mechanisms to pain sensation.
An infection is no prerequisite for the presence of N-formylated
peptides. In the intestines, N-formylated peptides are transported via the
human oligopeptide transporter hPEPT1 105, 208. At physiological state
hPEPT1 is expressed in the small intestines and to a lesser extent in the
colon209. Under physiological stress, such as inflammation and the cytokine
INF-γ, hPEPT is upregulated210, 211. Moreover, under inflammatory
conditions such as IBD, hPEPT is also expressed abundantly in the colon212.
The levels of N-formulated peptides may vary dependent upon the
microbiome composition100, 102. Via the hPEPT1 transporter the intestinal
microbiota can interact with FPR1 on immune cells in the lamina propria
causing immune activation associated with barrier dysfunction and indirect
activation of neurons relevant for visceral nociception 101, 103, 104, 106, 207.

62

539334-L-bw-Botschuiver
Processed on: 19-12-2019

PDF page: 62

N-Formylated peptides may also provoke neural activation via a
direct route of nociception as dorsal root neurons express FPRs107. Chiu et
al 2013 30 demonstrated that bacteria can induce pain in a Staphylococcus
aureus skin infection model trough bacterial derived N-Formylated
peptides. The induced mechanical hyperalgesia by N-Formylated peptides
was independent of an immune response and was strongly correlated with
bacterial load. Furthermore, the authors showed that diverse bacterial
species were able to directly activate nociceptors trough n-formylated
peptides mediated via 1 (FPR1) receptor expressed on dorsal root
neurons30. Moreover, N-formylated peptides are also able to directly
activate neuronal tissue isolated from the bladder of guinea pigs213.
Concluding, N-formylated peptides contribute to visceral pain
sensation through direct and indirect mechanisms in organs that
communicate with the external environment such as bladder, vulva and
intestine.

Conclusion
Our continuous exposure to microbes resulted in an elaborate system of
cooperation between the nervous and the immune system, enabling
sensing, avoiding and eradication of this potential danger. This close
encounter of microbes and complex organisms gave rise to the
development of a special set of receptors that can recognize structures of
microbial origin. Through these receptors, potential danger can be
estimated and acted upon. At risk, the immune system becomes activated,
while the nervous system is enabled to send out danger signals in response
to an infection. One of these danger signals is the perception of visceral
pain.
In this review we have described mechanisms by which commensal
and pathogenic microorganisms can influence visceral pain perception. In
many cases, this visceral pain is caused by an acute infection, whereby
sensory pathways are activated or sensitized via direct or indirect
mechanisms of nociception and the perceived pain is transient, until the
pathogen is eliminated. However, in some cases, the pain may persist and
63

539334-L-bw-Botschuiver
Processed on: 19-12-2019

PDF page: 63

become chronic. Previous infections or exposure to certain microbiota are
thought to play a role in chronic pain conditions such as IBS, interstitial
cystitis and vulvodynia. Advancing our understanding in visceral pain
pathways that are caused by microbial interaction may lead to new
therapeutic options in the control of these chronic pain syndromes.
In irritable bowel syndrome, the composition of the gastrointestinal microbiota is highly suspected to be involved in the development
of visceral pain. The most obvious target to treat pain in IBS, is to modulate
the microbiome with beneficial bacteria, the so called probiotics. This
approach has been explored extensively in IBS. However, the effect of
microbiome modulation in IBS is ambiguous, many studies report a positive
effect 214-216, whereas inconsistent findings were also found 215, 217. For
example, Lactobacillus acidophilus mitigates intestinal pain in a rodent
model of visceral pain218. In IBS patients the treatment with these probiotic
bacteria significantly reduced the sensation of abdominal pain 219. In
addition, Lactobacillus gasseri BNR17, isolated from human breast milk, or
Clostridium butyricum, improved abdominal pain scores in IBS patients with
a diarrhea-predominant phenotype. This improvement was accompanied
by profound changes in fecal microbiota 220, 221. In contrast, a rigorously
designed study with a multi species probiotic (with health associated
species such as Bifidobacterium breve, Bifidobacterium longum, and
Lactobacillus rhamnosus) did not demonstrate superiority of probiotics
compared to placebo 222. However, it is important to bear in mind that a
very large genetic and functional variability exists among bacterial species
and even on the strain level bacterial species may show enormous
variability.
Because recognition of fungi in the gut is likely also important in
the development of visceral pain24, this opens up a different target to treat
abdominal pain: the intestinal mycobiome. In the rat maternal separation
model of visceral hypersensitivity the use of antifungals was effective in
normalizing the sensitivity state. Additionally, soluble β-glucans were
effective in reversing hypersensitivity in rats models by blocking the
signalling between the pattern-recognition receptor Dectin-1 and the
fungal cell wall component β-glucan. This compound might therefore be
valuable for the treatment of pain in IBS patients. The combination of the
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essential oils of peppermint and caraway is able to reduce abdominal pain
in humans. Components of these essential oils are known to interfere with
pain pathways but also modulate the mycobiome in vivo24.
In this review we have tried to provide a comprehensive overview of
microbial components and metabolites that could play a role in the
development of pain. Taken together, we conclude that microbial
metabolites and components can play a crucial role in chronic visceral pain.
However, some of the lines of evidence we have presented are indirect and
the precise physiological role of bacterial compounds in the development
of pain is still uncertain. Future studies, for instance using targeted
manipulation of the microbiome with prebiotics or probiotics, should
provide more mechanistic evidence and might lead to novel treatments for
patients suffering from visceral pain or visceral pain related disorders.
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ABSTRACT
Visceral hypersensitivity is one feature of irritable bowel syndrome (IBS).
Bacterial dysbiosis might be involved in activation of nociceptive sensory
pathways, but there have been few studies of the role of the mycobiome
(the fungal microbiome) in development of IBS. We analyzed intestinal
mycobiomes of patients with IBS and a rat model of visceral
hypersensitivity.
We used internal transcribed spacer 1-based metabarcoding to
compare fecal mycobiomes of 18 healthy volunteers with those of 39
patients with IBS (with visceral hypersensitivity or normal levels of
sensitivity). We also compared the mycobiomes of Long Evans rats
separated from their mothers (hypersensitive) with non-handled (normally
sensitive) rats. We investigated whether fungi can cause visceral
hypersensitivity using rats exposed to fungicide (fluconazole and nystatin).
The functional relevance of the gut mycobiome was confirmed in fecal
transplantation experiments: adult maternally separated rats were
subjected to water avoidance stress (to induce visceral hypersensitivity),
then given fungicide and donor cecum content via oral gavage. Other rats
subjected to water avoidance stress were given soluble β-glucans, which
antagonize C-type lectin domain family 7 member A (CLEC7A or DECTIN1)
signaling via spleen associated tyrosine kinase (SYK), a SYK inhibitor to
reduce visceral hypersensitivity, or vehicle (control). The sensitivity of mast
cells to fungi was tested with mesenteric windows (ex vivo) and the human
mast cell line HMC-1.
α diversity (Shannon index) and mycobiome signature (stability
selection) of both groups of IBS patients differed from healthy volunteers,
and the mycobiome signature of hypersensitive patients differed from that
of normally sensitive patients. We observed mycobiome dysbiosis in rats
that had been separated from their mothers compared with non-handled
rats. Administration of fungicide to hypersensitive rats reduced their
visceral hypersensitivity to normal levels of sensitivity. Administration of
cecal mycobiomes from rats that had been separated from their mothers
(but not non-handled mycobiome) restored hypersensitivity to distension.
Administration of soluble β-glucans or a SYK inhibitor reduced visceral
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hypersensitivity, compared with controls. Particulate β-glucan (a DECTIN-1
agonist) induced mast cell degranulation in mesenteric windows and HMC1 cells responded to fungal antigens by release of histamine.
In an analysis of patients with IBS and controls, we associated
fungal dysbiosis with IBS. In studies of rats, we found fungi to promote
visceral hypersensitivity, which could be reduced by administration of
fungicides, soluble β-glucans, or a SYK inhibitor. The intestinal fungi might
therefore be manipulated for treatment of IBS-related visceral
hypersensitivity.
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INTRODUCTION
Irritable bowel syndrome (IBS) is a highly prevalent, stress related
functional gastrointestinal disorder that is characterized by the presence of
abdominal pain with altered bowel habits. Although IBS is a heterogeneous
disorder, abdominal pain is a common denominator in all patients and a
major unmet clinical need.1-4 Increased sensitivity to distension of the
gastrointestinal tract, so called visceral hypersensitivity, is observed in
~50% of patients and hypothesized to be an underlying pathophysiological
mechanism.5 In animal models, gut mucosal mast cells and their mediator
histamine were shown to mediate visceral hypersensitivity. These results
were recently confirmed in clinical studies were part of the IBS patients
responded favorably to histamine receptor antagonists ketotifen and
ebastine.6-9 How mast cells become activated is only partly elucidated. In
acute stress, peripheral corticotrophin releasing factor (CRF) was shown to
trigger mast cell degranulation and consequent gut epithelial barrier
dysfunction and visceral hypersensitivity.10, 11 In contrast, continued poststress visceral hypersensitivity, which was also mast cell dependent, could
not be reversed by CRF-receptor antagonist in a rat model.12 Moreover,
clinical trials with such antagonists were unsuccessful.13, 14 Due to gut
barrier dysfunction, that was also evidenced in IBS patients, microbial
antigens normally confined to the gut lumen become exposed.11, 15 Indeed,
several Toll-like receptors relevant for bacterial recognition as well as
antimicrobial peptides were shown to be upregulated in IBS, and bacterial
microbiome dysbiosis of the gut was broadly investigated as a peripheral
trigger for complaints.16, 17 However, evidence linking bacteria to IBS
complaints has been circumstantial and sometimes even conflicting.17, 18
Fungi are a minor component of the gut microbiota.19 This may explain why
the possible role of fungi in IBS, except for a small set of early and
methodologically limited studies20, was largely ignored so far. Despite low
abundance, recent evidence indicated that resident fungi can play a role in
inflammatory bowel disease.19, 21-24 In addition, it was shown that
fungi/fungal antigens are activators of mast cells.25, 26 Together this led us
to assess the possible role of fungi (i.e. the mycobiome) in abdominal pain
in a cohort of IBS patients and an animal model for IBS.
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We used an Internal Transcribed Spacer (ITS)-1 based barcoding approach
to demonstrate gut mycobiome dysbiosis in hypersensitive IBS patients
compared to normally sensitive patients and healthy volunteers. Next, we
evaluated whether gut fungi can be a direct cause for abdominal pain by
using the rat maternal separation model of stress-induced IBS-like visceral
hypersensitivity. Fungicide treatment was able to reverse visceral
hypersensitivity and fecal transplantation studies showed functionally
relevant mycobiome differences between maternal separated and nonhandled rats. Altered mycobiome composition in maternal separated rats
was confirmed by mycobiome analysis. Finally, we demonstrated that host
recognition of fungi via the Dectin-1/Syk signaling pathway is essential for
post stress visceral hypersensitivity.
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MATERIAL AND METHODS
Patient characteristics and ethics statement
Patient characteristics are given in Table 1. The IBS and healthy volunteer
population included are subgroups of the Maastricht-IBS cohort,
comprising 540 IBS patients and 205 healthy controls. The patients
represent a mixed population from primary to tertiary care with an
established clinical diagnosis of IBS according to the Rome III criteria. Age,
gender, medication use, mean anxiety, depression and symptom scores do
not differ when compared to the total IBS cohort (data not shown).
Depression prevalence scores ≥ 827 in healthy volunteers, hypersensitive
IBS and normally sensitive IBS were 0%, 21.1% and 20.0% respectively,
prevalence scores for anxiety were 16.7%, 31.6% and 30%. Dietary intake
as assessed by a validated food frequency questionnaire was available for a
subgroup of patients and all controls (supplementary Table S1). No
differences were found between overall energy intake, and intake of total
protein, fat, carbohydrates and fibres between hyper-and normosensitive
patients. The reported intake was however significantly lower in the total
group of IBS patients (hyper- plus normosensitive) when compared to
healthy volunteers (data not shown). Subjects included in the cohort gave
written informed consent prior to participation. The study protocol had
been approved by the Maastricht University Medical Center Committee of
Ethics and is executed according to the revised Declaration of Helsinki
(59th general assembly of the WMA, Seoul, South Korea, October 2008).
The Maastricht IBS cohort study has been registered in the US National
Library of Medicine (http://www.clinicaltrials.gov, NCT00775060).
Animals and ethics statement
Long-Evans rats (Harlan, Horst, The Netherlands) were bred and housed at
the animal facility of the Academic Medical Center (Amsterdam, The
Netherlands) under conditions of controlled light (06:00–18.00 h),
temperature (20–22 ºC) and humidity (45%). Non-handled and maternal
separated rats were always bred in the same room but never shared the
same cage. Importantly, individually ventilated cages were only used
during the post anti-fungal treatment and repopulation period in
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experimental protocol 2. During all experiments rats were housed in
groups of 4-6 animals. Water and food were available ad libitum. All animal
procedures were conducted in accordance with the institutional guidelines
and approved by the Animal Ethical Committee of the AMC/University of
Amsterdam (reference protocol number 100998).
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a

Age (mean±SD years)
Gender (% females)
IBS subtype*
IBS-C
IBS-D
IBS-M
IBS-U
Current smoker (%)
Alcohol use >14
units/week (%)
BMI (mean±SD kg/m2)
HADS Depression-score
(mean±SD)**
HADS Anxiety score
(mean±SD)**
Medication use (%)
PPIs*
NSAIDs
SSRIs*
Motility altering drugs**
Antibiotics/antifungal (%)##
Diet (%)
Pro/prebiotics (%)
Symptom score (mean±SD
of 14-day diary)c
Abdominal pain***
Abdominal
discomfort***
Bloating***
Belching**/#
Nausea**/#
Flatulence***
Constipation**/#
Diarrhea**/#
Overall symptom
burden***

Hypersensitive IBS
n=19

Normosensitive
IBS n=20

Healthy controls n=18

40.3±18.3
14 (73.7%)

44.2±17.6
14 (70.0%)

41.5±16.8
12 (66.7%)

4 (21.1%)
3 (15.8%)
11 (57.9%)
1 (5.3%)
5 (26.3%)
1 (5.3%)

5 (25.0%)
10 (50.0%)
3 (15.0%)
2 (10.0%)
5 (20.0%)
1 (5.0%)

1 (5.6%)
2 (11.1%)

22.7±3.5
4.4±3.8
6.9±5.1

25.4±4.5
4.7±3.4
6.3±3.6

23.8±4.6
1.4±2.0
2.9±3.0

6 (31.6%)
2 (10.5%)
6 (31.6%)
7 (36.8%)
1 (5.3%)b
-

5 (25.0%)
1 (5.0%)
1 (5.0%)
2 (10.0%)
1 (5.0%)

1 (5.5%)
1 (5.6%)

2.6±0.8
2.8±0.8
2.5±0.8
1.8±0.7
2.1±1.2
2.5±0.9
1.8±0.7
1.6±0.7
2.8±0.7

2.2±0.8
2.3±0.7
2.1±1.0
1.5±0.6
1.8±1.0
2.5±1.2
1.4±0.5
1.3±0.3
2.3±0.7

1.1±0.2
1.1±0.2
1.2±0.2
1.1±0.3
1.0±0.0
1.4±0.4
1.1±0.2
1.1±0.1
1.1±0.2

13.0±8.7

37.6±10.9

42.3±9.0

Pressure step for first VAS
score pain > 10mm
(mean±SD mmHg)***/#

Table 1
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Table 1. Baseline characteristics of IBS patients and healthy volunteers used for fecal
mycobiome analysis. a) Rectal sensitivity was assessed using an electronic rectal barostat
procedure according to a standardized protocol. A VAS-score for pain≥20 mm at pressure
step 26 mmHg was used as cut-off to define visceral hypersensitivity.48 b)Lactose-free diet;
c)assessed on a 5-point Likert scale; *p<0.05, **p<0.01 ***p< 0.001 as tested by Chi2 for
dichotomous and ANOVA for continuous variables; #) p<001 between IBS-H and IBS-N. ##)
within 3 months prior to sample collection.

RESULTS
Mycobiome differences exist between healthy volunteers, hypersensitive
IBS and normally sensitive IBS patients.
We compared the fecal mycobiome of healthy volunteers, hypersensitive
IBS patients and normally sensitive IBS patients. Figure 1A depicts the 30
most predominant species and shows that the human mycobiome is
dominated by two yeasts; Saccharomyces cerevisiae and Candida albicans.
In healthy volunteers, their combined presence was 57% of total reads. In
IBS these species were even more predominant and added up to 76% and
83% in hypersensitive and normally sensitive IBS patients respectively.
Statistical analysis on the combined two species showed no difference
when comparing the two IBS subgroups with each other (Supplementary
Figure 1) but we did observe statistical differences between healthy
volunteers and IBS subgroups. This may explain the loss of mycobiome
diversity in patients as calculated by the Shannon index that combines
richness (number) and evenness (relative abundance) of species.28 Figure
1B shows significantly higher Shannon diversity in healthy volunteers when
compared to both of the IBS subgroups (hypersensitive and normally
sensitive IBS, P<0.01 and P<0.001 respectively).
Bray Curtis dissimilarity of ITS data did not reveal well defined
clusters to separate healthy volunteer and IBS sub-groups. However, a
similar negative result was obtained when analyzing the 16S rRNA gene
data set; Bray-Curtis analysis did not reveal overt differences in bacterial
microbiome composition (Supplementary Figure 2). To further explore
potential differences between healthy controls and IBS patients we then
addressed the high dimensionality of the mycobiome with a stability
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selection approach.29 With this, data are repeatedly subsampled and
variable selection, via elastic net classification model, is performed on each
subsampled dataset. Figure 1C depicts the computed weights of species
selected frequently when comparing hypersensitive IBS patients to healthy
volunteers. These species are truly associated with outcome and indicate
that inter group mycobiome differences exist. The accuracy of the stability
selection approach was confirmed by constructing a receiver operating
characteristic curve (Figure 1D). Subsequent computations of the area
under the curve (AUC) showed outstanding (i.e. AUC>0.9) discriminating
quality. We also assessed differences between normally sensitive IBS and
healthy volunteers, and hypersensitive IBS and normally sensitive IBS. The
most robust markers of inter group differences are depicted in
Supplementary Figure 3A-B. Corresponding receiver operating
characteristic AUCs indicated good discriminating quality for these
comparisons (Supplementary Figure 3C-D). Thus, there is altered
community composition of the mycobiota in hypersensitive IBS when
compared to healthy volunteers and normally sensitive IBS patients.
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Figure 1. Differences in mycobiome between healthy volunteers (HV), hypersensitive
irritable bowel syndrome (IBS-H) and normally sensitive IBS (IBS-N) patients. (A) Pie charts
show distribution of the 30 most abundant species (+1 segment ‘others’) in HV, IBS-H and
IBS-N respectively. (B) Shannon diversity index comparing fecal mycobiome of HV, IBS-H and
IBS-N showing median and 25-to-75% and 2.5%-to-97.5% percentiles. N=16-20/group,
**P<0.01, ***P<0.001 (Mann-Whitney). (C) Most robust biomarkers (in weight factors)
resulting from stability selections conducted on annotated fungal ITS-1 gene sequences
comparing IBS-H to HV. (D) Receiver operating characteristic (ROC) corresponding to
stability selection, the computed area under the curve shows outstanding discriminating
quality (AUC>0.9, p<0.01).
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Essential role of fungi in a rat model of stress-induced IBS-like visceral
hypersensitivity.
To further examine the possible role of fungi, we used the well-established
rat maternal separation model.7, 8, 12 We confirmed that water avoidance
stress at adult age induces visceral hypersensitivity in maternal separated
Long Evans rats whereas non-handled rats remained normally-sensitive
(see vehicle treated rats in Figure 2A). To test the involvement of the
mycobiome, two fungicides (fluconazole or nystatin) were administered to
maternally separated rats for a three week period prior to water
avoidance. Both fungicides independently prevented the occurrence of
post-stress visceral hypersensitivity compared to vehicle in maternal
separated rats (Figure 2A). Non-handled rats were not affected by
fungicide treatment.
The functional relevance of the gut mycobiome was confirmed in
post water avoidance fungal depletion and fecal transplantation
experiments (setup depicted in Figure 2B). Three separate groups of adult
maternally separated rats were first subjected to water avoidance stress
which caused post stress visceral hypersensitivity in all groups (Figure 2C).
All rats were then treated with a combination of fluconazole and nystatin,
resulting in amelioration of visceral hypersensitivity. Next, donor caecum
content was administered by oral gavage. Prior to collection of this
transplantation material, donor rats were subjected to colonic distension
protocols to ascertain correct post water avoidance visceral sensitivity
status (Supplementary Figure 4). Recipient group 1 was then supplemented
with pooled caecum content of fungicide treated maternally separated
donors. This procedure did not restore visceral hypersensitivity. In contrast,
in recipient group 2 the hypersensitive phenotype was re-induced when
rats were gavaged with caecum content of maternally separated donors
that were not treated with fungicides. In recipient group 3, donor material
obtained from non-fungicide treated non-handled rats did not induce
visceral hypersensitivity. Thus, fungicides reduce visceral hypersensitivity
and transplantation of donor caecum content from non-fungicide treated
maternally separated rats is able to re-establish the hypersensitive
phenotype. These experiments provide strong evidence for a causal role of
fungi in the etiology of visceral hypersensitivity and also suggest that
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relevant differences exist between the mycobiome of non-handled and
maternally separated rats.

Figure 2. Fungi are important for water avoidance (WA)-induced visceral hypersensitivity
of maternal separated (MS) rats. (A) Prevention of water avoidance-induced visceral
hypersensitivity in maternal separated rats. Visceral sensitivity status is depicted by area
under the curve of the relative response to colorectal distension (CRD). Prior to water
avoidance, maternal separated and nonhandled (NH) rats received a 21 day treatment with
vehicle alone, fluconazole or nystatin (n=8-9/group). (B) Schematic representation of fungal
depletion and subsequent repopulation experiments (detailed in online methods). (C)
Relative response to distension of three groups of maternal separated rats (n=8/group).
After fluconazole/nystatin-mediated reversal of post-water avoidance visceral
hypersensitivity, group 1 received pooled donor caecum content obtained from
fluconazole/nystatin treated maternal separated rats. Group 2 received caecum content
from non-treated maternal separated rats. Group 3 received caecum content from nonfluconazole/nystatin treated nonhandled rats. All data are mean +/- SEM, *P<0.05
(Wilcoxon signed rank).
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The fecal mycobiome of maternal separated rats differs from nonhandled rats.
Similar to the human mycobiome, we addressed possible differences
between groups in our rat model by ITS1 based metabarcoding. We first
confirmed a normal visceral sensitivity status of non-handled rats and post
water avoidance hypersensitivity in maternally separated rats that was
reversed upon fungicide treatment (Figure 3A). Fecal pellets of these rats
were then used for mycobiome analysis. The Shannon diversity index
indicated significantly higher alpha diversity in non-fungicide treated
maternally separated rats compared to non-treated non-handled rats and
fungicide treated maternally separated rats (Figure 3B). Beta diversity (i.e.
compositional difference between samples) was then determined by
unsupervised cluster analysis using Bray-Curtis dissimilarity. This approach
revealed distinct clusters corresponding to non-handled, maternally
separated and fungicide treated maternally separated rats as depicted in
the (left side) dendrogram of Figure 3C. The heat map in this figure shows
the relationship between clustering and prevalence of the 20 most
abundant fungal species. Together, these results confirm altered
mycobiota composition in maternal separated rats that was already
suggested by the fecal transfer experiments. In contrast, Bray-Curtis
dissimilarity analysis of 16S rRNA gene data sets did not reveal well defined
clusters to separate non-handled rats from maternal separated and
fluconazole/nystatin treated maternal separation rats (Supplementary
Figure 5). This lack of 16S-based separation between pre- and postfluconazole/nystatin treatment samples suggests that fungicide-induced
analgesia in maternal separated rats was not driven by consequential
bacterial microbiome changes.
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Figure 3. Differences in mycobiome between nonhandled (NH) and maternal separated
(MS) rats. (A) Visceral sensitivity status of rats used in the mycobiome evaluations depicted
by area under the curve of the relative response to colorectal distension (data are mean ±
SEM). (B) Box and whiskers plot showing Shannon diversity index comparing fecal
mycobiome of NH, MS and flucanosole/nystatin treated MS (MS-F/N) rats. The line inside
boxes represents median, the width of the boxes and whiskers represents the 25-to-75%
and 2.5-to-97.5% percentiles. (C) Left side dendrogram shows results of unsupervised
cluster analysis based on Bray-Curtis dissimilarity. Right side; at map of individual rats
depicting relative abundance (%) of the 20 most abundant species. (D) Co-occurrence matrix
of clustering rats. The more similar the mycobiome, the higher the tendency to cluster
together. Co-occurrence values range from 0.0 (dark blue for rats who never cluster
together) to 1.0 (dark red for rats who always cluster together). Rat numbers on axes are
symmetric and represent individual rats. N=7-8, *P<0.05, **P<0.01 (Mann Whitney and
Wilcoxon signed rank)
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Mycobiome dissimilarities were further emphasized by stability
selection results shown in Supplementary Figure 6. Depicted are the fungal
biomarkers contributing to inter group differences when comparing nonhandled to maternally separated rats. Finally, to further strengthen the
notion of strong dissimilarity between groups, we applied a co-regularized
spectral clustering algorithm to the dataset.30, 31 A heatmap plot of the
resulting co-occurance matrix is depicted in Figure 3D. Seven out of 8 of
the non-handled rats fell within a separate cluster to the exclusion of the
maternally separated rats and fungicide treated maternally separated rats.
Within clusters, individual rats share similar mycobiome composition.
Comparable to earlier findings22, 23, a number of species identified
in rat feces was also observed in chow, but clear differences do exist
(Figure 4A). Furthermore, while being on the same diet, non-handled and
maternal separated rats displayed different relative species contributions
(examples in Figure 4B-E), suggesting that chow is not the most important
source of gut fungi. In Supplementary Table 2 we used the results of
human and rat stability selections (depicted in Figure 1C and
Supplementary Figure 6A respectively) to compare human and rat
mycobiome composition on species level. Analogous to publications on the
bacterial microbiome in other rodent models32 there is only partial overlap
between human and rat mycobiota. Comparison at fungal class level
confirmed partial overlap (Supplementary Figure 7). Thus, our rat model
can be used for proof of principle studies where experimental
manipulations address the possible role of fungi in post stress visceral
hypersensitivity but other fungi may be involved in IBS pathophysiology.
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Figure 4. Mycobiome composition of rat feces and feed, and differences between selected
fungal species. (A) Relative contribution species breakdown of the 20 most abundant fungal
species in feed, nonhandled (NH), maternally separated (MS), and fluconazole/nystatin
(F/N)-treated maternally separated rats. (B-E) Examples relative contribution of different
species in rat feces (B) Monographiella nivalis is lower in maternally separated rats and
further diminished in F/N treated maternally separated rats. (C-E) Acremonium zeae,
Fusarium poae and uncultured Ascochyta all high in maternally separated and diminished
upon F/N treatment. N=7-8, *P<0.05, **P<0.01, ***P<0.001 (Mann Whitney).
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fungal recognition via the Dectin-1/Syk signaling pathway is important in
post water avoidance visceral hypersensitivity.
We next sought to elucidate the mechanism by which fungi could affect the
IBS phenotype. The C-type lectin receptor family is important in the
recognition of fungi by the immune system. Several of these receptors
signal through Syk-dependent pathways.33 The use of a specific Syk
inhibitor resulted in reversal of visceral hypersensitivity after water
avoidance (Figure 5A). An important Syk recruiting C-type lectin receptor is
Dectin-1 that recognizes the fungal cell wall component particulate βglucan, an interaction that can be antagonized by soluble β-glucans.34 High
dose soluble β-glucans (50 mg/kg, applied 3 times within a 24 hour
timeframe) prevented increase in visceral sensitivity after water avoidance
stress, whilst vehicle and low dose (20 mg/kg) soluble β-glucan
administration had no effect on hypersensitivity (Figure 5B). Next we
investigated whether treatment with soluble β-glucans can also reverse
visceral hypersensitivity. Starting directly after water avoidance stress, we
administered the 50 mg/kg dose during a 1 week treatment protocol (b.i.d
gavage). Whereas vehicle treated rats remained hypersensitive, soluble βglucans reversed post water hypersensitivity to distension (Figure 5C).
Although involvement of ligand-receptor interactions other than βglucan/Dectin-1 cannot be excluded, these findings do indicate the
relevance of fungal recognition in the genesis of visceral hypersensitivity.
Since the role of mast cells and histamine in preclinical models and part of
IBS patients is now firmly established6-9, we next sought to confirm earlier
reports on fungi/fungal-antigen induced mast cell activation.25, 26 We used
Texas-red labeled avidin to visualize degranulating mast cells in gut
mesenteric windows. In contrast to incubation with control bovine serum
albumin solution, particulate β-glucans induced mast cell degranulation
(Supplementary Figure 8A-C). Moreover, when the Dectin-1 expressing
mast cell line HMC-1 was incubated with heath inactivated C. albicans
(2.5:1 ratio), histamine release-levels equaled those of 50 μg/ml compound
48/80 (Supplementary Figure 8D-E). Thus, we conclude that mast cells are
indeed equipped to recognize fungi and respond with histamine release.
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Figure 5. Fungal recognition via the Dectin-1/Syk signaling pathway is important in post
water avoidance (WA)-stress visceral hypersensitivity. (A) Schematic representation of the
experimental set-up and relative response to colorectal distension (CRD) after post-water
avoidance treatment with vehicle alone or Syk inhibitor (1, 10 or 30 mg/kg). (B)
Experimental set-up and relative response to colorectal distension of a peri-water
avoidance, soluble β-glucan (SBG) administration protocol (three times gavage/24 hours of
vehicle, 20 mg soluble β-glucan/kg or 50 mg soluble β-glucan/kg). (C) Experimental set-up
and relative response to colorectal distension of a 1 week post- water avoidance, soluble βglucan treatment protocol (vehicle alone or 50 mg soluble β-glucan /kg b.i.d.). Data are
mean ± SEM. N=8-9/group, *P<0.05, **P<0.01 (Wilcoxon signed rank).
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DISCUSSION
So far, investigations on the possible role of gut microbial communities in
IBS almost exclusively focused on bacteria. Based on recent evidence that
fungi can aggravate disease severity in colitis19, 21-24, we assessed the role of
the gut mycobiome in IBS. We observed altered mycobiome composition in
patients, which let us to assess the role of fungi in the maternal separation
model for stress induced visceral hypersensitivity. Fungicide treatment of
hypersensitive rats reversed the enhanced response to colonic distension.
Subsequent fecal transplantations showed that only the maternal
separation mycobiome was able to reconfer visceral hypersensitivity to
fungicide treated maternal separation rats. Experimental evidence on the
role of the Dectin-1/Syk pathway indicated that direct activation of the
host immune system by fungal antigens is relevant for visceral
hypersensitivity. Finally, we showed that mast cells are capable of
histamine release upon stimulation with fungi.
Our earlier investigations in the maternal separation model
established an important role for mast cells and the histamine-1-receptor.7,
8
These results were confirmed in clinical trials6, 9, but triggers for mast cell
degranulation remained elusive. In rat, it was shown that CRF receptor
antagonism can prevent acute stress-induced mast cell degranulation and
resulting visceral hypersensitivity.10, 11 In contrast, post stress
hypersensitivity to distension, although it was also mast cell dependent,
could not be reversed by CRF receptor antagonist.12 Our present data
suggest that continued visceral hypersensitivity is driven by cellular
recognition of fungal β-glucans that are normally confined to the gut
lumen. Although we did not investigate mechanisms involved in the
translocation of these antigens, an earlier publication by Ait-Belgnaoui et
al. indicated that barrier dysfunction is a prerequisite for stress-induced
hypersensitivity to distension. Using a partial restraint model it was shown
that treatment with a tight junction blocker or a specific myosin light chain
kinase inhibitor not only preserved barrier integrity under stress
conditions, but also prevented the development of visceral
hypersensitivity.35 Although not formerly shown, the authors suggested
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that stress-induced opening of tight junctions favors the uptake of luminal
antigens, leading to activation of mucosal immune cells and subsequent
sensitization of sensory afferents. Gut barrier dysfunction was repeatedly
described in IBS patient studies11, 15 and the maternal separation model36,
37
, indicating that similar mechanism may explain our results.Taken
together, the above data suggest that post stress visceral hypersensitivity
may be the result of a two-stage process (Figure 6). Upon acute stress
(phase 1), peripheral CRF triggers mast cell degranulation and,
consequently, afferent activation and barrier dysfunction. The latter
facilitates uptake of fungal antigens like particulate β-glucans, and renewed
mast cell activation leading to a ‘self-sustaining loop’ of continued barrier
dysfunction and visceral hypersensitivity (phase 2). Importantly, fungi are
considered gut commensals but may become life threatening pathogens in
immunocompromised individuals.
Successful anti-fungal immunity can involve innate and adaptive
responses.38, 39 Overt inflammation is absent in IBS and the rat maternal
separation model.8, 40 Therefore, our data on the role of the Dectin-1/Syk
pathway suggest a subtle but effective innate anti-fungal immune response
that occurs at the cost of chronic pain. Regarding the proposed perpetual
nature of phase 2, previous results indeed showed that maternal separated
rats, when exposed to 1 hour of water avoidance stress, remained
hypersensitive to distension for at least 1 month afterwords.12
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Figure 6. Proposed mechanism of the role of fungi in stress-induced visceral
hypersensitivity in maternal separated rats. Previously, a key role for mast cells and the
histamine-1 receptor (H1R) was evidenced in the maternal separation model. Initial stressinduced mast cell degranulation and subsequent afferent activation and barrier dysfunction
(phase 1) were shown to depend on peripheral Corticotrophin Releasing Factor (CRF). Our
current investigations show that the prolonged post-stress pain response (phase 2) depends
on the presence and recognition (via Dectin-1/Syk) of a unique mycobiome and related
uptake of particulate β-glucans.

When treating rats with fungicides it is conceivable that this will
also lead to bacterial microbiome changes that can be held responsible for
the observed in vivo analgesic effect. However, 16S microbiome analysis
did not show differences between pre- and post-fungicide treated
maternal separation rats. In addition, our experiments on the role of fungal
recognition via the Dectin-1/Syk pathway suggested that not bacteria but
fungi drive post stress visceral hypersensitivity. This is also relevant for the
fecal transfer experiments where only transfer of non-fungicide treated
maternal separation caecum content was capable of restoring visceral
hypersensitivity in fungicide treated maternal separated rats. These
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experiments suggested that a specific mycobiome is required and
comparison of maternal separated and non-handled fecal samples indeed
showed separation-induced mycobiome dysbiosis. This result confirmed
our observations in human where we found mycobiome differences
between healthy volunteers and hypersensitive IBS, and between normally
sensitive and hypersensitive patients.
How a difference in mycobiome composition is relevant in relation
to immune activation during fecal transfer was not addressed here.
However, in a large set of clinical isolates, Odabasi et al. showed a wide
range of (1→3)-β-d-glucan levels in fungal culture supernatants.41
Particulate β-glucans are known to ligate Dectin-1 and possibly increased
numbers of high level β-glucan expressing species in donor feces of
maternal separated rats can explain our results. Moreover, even under
equal expression of β-glucans the exposure to the fungal cell surface can
vary among different morphological forms and species.39 Relevant
differences may also occur on strain level. In 2007, two papers with
seemingly opposite results were published in Nature Immunology. One
investigation showed that Dectin-1 was essential for controlling systemic
infection with C. albicans in mice, the other found that Dectin-1 was not
required.42, 43 In a follow up paper, these contradicting findings were shown
to result from the usage of different strains of C. albicans.44 In this case the
authors showed variations in adaptability to the immunological status of
the host, resulting in substantial differences in cell wall architecture and
innate immune recognition. Strain differences may also be relevant in the
mycobiome specific visceral hypersensitivity shown in our repopulation
experiments, but were not addressed in our mycobiome assessment.
The reason for mycobiome dysbiosis in maternal separated rats
remains elusive at this stage but may relate to changes in dam-pup
interactions in the postnatal period and/or altered HPA-axis responsiveness
that were described in this model. Their effect on the mycobiome was
never investigated but both were shown to affect bacterial microbiome
composition.45, 46 Diet was also evidenced to be an important regulator of
mycobiome diversity47 but all rats were on the same chow.
In contrast, dietary differences within and in between groups may explain
why mycobiome dissimilarity between healthy volunteer and IBS
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subgroups was less pronounced than in rat. In mouse studies, antibiotics
were also shown to induce mycobiome perturbations.48 Thus, variable use
of antibiotics may be another important factor leading to increased
mycobiome heterogeneity within healthy volunteer and patient groups. To
avoid short term antibiotics-induced interferences healthy volunteers and
patients were only included when not having used antibiotics and antifungals for a period of at least 3 months before sample collection. Yet,
uncertainties like earlier antibiotics use and diet may explain why
differences between human sample groups could be shown by stability
selection but not by the unsupervised Bray-Curtis dissimilarity analysis that
was used in rat data. Similar considerations may explain the absence of
bacterial microbiome differences between normal control and patient
groups. Clearly a future replication study in a separate cohort will be
needed to confirm the correlation between IBS and mycobiome dysbiosis.
Our data on fungal α-diversity showed contradicting results
between rat and human. The Shannon diversity index indicated higher
mean species diversity in healthy volunteers compared to IBS subgroups. In
rat, not the normal but the IBS-like phenotype instead was associated with
highest α-diversity. This discrepancy possibly arises due to the relative
overabundance of S. cerevisiae and C. albicans in all human samples. The
observed shift in their presence may have impacted α-diversity in IBS
samples and such over representation of a limited set of fungal species was
not observed in rat. In line with our observations, Sokol et al. found higher
fungal α-diversity in fecal samples of healthy volunteers compared to
inflammatory bowel disease patients.24 DSS colitis in mouse however,
showed no significant differences in α-diversity between normal and colitic
mice.23 Another factor contributing to discrepancy in human/rat α-diversity
may be that, similar to the rodent bacterial microbiome, there is only
partial overlap between rat and human fecal mycobiota. This also
complicates predictions on the translational value of the current
investigations in rat. Similar considerations apply to pre-clinical
microbiome-related investigations in colitis models32 Nevertheless, a role
of the microbiome in inflammatory bowel disease is now widely accepted.
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In line with bacterial microbiome investigations in IBS our human data set
only provides an association between mycobiome dysbiosis and
phenotype, not a causal link.49 Whether the IBS patient mycobiome is
capable of inducing visceral hypersensitivity may be addressed by future
‘human to rat’ fecal transfer experiments. So far, such an IBS-related
colonization approach was only described in one publication where fecal
suspensions of healthy volunteer and hypersensitive IBS patients were
used to inoculate germ free Fischer 344 rats.50 Rats with an IBS microbiome
showed significantly higher response to distension than those inoculated
with healthy volunteer fecal suspension. Focus in this investigation was on
the possible role of the bacterial microbiome. Post-colonization treatment
with anti-fungals to reverse transfer-induced hypersensitivity was not
performed but should be included in future experiments. Importantly
however, successful colonization of ‘normal’ germ free rats with IBS
mycobiota may not be enough to obtain proof of principle. Our own
observations showed a role for fungi in maternal separated rats and
possibly these fungi play a role in predisposed animals only. In relation to
this, De Palma et al. investigated the gut microbiome in relation to altered
behavior. Colonization of adult germ free maternal separated mice lead to
anxiety-like behaviour and behavioural despair whereas colonization of
germ free non-handled mice did not.51 Possibly host factors present in
maternal separated but absent in non-handled rats will also determine
whether colonization with patient mycobiota leads to visceral
hypersensitivity.
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We showed that mycobiome dysbiosis and immune recognition of
fungal antigens play an important role in visceral hypersensitivity in rat.
Although we also found fungal dysbiosis in IBS patients there is no
evidence for causality at this point. Proof of principle in human may be
obtained by performing a well conducted clinical trial with fluconazole or
nystatin. Due to increased resistance of pathogenic fungi, these classical
fungicidals should probably not be used for regular IBS therapy but are best
reserved for highly invasive and often lethal fungal infections. More subtle
approaches of mycobiome modulation may however be suitable for IBS.
This could include the use of probiotic fungal and bacterial strains able to
induce a favorable mycobiome shift. In addition, our investigations with
soluble β-glucans in rat suggest that targeting of fungal immune
recognition instead of fungi is possible, even with a mild treatment
protocol. For most optimal results in patients however, combined
treatment with CRF receptor antagonists may be needed. From the present
investigations we conclude that the gut mycobiome may be relevant for
abdominal pain in IBS and should be addressed in future investigations.
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SUPPLEMENTARY MATERIAL

MATERIAL AND METHODS
Maternal Separation
Neonatal maternal separation in Long Evans rats predisposes for stressinduced visceral hypersensitivity at adult age.52, 53 This model mimics early
adverse life events shown to be associated with increased risks of IBS later
in life.54 Maternal separation was carried out as follows; on postnatal day 2,
female pups were removed from the litter and dams were separated from
remaining pups 3 hours daily for a 12 day period (postnatal day 2 to 14) by
placing the dams in another room. During separation the cage with litter
was placed on a heating mat to maintain pup body temperature. Pups were
weaned at day 22. Non-handled pups were nursed normally.
Colonic distension protocol and water avoidance (WA)
Distensions were performed at the minimum age of 4 months with a latex
balloon (Ultracover 8F, International Medical Products BV, Zutphen, The
Netherlands) and carried out as described previously.53 The balloon
catheter was inserted under short isoflurane anesthesia and, after a 20 min
recovery period colonic distension was achieved by inflation of graded
volumes of water (1.0, 1.5, and 2.0 mL) into the balloon. Length and
diameter of the balloon during a 2 mL maximum volume distension were
18 and 15 mm, respectively. After each 20 sec distension period the
volume of water was quickly removed and an 80 sec resting period was
introduced. For acute stress at adult age (i.e. WA), rats were positioned on
a pedestal (8 · 8 · 10 cm) attached to the bottom of a plexiglass tank (25 ·
25 · 45 cm). The tank was filled with fresh tap water at room temperature
(21 ºC) within 1 cm of the top of the pedestal and rats remained in the tank
for 1 hour.
Measurement of the visceromotor response to colonic distension and
data analysis
Visceral hypersensitivity in patients is assessed by rectal distensions:
hypersensitive IBS patients perceive pain during luminal distensions at
lower volumes or pressures than normal controls. Pain scores are often
evaluated by self-rating questionnaire (i.e. visual analogue score) that
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cannot be assessed in rats. However, colorectal distension in rat leads to
reproducible contractions of abdominal musculature; the so called
visceromotor response and the quantification of these contractions by
electromyography (EMG) is often used to assess visceral pain.55 In short, a
telemetric transmitter was sutured in the abdominal cavity to record EMG
signals from two connected electrodes placed in the abdominal muscles as
described earlier.53 During distensions, animals were placed in a standard
macralon cage that was positioned on top of an equally sized flat receiver
(DSI). The receiver was linked to a Biopac MP100 data acquisition system
(Biopac Systems Inc., Santa Barbara, CA, USA) and a personal computer via
a raw data analog converter (Data Sciences International). Data were
acquired with AcqKnowledge software (Biopac Systems Inc.) and then
analyzed. Briefly, each 20 sec distension period and its preceding 20 sec of
baseline recording were extracted from the original raw EMG data file.
After correction for movement and breathing, data were rectified and
integrated. Absolute datasets were then obtained by subtracting the 20 sec
baseline recording from the 20 sec distension result. Similar to our previous
publications final results were evaluated from normalized data sets, which
were calculated from the absolute data by setting the 2 mL value of the
first distension at 100%. The area under the curve of these relative
responses was calculated for individual rats and used for statistical
analyses by Wilcoxon-signed ranks test (performed with SPSS for Windows,
version 16.0; SPSS Inc., Chicago, IL, USA). Corresponding per volume line
diagrams are given in Supplementary Figures 9-15.
In vivo experiments
Pre-water avoidance anti-fungal treatment. The drinking water of adult
rats was supplemented with fluconazole (0.5 mg/ml), nystatin (200 U/ml)
or vehicle alone (i.e. demineralized water) for 3 consecutive weeks. Just
prior and directly after anti-fungal treatment (day -21 and day 0
respectively), the response to distension was assessed to exclude direct
fungicide induced effects on baseline (pre-WA) sensitivity to distension.
Directly after the second distension protocol rats were subjected to WA
(day 0) and a third round of colorectal distensions on day 1.
Post-water avoidance anti-fungal treatment and subsequent fungal
repopulation (schematic representation in Figure 2B). The response to
distension was assessed pre- and 24 hours post-WA in 3 groups of MS rats.
Next, all groups were treated with anti-fungals (combination treatment;
0.25 mg fluconazole/ml & 200 U nystatin/ml) in drinking water for 3
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consecutive weeks and then transferred (day 21) to individually ventilated
cages until the end of the experiment. During the last 3 days of a 7 days
fluconazole/nystatin washout period all groups received omeprazole (25
mg/kg daily). Post fungicide-treatment response to distension was then
assessed at day 28. Directly after this, rats were gavaged with 1 ml fresh
caecum content that was pooled from N=4-5 donor rats, pushed through a
stainless steel wire mesh filter and diluted 1:1 with water. Prior to being
used as donor in these experiments all donor rats were evaluated for preand post-WA sensitivity status (for results see Supplementary Figure 2). In
recipient rats, group 1 received caecum content of MS donor rats that were
treated with fluconazole/nystatin for three weeks. Recipient group 2
received caecum content of non-fungicide treated MS donor rats and
group 3 received pooled content of non-fungicide treated NH donors. All 3
recipient groups were then subjected to a second WA (at day 35) and a
final distension protocol at day 36.
Post-water avoidance treatment with Syk inhibitor (schematic
representation in Figure 5A). The response to distension was assessed in 4
groups of MS rats pre- and 24 hours post-WA. Directly after WA, rats
received 1 oral gavage with vehicle alone (1% methylcellulose solution in
water; group 1) or Syk inhibitor (GSK143, kind gift from GSK, Stevenage,
UK; 1, 10 or 30 mg/kg; groups 2, 3 and 4 respectively)56 and were subjected
to a final distension protocol 24 hours post WA.

Peri-water avoidance treatment with soluble β-glucans (schematic
representation in Figure 5B). Directly after recording the first response to
distension at 12.00 hrs, 3 groups of MS rats were gavaged with either
vehicle alone (demineralized water) or soluble β-glucan (SBG, kind gift from
Biotech Pharmacon ASA, Tromsø, Norway; 20 or 50 mg/kg). 3 hours later
rats were subjected to WA, and gavaged again directly after. The final
gavage was given the next morning at 09.00 hrs and response to distension
was assessed at 12.00 hrs.

Post-water avoidance treatment with soluble β-glucan (schematic
representation in Figure 5C). The response to distension was assessed preWA (day 0) and 24 hrs post WA (day 1) in 2 groups of MS rats. During the
next 7 days rats were gavaged twice daily (at 09.00 and 17.00 hrs) with
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vehicle alone or 50 mg soluble β-glucan /kg. On day 8, response to
distension was again assessed in both groups of rats.
Fecal pellet/stool collection
Human stool samples were collected at home, brought to the lab and
frozen within 24 hours after defecation. Rat fecal pellets were collected
directly from the anus just prior to distension protocols. All samples were
stored in -80 0C until use.
DNA extraction
Rat and human fecal samples were resuspened in Tris-EDTA buffer (pH7.5)
containing 1.2 mM sorbitol, 250 U/ml lyticase and 0.2% βmercaptoethanol. After 1 hour incubation at 37ºC, pellets were spun down
and taken up in Tris-EDTA lysis buffer with 2% T-X-100 and 8M guanidine
thiocyanate. This mix was incubated at room temperature for 4 hours,
spun down and incubated with silica suspension to complex liberated DNA.
Upon centrifugation complexes were washed with guanidine thiocyanate
buffer (twice), 70% ethanol (twice) and acetone (twice), dried and eluted in
aqueous low-salt buffer. Finally, cetyltrimethylammonium bromide (2%
CTAB, 20 minutes, 65 ºC) incubation and subsequent chloroform/iso-amyl
alcohol extraction were used for final DNA purification. Remaining DNA
was precipitated by isopropanol/sodium acetate, washed and stored in TE
buffer until use.
Sequencing of fungal ITS amplicons
Barcoded fungal internal transcribed spacer regions (ITS) amplicons were
generated using a two-step PCR approach. Fungal ITS 1 regions were first
amplified
with
the
following
primers:
forward
5ʹCTTGGTCATTTAGAGGAAGTAA-3ʹ
and
reverse
5ʹGCTGCGTTCTTCATCGATGC-3.57 Each reaction contained 300 times diluted
and purified fecal DNA, hot start PCR master mix (Thermo Scientific) and
nuclease free PCR grade water to a 50 μl final reaction volume. PCR
reactions consisted of an initial denaturation step of 95 °C, for 5 min and 30
amplification cycles (95 °C for 30 sec), annealing (52 °C for 45 sec) and
elongation (72 °C for 1 min) and final extension step ( 72 °C for 10 min)
followed by cool down (10 min at 4 °C). A negative control (blank) was
included for each 24 PCR reactions. Next a second set of primers was used
to generate fungal ITS-1 fragments that included overhanging adapter
sequences for compatibility with Nextera XT tagmentation: next-ITS-BITS-F:
TCGTCGGCAGCGTCACCTGCGGARGGATCA
and
nex-ITS-B58S3-R
106

539334-L-bw-Botschuiver
Processed on: 19-12-2019

PDF page: 106

GTCTCGTGGGCTCGGGAGATCCRTTGYTRAAAGTT (adapted from Bokulich &
Mills58). 5 μl of the previous PCR products were amplified for 10 cycles
with an annealing temperature 49 °C. Reactions were cleaned by solidphase reversible immobilization (SPRI) using AMPure XP SPRI beads
(Beckman Coulter, Inc.). Dual barcodes (8 bp) and Illumina sequencing
adapters were attached using the Nextera XT Index Kit (Illumina, San Diego,
CA) according to manufacturer’s protocols. Barcoded amplicons were
quantified using the Caliper LabChip GX II system (Perkin Elmer, Hopkinton,
USA), normalized to the same concentrations, pooled, and gel purified
using the Qiaquick spin kit (Qiagen). Pooled amplicons were 250-bp pairedend sequenced using the MiSeq system (Illumina).
Raw Illumina fastq files were demultiplexed, quality filtered, and
analyzed using modules implemented in the Mothur software platform.59 >
35.106 raw reads were merged into 8,785,442 paired reads. Rigorous
quality filtering resulted in 7,694,074 unique paired reads with a mean
length of 154 nt. Unique sequences were taxonomically classified by the
RDP-II Naïve Bayesian Classifier60 using a 60% confidence threshold against
the Mothur formated UNITE Database (Version No. 7).61 Distances between
ITS library compositions were visualized in UPGMA dendrograms showing
Bray-Curtis statistics. The raw sequence data generated in this study will be
deposited in the European Nucleotide Archive upon acceptance of the
manuscript.
Sequencing of bacterial 16S amplicons
Analysis of the microbiome composition was performed by massive
sequencing of the V4 hypervariable region of the 16s rRNA gene on the
illumina MiSeq sequencer. Barcoded DNA fragments spanning the Archaeal
and Bacterial V4 hypervariable region were amplified with a standardizing
level of template DNA (100pg) to prevent over-amplification. These
amplicons, generated using adapted primers 533F and 806R, were
bidirectionally sequenced using the MiSeq system (Illumina, San Diego, CA)
as described previously.62
All data extraction, pre-processing, analysis of OTUs and
classifications were performed using modules implemented in the Mothur
software platform as in Kelder et al.63 except where noted below. A total of
3120791 high-quality sequences were aligned using the ‘align.seqs’
command and the Mothur-compatible Bacterial SILVA SEED database. A
total of 6897 unique sequences were retrieved using this pipeline.
Sequences were clustered in 1415 OTUs using average linkage clustering
and a 97% sequence-identity threshold. Sequences were taxonomically
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classified by the RDP-II Naive Bayesian Classifier using a 60% confidence
threshold. Community profiles were compared by Bray–Curtis dissimilarity
of OTU abundance. Sequences were normalized to 1000 sequences per
samples (subsampling method).
Statistical analysis
Fungal biomarker species that allow accurate discrimination among groups
were selected by means of the elastic net algorithm.64 Elastic net method is
naturally applicable to structured and high-dimensional datasets. It is a
regularized method, that combines the advantages of two techniques:
LASSO65 (sparsity, retaining the variable selection property of reducing
coefficients to exact zero values provided by LASSO) and ridge regression
(smoothness, tendency of shrinking coefficients to small values for
correlated trending towards each other). This combination allows for the
selection of the most important biomarkers, while taking the correlation
(so called 'grouping effect') among them into account.
Our statistical analysis is based on application of the adapted
version of the elastic net algorithm (with Hinge loss function) which is
specifically tailored for discriminating fungal species in the collected
dataset. We train the model by taking the gradient of the loss that is
estimated at each sample at a time (stochastic gradient descent learning).
It consists of learning and stability selection modules and allows for robust
and reliable identification of the biomarkers. Formally, our method is able
to shrink coefficients to zero by imposing an L1-penalty on the classification
coefficients; doing so allows for an easily interpretable model by viewing
any nonzero coefficients as the predictors that have the strongest
predictive power. We note that the elastic net algorithm allows building
multivariate models, and thus, can lead to the identification of a group of
fungal biomarkers that jointly have an effect on a differentiation among
healthy volunteers vs normally sensitive IBS, heathy volunteers vs
hypersensitive IBS, normal sensitive IBS vs hyper sensitive IBS patients.
While the biomarkers identified by elastic net algorithm usually lead to
statistically significant results, they can frequently be unstable. In our
approach, we address this problem via stability selection procedure
coupled with the model selection. Biomarker stability is reflected in the
frequency that a particular biomarker was identified in multiple simulations
on a re-randomized dataset. This measure is especially relevant for small to
medium sized data collections, as in this study where the number of
patients diagnosed IBS with is limited.
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The performance measure used for a binary classification task is a
Receiver-Operating-Characteristics Area-Under-Curve (ROC AUC). The ROC
can be understood as a plot of the probability of correctly classifying
healthy volunteers vs normally sensitive IBS or heathy volunteers vs
hypersensitive IBS or normal sensitive IBS vs hyper sensitive IBS patients.
Thus, the AUC score of an ROC curve can be considered a measure of the
predictive accuracy of the model.
To avoid over-fitting, we used a 10-fold stratified cross-validation
procedure over the training partition of the data (80%) while the remaining
20% was used as the testing dataset. Parameters to be selected are ratio
between L1, L2 norms, and regularization parameter. Stability selection
was performed by randomly subsampling 80% of the data 100 times.
During stability selection procedure, all features having non-zero weighting
coefficient were counted. These counts were normalized and converted to
stability coefficients having value between 1.0 for the feature which was
always selected and 0.0 for feature which was never selected. We used
Python (version 2.7.8, packages Numpy, Scipy) for implementing elastic net
model and the R version 3.1.2 for visualization.
To analyse the fungal composition of humans/rats, an
unsupervised co-regularized spectral clustering algorithm was applied to
the dataset.30, 31 In short, this multi-view clustering algorithm allows for
identification of clusters comprised of humans/rats with similar
fungal/microbial profiles in an unbiased and robust manner. The method
stems from a recently proposed class of multi-view clustering algorithms66
16 that have been reported to notably outperform standard techniques
(e.g. k-means, hierarchical clustering, etc.) in clustering accuracy and
stability. Multi-view algorithms (closely related to cluster ensembles and
consensus techniques) aim to combine multiple clustering hypotheses for
increased accuracy and are not limited to a single similarity measure, thus
leading to robust and reliable results.
Whole mount staining mesenteric windows.
Mouse mesenteric windows were carefully preserved and pinned down in
a Sylgard dish (see Supplementary Figure 8A). After 30 minutes preincubation with 3% BSA in PBS, mesenteric windows were incubated with
beta glucan (5 mg/ml PBS, Biotec Pharmacon) or PBS-BSA for 30 minutes
and washed. Subsequently, windows were exposed to Texas-red labeled
avidin (30 minutes), washed, carefully removed from Sylgard dish and
mounted in DAPI containg Vectashield mounting medium. In non-fixed
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tissues, avidin interacts with mast cell heparin of degranulating mast cells
only.67
Dectin-1 expression on HMC-1 cells
The human mast cell line HMC-1 was kindly provided by Dr J.H. Butterfield
(Mayo Clinic, Rochester, MN). Dectin-1 surface marker expression was
analyzed with mouse anti Human Dectin-1 antibody conjugated to Alexa
Fluor 647 (Serotec, Raleigh, US). Before staining, cells were pretreated with
human Fc-receptor blocking reagent (Miltenyi Biotec, Leiden, The
Netherlands). Data was acquired on an LSRFortessa analyzer (BD
Biosciences, Breda, The Netherlands) and analyzed with FlowJo software
(Treestar, San Carlos, US).

HPLC detection of histamine in HMC-1 cell supernatants.
HMC-1 cells (106/ml) were incubated at 37°C for 10 min in HBSS with 50
μg/ml compound 48/80 or heat-inactivated Candida albicans (ATCC 18804,
2.5.106/ml). Vehicle treated cells served as negative control. After
stimulation, cells were spun down and norvalin (50 nM) was added to
supernatants as internal standard. Similarly, histamine standard solutions
were prepared by mixing 1 μM histamine with 50 nM norvaline in
acetonitrile. Before detection by HPLC, cell culture supernatants were
deproteinized by acetonitrile treatment. HPLC detection was performed
with a Dionex Ultimate 3000 HPLC equipped with a RF 2000 fluorimetric
detector (Dionex, Germering, Germany). Before injection, histamine was
derivatized with o-phthalaldehyde (OPA) in autosampler and injected
automatically onto a BDS hypersil C18 column (Thermo Scientific, Rockford,
IL, USA) (150x4.6 mm, particle size 3 μm, 2 columns in tandem) equipped
with a guard cartridge C 18 ODS 4x3 mm (Phenomenex, Utrecht, The
Netherlands). Gradient elution was performed with the following solvents;
A, sodium phosphate buffer (125 mM, pH 7), water (20:80) containing 0.5%
of tetrahydrofurane; B, sodium phosphate buffer (125 mM, pH 7),
tetrahydrofurane, acetonitrile, water (5:7:40:48). Gradient conditions
were: 13 min (75% B), 8 min isocratic, 5 min (0% B) and elution flow was
0.7 ml/min. Detection wavelengths: excitation: 345 nm, emission: 485 nm.
Under these conditions, the retention time for histamine derivative is 16.5
minutes. Results are expressed as histamine/norvaline ratio.
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SUPPLEMENTARY FIGURES 1-15

Supplementary Figure 1. Combined relative presence of Saccharomyces cerevisiae &
Candida albicans. Intergroup differences between healthy volunteers, hypersensitive IBS
and normally sensitive IBS. Data are mean ± SEM. *P<0.05, ***P<0.001 (Wilcoxon signed
rank).
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Supplementary Figure 2. No difference in bacterial microbiome between healthy
volunteers, normosensitive IBS and hypersensitive IBS. Left side dendrogram shows the
result of Bray-Curtis dissimilarity. Right side heatmap shows relative abundance of bacterial
classes detected in individual fecal samples.
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Supplementary Figure 3. Fecal human mycobiome signatures identified by stability
selection. (A) Intergroup differences between normally sensitive IBS (IBS-N) and healthy
volunteers (HV) and (B) between hypersensitive IBS (IBS-H) and IBS-N. The respective
receiver operating characteristic (ROC) curves are depicted in (C) and (D). The area under
the curves (AUC; 0.90 and 0.86 respectively, p<0.01 in both simulations) show good (AUC
0.8-0.9) discriminating quality.
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Supplementary Figure 4. Relative response to distension of donor rats (n=4-5) used in
fecal transplantation experiments (results of transplantation experiments are shown in Fig
2C). Caecum content was gathered after the last distension protocol in each group. Group 1
donors: maternally separated rats treated with fluconazole/nystatin. Group 2 donors: non
fungicide treated maternally separated rats. Group 3 donors: non fungicide treated nonhandled rats. (A) Visceral sensitivity status is depicted by area under the curve of the
relative response to colorectal distension. (B) The same results as volume/relative response
line diagrams. All data are mean ± SEM, n.s. not significant, *P<0.05.
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Supplementary Figure 5. No difference in bacterial microbiome composition between
non-handled (NH), maternal separated (MS) and post fluconazole/nystatin maternal
separated (MS+F/N) rat groups. Left side dendrogram shows the result of Bray-Curtis
dissimilarity. Right side heatmap shows relative abundance of bacterial classes detected in
individual fecal samples.

Supplementary Figure 6. Fecal rat mycobiome signature identified by stability selection.
(A) Intergroup differences between nonhandled (NH) rats and maternally separated (MS)
rats. The corresponding receiver operating characteristic (ROC) curve is depicted in (B). The
area under the curve (AUC; 0.98) indicated outstanding (AUC>0.9) discriminating quality
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Supplementary Figure 7. Fecal
mycobiome composition. Relative
contribution class breakdown in
human and rat feces.

Supplementary Figure 8. Fungal induced mast cell degranulation. (A) Exteriorized mouse
gut with mesentery was pinned down in Sylgard dishes. Dotted lines indicate the
translucent mesenteric windows that were incubated with (B) PBS-Bovine Serum Albumin or
(C) 5 mg (Dectin-1 activating) particulate β-glucan/ml PBS and stained with Texas-red
67
labeled avidin and DAPI. (D) FACS staining of the human mast cell line HMC-1 showed
Dectin-1 expression in part of the cells. (E) Shows HPLC evaluation of HMC-1 cell culture
supernatants.
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Supplementary Figure 9. Per volume line diagrams; pre water avoidance (WA) anti-fungal
treatment of maternal separated (MS) rats. All data are mean ± SEM, n.s. not significant,
*P<0.05, *P<0.01, n=8-9/group. Corresponding area under the curve bar diagram depicted
in Figure 2A of the manuscript.
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Supplementary Figure 10. Per volume line diagrams; pre water avoidance (WA) antifungal treatment of non-handled (NH) rats. All data are mean ± SEM, n.s. not significant,
*P<0.05, n=8-9/group. Corresponding area under the curve bar diagram depicted in Figure
2A of the manuscript.
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Supplementary Figure 11. Per volume line diagrams; post water avoidance (WA) antifungal treatment and subsequent fungal repopulation. All data are mean ± SEM, n.s. not
significant, *P<0.05, n=8-9/group. Corresponding area under the curve bar diagram
depicted in Figure 2C of the manuscript.
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Supplementary Figure 12. Per volume line diagrams; rats used in mycobiome evaluations.
All data are mean ± SEM, n.s. not significant, *P<0.05 (n=7-8). Corresponding area under the
curve bar diagram depicted in Figure 3A of the manuscript.
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Supplementary Figure 13. Per volume line diagrams; post water avoidance (WA)
treatment with Syk inhibitor. All data are mean ± SEM, n.s. not significant, *P<0.05,
**P<0.01, n=8-9/group. Corresponding area under the curve bar diagram depicted in Figure
6A of the manuscript.

121

539334-L-bw-Botschuiver
Processed on: 19-12-2019

PDF page: 121

Supplementary Figure 14. Per volume line diagrams; peri water avoidance (WA) treatment
with soluble β-glucans (SBG). All data are mean ± SEM, n.s. not significant, *P<0.05,
**P<0.01, n=8-9/group. Corresponding area under the curve bar diagram depicted in Figure
6B of the manuscript.
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Supplementary Figure 15. Per volume line diagrams; post water avoidance (WA)
treatment with soluble β-glucans (SBG). All data are mean ± SEM, n.s. not significant,
*P<0.05, **P<0.01, n=8-9/group. Corresponding area under the curve bar diagram depicted
in Figure 6C of the manuscript.
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SUPPLEMENTARY TABLES 1 & 2

Energy
(kJ/day)
Total protein
(g/day)
Total fat
g/day)
Total
carbohydrate
s (g/day)
Fibers (g/day)

Hypersensitive
a
IBS n=8

Normosensitive
a
IBS n=12

Healthy controls
n=18

8648.9±3427.5
69.6±25.3
79.5±38.6
231.25±99.3
21.13±9.4

7997.2±2025.2
68.9±22.8
76.83±28.3
210.8±45.4
18.8±6.7

10133,4±2991.0
*
86.9±29.7*
93.6±28.3*
267,8±84.7*
27.7↑9.6*

Supplementary Table 1. Dietary intake based on validated food frequency
questionnaire. a)Patient data only available for subgroups. *P<0.05 for
Healthy controls vs IBS total (hypersensitive+normosensitive) as tested by
ANOVA. No difference was found between hyper- versus normosensitive
IBS patients.
Supplementary Table 2. Mycobiome species present in rat and human
fecal samples. The list of human mycobiome species was taken from the
stability selection presented in figure 1C (relative weights Irritable Bowel
Syndrome-hypersensitive vs healthy volunteer). The list of rat mycobiome
species was taken from stability selection presented in figure S3 (relative
weights maternal separated vs non-handled rats).
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Human mycobiome
Kazachstania telluris
Penicillium spinulosum
Penicillium commune
Aspergillus section Nidulantes
Rhodosporidiobolus colostri
Cyberlindnera c.f. jadinii
Candida quercitrusa
Apiotrichum gracile
Acremonium spp.
Penicillium roquefortii
Saccharomyces bulderi
Agaricus bisporus
Candida humilis
Wickerhamomyces onychis
Candida parapsilosis
Debaryomyces prosopidis
Meyerozyma guilliermondii
Saccharomyces cerevisiae

Present in rat and human
Davidiella tassiana
Vishniacozyma victoriae
Alternaria metachromatica
Epicoccum nigrum
Trichomerium gloeosporum
Aspergillus section
Aspergillus
Verticillium leptobactrum
Candida albicans
Aspergillus section
Nidulantes
Wallemia muriae
Sporobolomyces roseus
Alternaria alternata
Monographiella nivalis

Phoma spp.
Rhodotorula mucilaginosa
Penicillium section Chrysogena
Suillus luteus
Cladosporium cladosporioides
complex
Rodentomyces reticulatus
Fusarium oxysporum complex
Acremonium spp.
Kazachstania barnettii
Torulaspora delbrueckii
Cystofilobasidium infirmominiatum
Gloeophyllum trabeum
Candida glaebosa
Candida tropicalis
Candida solani
unclassified
Kazachstania turicensis

Rat mycobiome
Lasiospaeriaceae spp.
Fusarium fujikuroi complex
uncultured Ascochyta
Unclassified
Acremonium zeae
Papiliotrema laurentii
Microdochium phragmitis
Fusarium poae
Rhodotorula mucilaginosa
Wickerhamomyces bovis
Cryptococcus sp
Acremonium sp
Aspergillus section Aspergillus
Claviceps purpurea
Wallemia sebi
Pleospora spp.
Eudarluca caricis
Microdochium nivale var. Nivale
Cladosporium cladosporioides
complex
Capnodiales spp.
Monographella albescens
Holtermanniella festucosa
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Chapter 4
Reversal of visceral hypersensitivity in rat by
Menthacarin , a proprietary combination of
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ABSTRACT
Irritable bowel syndrome (IBS) is a common gastrointestinal disorder
associated with altered gastrointestinal microflora and increased
nociception to colonic distension. This visceral hypersensitivity can be
reversed in our rat maternal separation model by fungicides. Menthacarin®
is a proprietary combination of essential oils from Mentha x piperita L. and
Carum carvi. Because these oils exhibit antifungal and antibacterial
properties, we investigated whether Menthacarin® can reverse existing
visceral hypersensitivity in maternally separated rats.
In non-handled and maternally separated rats, we used the
visceromotor responses to colorectal distension as measure for visceral
sensitivity. We evaluated this response before and 24 hours after wateravoidance stress and after 7 days treatment with Menthacarin® or control.
The pre- and post-treatment mycobiome and microbiome were
characterized by sequencing of fungal internal transcribed spacer 1 (ITS-1)
and bacterial 16s rDNA regions. In vitro antifungal and antimicrobial
properties of Menthacarin® were studied with radial diffusion assay.
Menthacarin® inhibited in vitro growth of yeast and bacteria.
Water-avoidance caused visceral hypersensitivity in maternally separated
rats, and this was reversed by treatment. Multivariate analyses of ITS-1 and
16S high throughput data showed that maternal separation, induced
changes in the myco- and microbiome. Menthacarin® treatment of
nonhandled and maternally separated rats shifted the mycobiomes to
more similar compositions.
The development of visceral hypersensitivity in maternally
separated rats and the Menthacarin®-mediated reversal of hypersensitivity
is associated with changes in the mycobiome. Therefore, Menthacarin®
may be a safe and effective treatment option that should be tested for IBS.
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INTRODUCTION
Irritable bowel syndrome (IBS) is a chronic stress related functional
gastrointestinal disorder characterized by abdominal pain and altered
bowel habits.1 These manifestations substantially impair IBS patient’s
quality of life. Despite the prevalence and impact of IBS, no evidence-based
therapies covering all complaints are currently available. In particular
abdominal pain is an unmet clinical need. Of the IBS patients, 35 to 60
percent show increased sensitivity of the viscera, described as a decreased
threshold of discomfort to colorectal distension compared to healthy
controls.2 This hypersensitivity of the viscera is thought to represent a
pathological mechanism explaining abdominal pain in this disorder.
Because a clear understanding of the driving forces is currently lacking, few
new drugs targeting visceral hypersensitivity are being developed. Recent
investigations however, suggested a role for mycobiome dysbiosis. 3
Therefore, we hypothesized that essential oils with known fungicidal
activity4, 5 may reverse fungal-induced post stress visceral hypersensitivity
in rat, and that such reversal associates with changes of the gut
mycobiome.
In a set of small-size clinical trials, peppermint oil was shown to
significantly improve abdominal pain complaints in IBS.6, 7 Menthol, the
main component, reduced symptoms of visceral hypersensitivity in mice.5, 8
Menthol was shown to act via transient receptor potential ion channel
melastatin subtype 8 (TRPM8), an ion channel involved in the sensing of
cold stimuli by sensory neurons.8, 9 Activated TRPM8 desensitizes transient
receptor potential cation channel subfamily V member 1 (TRPV1), which is
involved in IBS and visceral pain perception.10, 11 Recently, a proprietary
combination of essential oils of peppermint (Mentha x piperita L.) and
caraway seed (Carum carvi) relieved pain and discomfort in a randomized
placebo controlled trial in patients with functional dyspepsia.12 This
formula, known as Menthacarin®, was also evaluated in a trinitrobenzene
sulphonic acid (TNBS)-model of post inflammatory visceral hypersensitivity
in rat. Adam et al. showed that the combined oils significantly reduced
visceral hypersensitivity, whereas the individual oils were not effective.13
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The main component of caraway oil is (+)-carvone. How (+)-carvone
contributed to the analgesic effect of menthol was not addressed in this
investigation but may relate to its antimicrobial activity.14 Gut microbiome
dysbiosis is a therapeutic target for visceral hypersensitivity, and bacterial
dysbiosis was observed in TNBS- and dextran sulfate sodium (DSS)-induced
colitis.11, 15-17 Recent studies in colitis models and inflammatory bowel
disease (IBD) patients showed the relevance of intestinal fungi
(mycobiome) for inflammation.18-22 Whether the gut mycobiome was also
relevant in the post-TNBS visceral hypersensitivity observed by Adam et al.
is not known, but menthol and (+)-carvone both exhibit anti-fungal
activity.4, 5 Our own investigations in a rat model of maternal separation
not only showed profound changes in gut mycobiome composition of these
IBS-like rats, but also reversal of post-stress visceral hypersensitivity by
anti-fungal treatment with fluconazole and nystatin.3 In line with these
findings, we observed altered mycobiome composition in IBS patients
compared to healthy controls. Consequently, we suggested that
manipulation of intestinal fungi can be a treatment option for IBS-related
visceral hypersensitivity.
Both menthol and (+)-carvone exhibit anti-fungal activity, which led
us to investigate whether Menthacarin®-treatment can reverse post stress
visceral hypersensitivity in maternally separated rats, and if such reversal
coincides with changes of the gut mycobiome. Our results suggest, that
Menthacarin® alleviates abdominal pain in IBS-like rats via mycobiome
modulation and we therefore think that clinical studies of Menthacarin® in
IBS are warranted.
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METHODS
Animals and ethics statement
Long-Evans rats (Harlan, Horst, The Netherlands) were bred at the animal
facility of the Academic Medical Center (AMC, Amsterdam, The
Netherlands). Non-handled and maternally separated rats were housed
under open cage conditions and always bred in the same room, but never
shared the same cage. All animal procedures were conducted in
accordance with the institutional guidelines and approved by the Animal
Ethical Committee of the AMC/University of Amsterdam (reference
protocol number 100998).
Maternal Separation
Neonatal maternal separation in Long Evans rats predisposes for stressinduced visceral hypersensitivity at adult age.23 This model mimics early life
events shown to be associated with risks of IBS later in life.24 From
postnatal day 2 to 14, dams were separated from the nest for 3 hours daily.
During separation, dams were placed in another room and the cage with
litter was placed on a heating mat to maintain pup body temperature. Nonhandled pups were nursed normally. Pups were weaned at day 22 and only
male rats were used in our investigations.
Colonic distension protocol and water avoidance (WA)
Distensions were performed at the minimum age of 4 months with a latex
balloon (Ultracover 8F, International Medical Products BV, Zutphen, The
Netherlands) and carried out as described previously.3, 10, 23 In short, the
balloon catheter was inserted under short isoflurane anesthesia and, after
20 minute recovery, colonic distension was achieved by inflation of graded
volumes of water (1.0, 1.5, and 2.0 mL). Length and diameter of the balloon
during a 2 mL maximum volume distension were 18 and 15 mm,
respectively. After each 20 sec distension period, water was quickly
removed and an 80 sec resting period was observed. For 1 hour WA stress
at adult age, rats were positioned on a pedestal attached to the bottom of
a plexiglass tank that was filled with water within 1 cm of the top of the
pedestal.
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Measurement of the visceromotor response to colonic distension and
data analysis
Colorectal distension in rat leads to reproducible contractions of abdominal
musculature; the so called visceromotor response. We used quantification
of these contractions by radio telemetric electromyography (EMG) to
assess visceral pain. Further details on this technique have been published
extensively.3, 10, 23 Data were acquired with AcqKnowledge software (Biopac
Systems Inc., Goleta, CA) and then analyzed. Each 20 sec distension period
and its preceding 20 sec of baseline recording were extracted from the
original raw data, corrected for movement and breathing, rectified and
integrated. Absolute datasets were then obtained by subtracting the 20 sec
baseline recording from the 20 sec distension result. Final results were
evaluated from normalized data sets, which were calculated from the
absolute data by setting the 2 mL value of the first distension at 100%. The
area under the curve of these relative responses was calculated for
individual rats and used for statistical analyses.
Treatment
protocol
Rats were subjected to 3 colorectal distension protocols during which the
visceromotor response was measured; directly before WA (day 0), one day
after WA (day 1) and seven days after WA (day 8). Menthacarin® (Dr.
Willmar Schwabe GmbH, Karlsruhe, Germany) or control was administered
by oral gavage between day 1 and 8 at approximately 11:00 hrs daily.
Menthacarin® contains a proprietary combination of essentials oils of
specified quality from Mentha x piperita L. (WS® 1340) and Carum carvi
(WS® 1520) in a ratio of 1.8:1. Dosages were chosen on the basis of
allometric dose translation according to Reagon-Shaw et al.25 In accordance
with the recommended single dose in human12, an equivalent dose in rat
equals about 12.5 mg.kg-1. Based on this, dosages which correspond to
once, twice or three times the average human equivalent single dose were
administered to rat. Accordingly, four groups of maternally separated rats
received 12.5, 25 or 75 mg Menthacarin® kg-1 in the mixture of control
tryglycerides, or control (2 ml kg-1). A mixture of triglycerides of saturated
fatty acids (mainly caprylic and capric acid) extracted from palm oil
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according to European Pharmacopoeia was used as control substance as
these compounds have been observed to be most suitable for the
solubilization of the lipophilic essential oils. Besides, this mixture is well
tolerated after oral application and saturated fatty acids are also used as
excipient in the therapeutically used peppermint- and caraway-oilpreparation. Two groups of nonhandled rats received 75 mg Menthacarin®
kg-1 or control. Each experimental group consisted of 9 animals. Fecal
samples were collected directly from the anus just prior to distension
protocols at day 1 and day 8, snap frozen and stored at -80°C.
DNA extraction
DNA for myco- and microbiome analysis was isolated from fecal samples
collected at day 1 post WA and day 8 post WA. We evaluated 3 groups:
control treated maternally separated rats, high dose (75 mg kg-1)
Menthacarin® treated maternally separated rats and high dose
Menthacarin® treated nonhandled rats. The DNA isolation procedure was
carried out as described earlier.3
Sequencing of fungal ITS amplicons
Barcoded fungal internal transcribed spacer regions (ITS) amplicons were
generated using a two-step PCR approach identical to our previous
investigations.3 In short, fungal ITS 1 regions were first amplified with the
following primers: forward 5ʹ-CTTGGTCATTTAGAGGAAGTAA-3ʹ and reverse
5ʹ- GCTGCGTTCTTCATCGATGC-3. Next a second set of primers was used to
generate fungal ITS-1 fragments that included overhanging adapter
sequences for compatibility with Nextera XT tagmentation: next-ITS-BITS-F:
TCGTCGGCAGCGTCACCTGCGGARGGATCA
and
nex-ITS-B58S3-R
GTCTCGTGGGCTCGGGAGATCCRTTGYTRAAAGTT (adapted from Bokulich &
Mills)26. Reactions were cleaned and dual barcodes (8 bp) and Illumina
sequencing adapters were attached using the Nextera XT Index Kit
(Illumina, San Diego, CA) according to manufacturer’s protocols. Barcoded
amplicons were quantified, normalized to the same concentrations,
pooled, and gel purified. Pooled amplicons were 250-bp paired-end
sequenced using the MiSeq system (Illumina). Raw Illumina fastq files were
demultiplexed, quality filtered, and analyzed using modules implemented
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in the Mothur software platform.27 Unique sequences were taxonomically
classified by the RDP-II Naïve Bayesian Classifier28 using a 60% confidence
threshold against the Mothur formated UNITE Database (Version No. 7).29
The raw sequence data generated in this study will be deposited in the
European Nucleotide Archive upon acceptance of the manuscript.
Bacterial 16 S sequencing
Analysis of rat microbiome composition was performed by sequencing of
the V4 hypervariable region of the 16s rRNA gene on the illumina MiSeq
sequencer. Barcoded DNA fragments spanning the Archaeal and Bacterial
V4 hypervariable region were amplified with a standardizing level of
template DNA (1 ng) to prevent over-amplification. These amplicons,
generated using adapted primers 533F and 806R, were bidirectionally
sequenced using the MiSeq system (Illumina) as described previously.30 All
data extraction, pre-processing, analysis of operational taxonomic units
(OTUs) and classifications were performed using modules implemented in
the Mothur software platform as in Kelder et al.31 except where noted
below. A total of 3741564 high-quality sequences were aligned using the
‘align.seqs’ command and the Mothur-compatible Bacterial SILVA SEED
database. A total of 8925 unique sequences were retrieved using this
pipeline. Sequences were clustered in OTUs using average linkage
clustering and a 97% sequence-identity threshold. Sequences were
taxonomically classified by the RDP-II Naive Bayesian Classifier using a 60%
confidence threshold. Sequences were normalized to 17500 sequences per
sample (subsampling method).
Statistical analysisStatistical analysis was performed using SPSS for
Windows (version 16.0; SPSS Inc., Chicago, IL, USA) or GraphPad Prism
(version 7.02, Graphpad software, San Diego, USA). Visceromotor response
data were analyzed by two-way ANOVA with Tukey’s correction for
multiple comparisons. Anti-microbial activity was analyzed with one way
ANOVA repeated measurements and Dunnet’s post hoc test. Relative
abundances of fungal species or bacterial phyla or genera were compared
using the Kruskal-Wallis statistic and Dunn’s post hoc test. P values <0.05
were considered statistically significant in all tests.
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Microbiome and mycobiome visualization
Classical clustering based on Bray Curtis similarity and the UPGMA
algorithm, non-metric multidimensional scaling based on Bray Curtis
similarity, and the Shannon diversity index were performed in the free
software platform Past v3.034. Indices concerning the mycobiome were
designed from taxonomically classified unique sequences at the species
level. Indices concerning the microbiome were designed on OTU
abundance. Resulting Shannon indices were compared with Kruskal-Wallis
statistic and Dunn’s post hoc test.
Similar to our previous investigations, an unsupervised coregularized spectral clustering algorithm was applied to the ITS (species
level) and 16S (genus level) datasets.3, 32, 33 In short, this multi-view
clustering algorithm allows for identification of clusters of rats with similar
fungal/microbial profiles in an unbiased and robust manner. The method
stems from a recently proposed class of multi-view clustering algorithms
that have been reported to notably outperform standard techniques (e.g.
k-means, hierarchical clustering, etc.) in clustering accuracy and stability.34
Multi-view algorithms (closely related to cluster ensembles and consensus
techniques) aim to combine multiple clustering hypotheses for increased
accuracy and are not limited to a single similarity measure, thus leading to
robust and reliable results.

Antifungal and antibacterial properties of Menthacarin®
Agar well diffusion assays were used to confirm antifungal and
antibacterial properties of peppermint oil, caraway oil and Menthacarin®.4,
5, 14, 35
All 3 samples were tested in triplicate in concentrations of 5, 10 and
20 mg mL-1. For the antifungal assay an aliquot of an overnight culture of
Candida albicans was cultured in Sabouraud broth for 3 hours, diluted in
top agar (105 counts per ml in 0.6 % agarose in Sabouraud) and spread in
20 ml aliquots in petri dishes. After solidification, 3 mm holes were
punched and filled with 8 μL sample or control that were all diluted in 40%
ethanol to obtain appropriate concentrations. Fluconazole (250 μg mL-1)
was used as positive control. Plates were incubated 24 to 48 hours and the
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diameter of the inhibition halo was measured with a caliper. For the
antibacterial assay, an aliquot of an overnight culture of Bacillus subtilis
was cultured in 3% tryptic soy broth (TSB) to an OD of 0.800 and then
diluted 10 times in 0.3% TBS/1% Agar/0.02% Tween. 15 ml aliquots of this
suspension were spread in petri dishes. After solidification, 3mm holes
were punched and filled with 8 μL sample, control or a broad spectrum
antibiotic mixture containing penicillin and streptomycin (1000 IU mL-1)
that was used as positive control. After diffusion into the plates (3 hours at
37°C), dishes were covered with a top layer (6% TBS/1% agar) and further
incubated for 18 to 24 hours where upon the diameter of the inhibition
halo was measured. Importantly, peppermint oil, caraway oil and
Menthacarin® are probably not effective against all fungal and bacterial
species. C. albicans and B. subtilis merely served as proof of principle
targets for fungicidal and bactericidal potential, their choice does not
necessarily reflect importance for visceral pain.
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RESULTS
Menthacarin® reverses stress-induced visceral hypersensitivity in
maternally separated rats
Menthacarin®’s effect on visceral sensitivity was studied in maternally
separated and non-handled rats (setup depicted in Figure 1A). Results are
shown as area under the curve of the relative responses. Compared to pre
WA data, all maternal separation groups showed significantly increased
post WA response to distension (Figure 1B, day 0 vs day 1), except for the
12.5 mg.kg-1 treatment group. The latter may be caused by the relatively
high baseline sensitivity to distension (day 0) of this particular group. The
enhanced day 1 response was reversed after one week treatment with 25
and 75mg Menthacarin® kg-1, but not by 12.5 mg.kg-1 and control (Figure
1B, day 1 vs day 8). In non-handled rats, only control and high dose
Menthacarin® (75mg kg-1) were evaluated. Average area under the curve
data (Figure 1C) showed no changes in pre- vs 24 hours post WA sensitivity
to distension. Similarly, no changes were observed after 7 days
Menthacarin® or control treatment. Thus, WA only induced visceral
hypersensitivity in maternal separated rats, and this response was reversed
by Menthacarin® treatment.
Menthacarin®, peppermint oil and caraway oil have in vitro antimicrobial
properties
Peppermint oil, caraway oil and Menthacarin® were evaluated in in vitro
radial diffusion assays, using the yeast C. albicans and bacterial B. subtilis
as target species. Their inhibitory potential was compared to the negative
control and the assay was validated with the fungicide fluconazole or a
broad spectrum antibiotic mixture containing penicillin and streptomycin.In
C. albicans seeded agar (Figure 2A), the inhibitory activity of fluconazole
justified the use of the radial diffusion assay as anti-fungal readout.
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Figure 1 Menthacarin® mediated reversal of post water avoidance (WA) visceral
hypersensitivity in maternally separated rats. A) Experimental set up for seven day post
WA Menthacarin® or control treatment in maternal separation (MS) or nonhandled (NH)
rats. The visceromotor response (VMR) to colorectal distension was measured at day 0, day
1 and day 8. B) Visceral sensitivity status of maternally separated rats is depicted by area
under the curve of the relative response to distension. C) Relative response to distension in
non-handled rats. All data are mean ± SD, *P< 0.05, **P<0.01, N=9/group.
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Figure 2. In vitro antifungal and antibacterial properties of Menthacarin® and its
constituent’s peppermint oil and caraway oil. Zones of inhibition in A) C. albicans seeded
agar and B) B. subtilus seeded agar, induced by peppermint oil (left panels), caraway oil
(middle panels) and Menthacarin® (right panels). C) Representative examples of the radial
diffusion assay. Arrows indicate the starting direction of the concentration series (5, 10 and
20 mg/ml, all in triplicate). Positive controls were fluconazole (fluc) and PenicillinStreptomycin (p/s). Data are mean ± SD, *P< 0.05, **P<0.01, ***P<0.001, ****P<0.00001
(n=3/test condition).
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When compared to control, peppermint oil and Menthacarin® both
induced inhibition of growth at 20 mg mL-1, whereas caraway oil induced
growth inhibition at 5, 10 and 20 mg mL-1. In B. subtilis seeded agar (Figure
2B), the combination of penicillin and streptomycin effectively inhibited
growth when compared to control. Peppermint oil inhibited growth at 10
and 20 mg mL-1 and caraway oil and Menthacarin® at all concentrations
tested. Taken together, these results show profound antimicrobial and
antifungal activities of peppermint oil, caraway oil and Menthacarin®.
Figure 2C shows typical examples of radial diffusion assays.
Menthacarin® treatment affects maternal separation induced mycobiome
dysbiosis
To address possible changes of the fecal mycobiome, we used high
throughput sequencing of fungal internal transcribed spacer 1(ITS-1) 18S
rDNA regions. As an aid to distinguish normosensitive (blue) and
hypersensitive (red) animals depicted in figures 4-7, Figure 3 shows a
schematic representation of color coded sample groups 1 to 6. From a total
of 54 fecal samples, 6 isolates divided over 5 groups did not contain
enough DNA for subsequent analysis. Our sequencing approach generated
4976036 unique paired reads, which were subsequently classified into 109
fungal species whilst 30 remained unclassified.
Figure
3.
Schematic
representation of color coded
treatment groups used in
mycobiome and microbiome
analysis.
For
improved
visualization of results depicted
in Figures 4-7, normosensitive
rats are shown in blue and
hypersensitive rats in red.
Sample groups 1 and 2 are
nonhandled rats before and after
75
mg/kg
Menthacarin®
treatment, groups 3 and 4 are
maternally separated rats before
and
after
75
mg/kg
Menthacarin® treatment, and
groups 5 and 6 are maternally
separated rats before and after
control treatment.
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Figure 4. Maternal separation induced mycobiome dysbiosis and modulation thereof by
Menthacarin® treatment. A) Box plot of Shannon diversity index based on species level
showing median and 25 to 75% and 2.5 to 97.5% percentiles. *P<0.05 (n=7-9). B) Most
abundant fungal classes present in the different sample groups. C) Co-occurrence matrix of
clustering rats. Values range from 0.0 (dark blue for rats who never cluster) to 1.0 (dark red
for rats that always cluster). Rat numbers on axes are symmetric and represent individual
rats.
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Fungal α diversity between groups was calculated by Shannon
diversity index at species level. At baseline (i.e. day one after WA), we
observed increased α diversity in hypersensitive maternally separated rats
compared to normally-sensitive nonhandled rats (Figure 4A, group 1 vs
group 3). This result confirmed our recently published findings.3 No
significant changes in α diversity were observed upon treatment with
Menthacarin® or control. In addition, when using normalized data to
compare the relative presence of the five most abundant fungal classes
(Figure 4B), there were no differences between treatment groups. To
investigate whether intestinal fungal composition correlated with
sensitivity status and treatment, we performed a co-occurrence spectral
analyses. In this unsupervised machine learning based approach, rats are
clustered based on similarity of the multivariate ITS-1 composition. A
symmetric heat map of the resulting sorted co-occurrence matrix is given
in Figure 4C. Based on high co-occurrence values, 5 separate clusters can
be recognized. Spreading over clusters was observed for most of the
different treatment groups. Nevertheless, the pre-treatment mycobiome of
6 out of 9 nonhandled (group 1) rats clustered in the second left quadrant.
This set them apart from the pre-treatment maternal separation rats (i.e.
groups 3, 5 and 6) that mostly clustered in the lower 3 quadrants. The
simultaneous presence of pre- and post-control treated maternal
separation rats (groups 5 and 6) in the lower right quadrant demonstrated
that control treatment did not affect the gut mycobiome. Most important
however, the upper left quadrant showed clustering of 13 out of 15 nonhandled and maternally separated rats subjected to Menthacarin®
treatment (groups 2 and 4). Thus, nonhandled and maternally separated
rats showed dissimilar mycobiota prior to treatment, but Menthacarin®
shifted both groups to more similar mycobiomes.
We then sought to corroborate these findings with a β-diversity
index, and performed classical clustering using the Bray Curtis dissimilarity
index and the UPGMA algorithm (Figure 5A). At 0.48 similarity, the
dendrogram showed 3 separate branches, excluding only 1 rat. The righthand branch almost exclusively consisted of normally sensitive rats, i.e.
non-handled and maternally separated rats that had been subjected to
Menthacarin® treatment (groups 2 and 4). The middle branch
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encompassed most of the hypersensitive rats, i.e. maternally separated
rats that were sampled prior to Menthacarin® or control treatment and
maternally separated rats sampled after control treatment (groups 3, 5 and
6 respectively). The last branch included 6 out of 8 normally-sensitive
nonhandled rats (group 1) that were sampled before Menthacarin®
treatment. Thus, classical clustering confirmed results obtained with cooccurrence spectral analysis. Finally, our data set was visualized by nonmetric multidimensional scaling to show the relation between
predisposition (i.e. nonhandled or maternally separated), treatment and
mycobiome composition. This ordination technique revealed differential
spatial patterns shown in Figure 5B. Non Menthacarin®-treated maternal
separated and nonhandled rats localized to a broad and diffuse spatial
area. After Menthacarin® treatment however, maternally separated and
nonhandled rats clustered, suggesting a high level of similarity between
rats. In concert, our data suggest that Menthacarin® treatment is
modulating the in vivo mycobiome and these changes associate with a
normal response to colorectal distension.
Maternal separation induced bacterial dysbiosis at multispecies level is
not affected by Menthacarin® treatment
Although our results highlight the importance of intestinal fungi in IBS, a
role for intestinal bacteria cannot be excluded. Menthacarin® showed in
vitro bactericidal activity, and bacterial microbiome dysbiosis has been
associated with IBS as well as visceral pain in the maternal separation
model.16, 17 We therefore assessed bacterial microbiome composition and
possible effects of Menthacarin® treatment, by next generation ribosomal
DNA sequencing of the bacterial 16S V4 region. We generated 8925 unique
taxonomic units, from which 174 different bacterial genera were
taxonomically classified. Bacterial α-diversity was addressed using the
relative abundance of unique taxonomic units. Except for a difference
between nonhandled Menthacarin® treated rats and non-treated
maternally separated rats, we observed no significant differences in αdiversity (Figure 6A).
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Figure 5. Mycobiome analysis using Bray Curtis dissimilarity index and non-metric
multidimensional scaling. A) Hierarchical clustering analysis using Bray Curtis dissimilarity
and UPGMA algorithm. Dotted line and arrow indicate 0.48% similarity. B) Non-metric
multidimensional scaling plot based on the Bray Curtis dissimilarity matrix (Stress: 0.191).
Maternally separated rats are represented by red symbols, non-handled rats in black. All
circles represent pre-treatment rats, all open squares represent post Menthacarin®treatment rats.
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Classification of taxa at phylum level showed 5 dominant phyla.
The relative abundance of none of these phyla differed when comparing
pre-treatment non-handled and pre-treatment maternally separated rats
(Figure 6B). However, Menthacarin® treated maternally separated rats had
significantly lower Verrucomicrobia compared to all other (i.e. all
hypersensitive) maternal separation rats (Figure 6C, group 4 vs groups 3, 5
and 6). Importantly, we only observed one species, Akkermansia
muciniphila, within this phylum. This confirmed earlier reports on the
limited intestinal representation of Verrucomicrobia.36 We also observed
changes in the distribution of Bifidobacterium, a genus that belongs to the
Actinobacteria phylum. Maternal separated rats showed significantly lower
relative abundance compared to nonhandled rats and Menthacarin®
treatment induced a significant increase in maternal separated rats (Figure
6D). Further analysis on phylum level showed that the relative abundance
of Bacteroidetes in Menthacarin® treated nonhandled rats was significantly
lower compared to maternal separated rats before and after control.
Compared to control treated maternal separated rats, Firmicutes were
higher in Menthacarin® treated nonhandled rats (data not shown).
Next, we performed co-occurrence spectral analyses to identify
possible clustering of rats based on similarity at genus level (Figure 6E). We
identified 5 main clusters, and most treatment groups were scattered
across clusters. In consequence, the clustering pattern did not set apart
pre-treatment nonhandled rats from pre-treatment maternally separated
rats. Seven out of 9 Menthacarin® treated maternally separated rats (group
4) clustered in the middle segment, but this segment also contained 4
control treated maternally separated rats (group 6). The absence of
maternal separation induced microbiome dysbiosis and modulation
thereof, suggested that bacterial dysbiosis was not critical for in vivo
visceral sensitivity changes. Nevertheless, we decided to further address
the bacterial microbiome with a classical clustering approach based on the
bray Curtis dissimilarity index and the UPGMA algorithm (Figure 7A). For
this evaluation we used unique sequences. At 0.6 similarity, the
dendrogram divided into 4 branches and 2 separate Menthacarin®-treated
nonhandled (group 2) rats. The second branch from the right, contained 2
pre-Menthacarin® nonhandled (group 1) rats. All other remaining
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Figure 6. Bacterial microbiome showed limited Menthacarin® induced changes. A)
Shannon diversity index based on unique taxonomic units showing median and 25 to 75%
and 2.5 to 97.5% percentiles. B) Most dominant phyla present in the different groups. C)
Relative abundance of the Verrucomicrobia phylum and D) relative abundance of
Bifidobacterium in treatment groups. E) Co-occurrence matrix of clustering rats. Values
range from 0.0 (dark blue for rats who never cluster) to 1.0 (dark red for rats that always
cluster). Rat numbers on axes are symmetric and represent individual rats. *P<0.05, **P
<0.01 and ****P<0.0001 (n=7-9).
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nonhandled rats (i.e. pre- and post-Menthacarin® group 1 and
group 2 rats, n=12) clustered in the third branch. The far right branch
contained 3 pre-Menthacarin® treatment maternally separated (group 3)
rats. All other maternally separated rats (n=33) clustered, irrespective of
treatment status, in the largest branch. Thus, according to this clustering
method, the bacterial microbiome of non-handled rats differed from
maternally separated rats, but Menthacarin®-treatment did not lead to a
coherent microbiome shift in maternally separated rats.
Finally we used non-metric multidimensional scaling to visualize
the level of similarity between rats (Figure 7B). Pre-treatment maternally
separated and pre-treatment nonhandled rats clustered in differential
spatial areas, indicating marked differences between these groups.
Menthacarin® treatment however, did not separate the spatial positions of
maternally separated rats before and after treatment. The rat positioned
on the far left of the diagram did not show aberrant response to distension
or lower read number but did have markedly different microbiome
composition. Repeated calculations carried out without this particular
sample did not result in major changes of the remaining scatter plot and
left the conclusion unchanged (not shown). Taken together, this confirmed
that bacterial dysbiosis is associated with maternal separation17, 37, but
Menthacarin® mediated reversal of post-stress visceral hypersensitivity
was not driven by major bacterial microbiome changes.
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Figure 7. Bacterial microbiome analysis using Bray Curtis dissimilarity index and
non-metric multidimensional scaling. A) Hierarchical clustering analysis using Bray
Curtis dissimilarity and UPGMA algorithm. Dotted line and arrow indicate 0.60%
similarity. B) Non-metric multidimensional scaling plot based on the Bray Curtis
dissimilarity matrix (Stress: 0.174). Maternal separated rats are represented by red
symbols, non-handled rats in black. All circles represent pre-treatment rats, all
open squares represent post Menthacarin®-treatment rats.
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DISCUSSION
Our previous research indicated that the use of antifungals could serve as a
potential therapy for treatment of visceral hypersensitivity. We identified
Menthacarin® as an antimicrobial and antifungal formulation. In the fungi
dependent IBS-like rat model of maternal separation, seven days
Menthacarin® treatment reversed post stress visceral hypersensitivity.
Fungal ITS and bacterial 16S ribosomal DNA barcoding assisted sequencing
showed maternal separation induced changes in the myco- and
microbiome. In maternal separated rats, Menthacarin®-induced reversal of
visceral hypersensitivity was associated with marked changes in gut
mycobiome but not microbiome composition.
A role for the intestinal microbiome is being investigated in the
pathogenesis of a broad spectrum of diseases. The focus of most
investigations has been on the bacteria, herewith ignoring the possible
relevance of other components of the luminal ecosystem. More recent
publications however, addressed the possible role of fungi in colitis models
and IBD.18-22 Our own investigations showed mycobiome dysbiosis in IBS
patients, and similar results in the maternal separation model in rat. In this
model, post stress visceral hypersensitivity was reversed by fungicide
(fluconazole/nystatin) treatment. Subsequent fecal transfer experiments,
from nonhandled and maternally separated donor rats to these fungicide
treated rats, indicated that only the maternal separation mycobiome
conferred visceral hypersensitivity.3 In the present study we confirmed
maternal separation induced mycobiome dysbiosis. Moreover,
Menthacarin®-mediated reversal of post stress visceral hypersensitivity
associated with a shift in mycobiome composition. The resulting
mycobiome highly resembled that of the Menthacarin® treated
nonhandled rats that also shifted away from their pre-treatment
mycobiome status. Nonhandled rats remained normally sensitive after
treatment, indicating the presence of a healthy mycobiome despite
Menthacarin®-induced changes. Thus, our results not only identified
Menthacarin® as an effective treatment option for fungal-induced visceral
hypersensitivity via mycobiome modulation, but also suggested that
treatment of a healthy mycobiome will not lead to unfavorable side effects.
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The latter is relevant for future clinical trials because IBS is a
heterogeneous disorder and, at this point, we are not capable of stratifying
patients into those with or without fungal involvement in their abdominal
pain complaints. In relation to clinical use, it should be mentioned that the
same essential oil formulation was recently evaluated in a 4 weeks
treatment protocol of patients with functional dyspepsia, where it relieved
pain and discomfort.12 During this clinical trial, Menthacarin® was
administered 2 times daily at approximately 2 mg.kg-1 dosages. In contrast,
our maternally separated rats were treated for just 7 days and only
received 1 daily gavage. Our relatively short and single dose administration
strategy may explain why, despite adequate dose translation, rats treated
with 25 and 75 mg.kg-1 dosages but not with 12.5 mg.kg-1 showed posttreatment reversal of visceral hypersensitivity. On the other hand, failure
to reverse with the 12.5 mg kg-1 dosage may be due to the relatively high
baseline sensitivity in this particular group of maternally separated rats,
which didn’t show significant increase upon water avoidance stress. Since
we only evaluated fecal microbiota of control and high dose Menthacarin®
treated rats, we do not know whether the observed lack of reversal with
low dose Menthacarin® associated with profound mycobiome changes or
not. This is a limitation of the study.
When comparing baseline bacterial microbiome composition
between nonhandled and maternal separated rats, Bray Curtis analysis, but
not co-occurrence spectral analysis, showed bacterial microbiome
dysbiosis. Moreover, Menthacarin®-induced reversal of post stress visceral
hypersensitivity did not correlate with bacterial community changes at the
multispecies level. This suggested that visceral hypersensitivity did not
depend on bacterial dysbiosis and confirmed our earlier findings on the
essential role of the gut mycobiome.3 Nevertheless, changes observed in
the relative abundance of A. municiphila may be important. In contrast to
results obtained by Pusceddu et al37, we did not observe a significant
difference between nonhandled and maternal separated rats. However,
Menthacarin® treatment led to reduced relative presence of A. municiphila
in maternally separated rats. Gobert et al. showed that this bacterium was
over represented in constipation predominant IBS and additional
experiments in mice suggested beneficial anti-inflammatory properties of
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A. municiphila.38 Therefore, future clinical trials should monitor long term
effects on this potentially protective bacterium. Bifidobacteria are also
considered to be health promoting members of the human intestinal
microbiome and decreased levels were observed in IBS patients.39, 40 We
found decreased relative abundance of Bifidobacteria upon maternal
separation. Treatment with Menthacarin® correlated with a significant
increase of this genus, suggesting that treatment created favorable
conditions for these probiotic bacteria. Whether this was a direct
Menthacarin® mediated effect or secondary to mycobiome modulation
was not addressed in our investigations. Even so it can be envisaged that,
despite the absence of major ‘multispecies level’ menthacarin-induced
changes in the bacterial microbiome and our earlier evidence on the
relevance of gut fungi in the maternal separation model, microbiome
changes such as those observed for bifido bacteria may also be relevant.
IBS prevalence rates are higher for women than for men.1 Yet we
choose to evaluate male rats only because the visceromotor response to
distension fluctuates with the estrous cycle.41 Although the different
phases can be determined by microscopic evaluation of vaginal secretions,
some problems remain to interfere with timing of a strict treatment
protocol. Not only is the estrous cycle irregular in an approximate 30% of
rats42, maternally separated and nonhandled rats also respond differently
to colorectal distension in the distinct phases of the cycle.43 Due to our
focus on males, we cannot be sure that results on menthacarin-mediated
reversal of visceral hypersensitivity and coincided mycobiome changes also
apply to female rats. It should also be emphasized that the current
investigations showed correlation instead of causal relationship between
reversal of visceral hypersensitivity and mycobiome changes. Definitive
proof for causality can be obtained by future fecal transfer experiments
similar to those performed in our previous study.3 In addition, we only
focused on the gut myco- and microbiome, herewith neglecting other
potentially relevant actions of Menthacarin®. Menthol is one of its active
ingredients. It is known to desensitize, via TRPM8, the TRPV1 receptor
which is relevant in visceral nociception in IBS and the maternal separation
model.10, 11 Menthol is also a smooth muscle calcium channel antagonists
that causes (similar to caraway)44 muscle relaxation. This may be beneficial
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because dysmotility in IBS was shown to correlate with abdominal pain.
Furthermore, menthol is known to have kappa opioid agonistic and
serotonin receptor antagonistic activity which may both lead to analgesia.6
Because we did not address these mechanisms, we cannot judge their
relative weight for the observed reversal of visceral hypersensitivity. After
24 hours treatment in a recent clinical trial with peppermint oil, abdominal
pain scores of the treatment group showed a significant 21% reduction
from baseline versus 9% with placebo. At 28 days however, these numbers
increased to 41% with peppermint oil vs 22% with placebo.45 Possibly,
results at the early time point reflected direct TRP channel and opioid
receptor mediated effects only, whereas the doubled response at 28 days
included more time demanding changes of the gut mycobiome.
Unfortunately, the mycobiome nor any of the other possible mechanisms
were addressed in this patient trial and the peppermint formulation lacked
caraway oil, which was present in our investigations in rat. Irrespective, it
can be argued that the possibility of synergistic analgesic activities make
Menthacarin® an ideal candidate for IBS therapy. In the randomized
placebo-controlled clinical trial in patients with functional dyspepsia that
was mentioned earlier, the same peppermint- and caraway-oil-preparation
was well tolerated.12 Finally, future use of this preparation would also
satisfy patient preference for biological therapy.46, 47
We previously suggested that gut mycobiome modulation can be
an effective treatment for abdominal pain in IBS. The choice of anti-fungals
in clinical practice is however limited and fungal resistance against these
compounds is on the rise. Therefore, other approaches should be
considered for a functional disorder like IBS. Our results indicate that
Menthacarin® may be a safe and effective treatment option. In conclusion,
we suggest that the propriety peppermint- and caraway-oil-preparation
Menthacarin® should be tested for the relief of abdominal pain complaints
in IBS.

154

539334-L-bw-Botschuiver
Processed on: 19-12-2019

PDF page: 154

REFERENCES
1.
2.

3.

4.

5.
6.
7.
8.
9.
10.

11.

12.

13.

14.
15.
16.
17.
18.
19.
20.
21.
22.

Mearin F, Lacy BE, Chang L, et al. Bowel Disorders. Gastroenterology 2016;150:1393-1407.
Keszthelyi D, Troost FJ, Masclee AA. Irritable bowel syndrome: methods, mechanisms, and
pathophysiology. Methods to assess visceral hypersensitivity in irritable bowel syndrome.
Am J Physiol Gastrointest Liver Physiol 2012;303:G141-54.
Botschuijver S, Roeselers G, Levin E, et al. Intestinal Fungal Dysbiosis Associates With
Visceral Hypersensitivity in Patients With Irritable Bowel Syndrome and Rats.
Gastroenterology 2017;153:1026-39.
Morcia C, Malnati M, Terzi V. In vitro antifungal activity of terpinen-4-ol, eugenol, carvone,
1,8-cineole (eucalyptol) and thymol against mycotoxigenic plant pathogens. Food Addit
Contam Part A Chem Anal Control Expo Risk Assess 2012;29:415-22.
Sokovic MD, Vukojevic J, Marin PD, et al. Chemical composition of essential oils of Thymus
and Mentha species and their antifungal activities. Molecules 2009;14:238-49.
Camilleri M, Boeckxstaens G. Dietary and pharmacological treatment of abdominal pain in
IBS. Gut 2017;66:966-974.
Khanna R, MacDonald JK, Levesque BG. Peppermint oil for the treatment of irritable bowel
syndrome: a systematic review and meta-analysis. J Clin Gastroenterol 2014;48:505-12.
Liu BY, Fan L, Balakrishna S, et al. TRPM8 is the principal mediator of menthol-induced
analgesia of acute and inflammatory pain. Pain 2013;154:2169-2177.
Harrington AM, Hughes PA, Martin CM, et al. A novel role for TRPM8 in visceral afferent
function. Pain 2011;152:1459-1468.
van den Wijngaard RM, Klooker TK, Welting O, et al. Essential role for TRPV1 in stressinduced (mast cell-dependent) colonic hypersensitivity in maternally separated rats.
Neurogastroenterol Motil 2009;21:1107-e94.
Wouters MM, Balemans D, Van Wanrooy S, et al. Histamine Receptor H1-Mediated
Sensitization of TRPV1 Mediates Visceral Hypersensitivity and Symptoms in Patients With
Irritable Bowel Syndrome. Gastroenterology 2016;150:875-87.e9.
Rich G, Shah A, Koloski N, et al. A randomized placebo-controlled trial on the effects of
Menthacarin, a proprietary peppermint- and caraway-oil-preparation, on symptoms and
quality of life in patients with functional dyspepsia. Neurogastroenterol Motil Published
online first: 10 Jul 2017. doi 10.1111/nmo.13132.
Adam B, Liebregts T, Best J, et al. A combination of peppermint oil and caraway oil
attenuates the post-inflammatory visceral hyperalgesia in a rat model. Scand J Gastroenterol
2006;41:155-60.
Iacobellis NS, Lo Cantore P, Capasso F, et al. Antibacterial activity of Cuminum cyminum L.
and Carum carvi L. essential oils. J Agric Food Chem 2005;53:57-61.
Gkouskou KK, Deligianni C, Tsatsanis C, et al. The gut microbiota in mouse models of
inflammatory bowel disease. Front Cell Infect Microbiol 2014;4:28.
Simren M, Barbara G, Flint HJ, et al. Intestinal microbiota in functional bowel disorders: a
Rome foundation report. Gut 2013;62:159-76.
O' Mahony SM, Dinan TG, Cryan JF. The Gut Microbiota as a Key Regulator of Visceral Pain.
Pain 2016;158:S19-S28.
Chehoud C, Albenberg LG, Judge C, et al. Fungal signature in the gut microbiota of pediatric
patients with Inflammatory Bowel Disease. Inflamm Bowel Dis 2015;21:1948-56.
Iliev ID, Funari VA, Taylor KD, et al. Interactions between commensal fungi and the C-type
lectin receptor Dectin-1 influence colitis. Science 2012;336:1314-1317.
Qiu X, Zhang F, Yang X, et al. Changes in the composition of intestinal fungi and their role in
mice with dextran sulfate sodium-induced colitis. Sci Rep 2015;5:10416.
Richard ML, Lamas B, Liguori G, et al. Gut fungal microbiota: the Yin and Yang of
inflammatory bowel disease. Inflamm Bowel Dis 2015;21:656-65.
Sokol H, Leducq V, Aschard H, et al. Fungal microbiota dysbiosis in IBD. Gut 2017;66:10391048.

155

539334-L-bw-Botschuiver
Processed on: 19-12-2019

PDF page: 155

23.

24.

25.
26.

27.

28.
29.
30.
31.

32.

33.

34.
35.
36.
37.
38.

39.

40.
41.
42.
43.
44.

Welting O, Van Den Wijngaard RM, De Jonge WJ, et al. Assessment of visceral sensitivity
using radio telemetry in a rat model of maternal separation. Neurogastroenterol.Motil.
2005;17:838-845.
Greenwood-Van Meerveld B, Prusator DK, Johnson AC. Animal models of gastrointestinal
and liver diseases. Animal models of visceral pain: pathophysiology, translational relevance,
and challenges. Am J Physiol Gastrointest Liver Physiol 2015;308:G885-903.
Reagan-Shaw S, Nihal M, Ahmad N. Dose translation from animal to human studies revisited.
Faseb j 2008;22:659-61.
Bokulich NA, Mills DA. Improved selection of internal transcribed spacer-specific primers
enables quantitative, ultra-high-throughput profiling of fungal communities. Appl Environ
Microbiol 2013;79:2519-26.
Schloss PD, Westcott SL, Ryabin T, et al. Introducing mothur: open-source, platformindependent, community-supported software for describing and comparing microbial
communities. Appl Environ Microbiol 2009;75:7537-41.
Wang Q, Garrity GM, Tiedje JM, et al. Naive Bayesian classifier for rapid assignment of rRNA
sequences into the new bacterial taxonomy. Appl Environ Microbiol 2007;73:5261-7.
Abarenkov K, Henrik Nilsson R, Larsson KH, et al. The UNITE database for molecular
identification of fungi--recent updates and future perspectives. New Phytol 2010;186:281-5.
Caporaso JG, Lauber CL, Walters WA, et al. Ultra-high-throughput microbial community
analysis on the Illumina HiSeq and MiSeq platforms. Isme j 2012;6:1621-4.
Kelder T, Stroeve JH, Bijlsma S, et al. Correlation network analysis reveals relationships
between diet-induced changes in human gut microbiota and metabolic health. Nutr
Diabetes 2014;4:e122.
Biesbroek G, Tsivtsivadze E, Sanders EA, et al. Early respiratory microbiota composition
determines bacterial succession patterns and respiratory health in children. Am J Respir Crit
Care Med 2014;190:1283-92.
Tsivtsivadze E, Borgdorff H, Wijgert Jd, et al. Neighborhood Co-regularized Multi-view
Spectral Clustering of Microbiome Data. In: Zhou Z-H, Schwenker F, eds. Partially Supervised
Learning. Volume 8183: Springer Berlin Heidelberg, 2013:80-90.
Imangaliyev S, Keijser B, Crielaard W, et al. Personalized microbial network inference via coregularized spectral clustering. Methods 2015;83:28-35.
Iscan G, Kirimer N, Kurkcuoglu M, et al. Antimicrobial screening of Mentha piperita essential
oils. J Agric Food Chem 2002;50:3943-6.
Derrien M, Belzer C, de Vos WM. Akkermansia muciniphila and its role in regulating host
functions. Microb Pathog 2016.
Pusceddu MM, El Aidy S, Crispie F, et al. N-3 Polyunsaturated Fatty Acids (PUFAs) Reverse
the Impact of Early-Life Stress on the Gut Microbiota. PLoS One 2015;10:e0139721.
Gobert AP, Sagrestani G, Delmas E, et al. The human intestinal microbiota of constipatedpredominant irritable bowel syndrome patients exhibits anti-inflammatory properties. Sci
Rep 2016;6:39399.
Liu HN, Wu H, Chen YZ, et al. Altered molecular signature of intestinal microbiota in irritable
bowel syndrome patients compared with healthy controls: A systematic review and metaanalysis. Dig Liver Dis 2017;49:331-337.
O'Callaghan A, van Sinderen D. Bifidobacteria and Their Role as Members of the Human Gut
Microbiota. Front Microbiol 2016;7:925.
Ji Y, Tang B, Traub RJ. The visceromotor response to colorectal distention fluctuates with the
estrous cycle in rats. Neuroscience 2008;154:1562-1567.
Marcondes FK, Bianchi FJ, Tanno AP. Determination of the estrous cycle phases of rats: some
helpful considerations. Braz J Biol 2002;62:609-14.
Moloney RD, Sajjad J, Foley T, et al. Estrous cycle influences excitatory amino acid transport
and visceral pain sensitivity in the rat: effects of early-life stress. Biol Sex Differ 2016;7:33.
Al-Essa MK, Shafagoj YA, Mohammed FI, et al. Relaxant effect of ethanol extract of Carum
carvi on dispersed intestinal smooth muscle cells of the guinea pig. Pharm Biol 2010;48:7680.

156

539334-L-bw-Botschuiver
Processed on: 19-12-2019

PDF page: 156

45.
46.
47.

Cash BD, Epstein MS, Shah SM. A Novel Delivery System of Peppermint Oil Is an Effective
Therapy for Irritable Bowel Syndrome Symptoms. Dig Dis Sci 2016;61:560-71.
Hung A, Kang N, Bollom A, et al. Complementary and Alternative Medicine Use Is Prevalent
Among Patients with Gastrointestinal Diseases. Dig Dis Sci 2015;60:1883-8.
van Tilburg MA, Palsson OS, Levy RL, et al. Complementary and alternative medicine use and
cost in functional bowel disorders: a six month prospective study in a large HMO. BMC
Complement Altern Med 2008;8:46.

157

539334-L-bw-Botschuiver
Processed on: 19-12-2019

PDF page: 157

158

539334-L-bw-Botschuiver
Processed on: 19-12-2019

PDF page: 158

Chapter 5
Miltefosine treatment reduces visceral
hypersensitivity in a rat model for IBS via multiple
mechanisms
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ABSTRACT
Irritable bowel syndrome (IBS) is a heterogenic, functional gastrointestinal
disorder of the gut-brain axis characterized by altered bowel habit and
abdominal pain. Preclinical and clinical results suggested that, in part of
these patients, pain may result from fungal induced release of mast cell
derived histamine, subsequent activation of sensory afferent expressed
histamine-1 receptors and related sensitization of the nociceptive transient
reporter potential channel V1 (TRPV1)-ion channel. TRPV1 gating
properties are regulated in lipid rafts. Miltefosine, an approved drug for the
treatment of visceral Leishmaniasis, has fungicidal effects and is a known
lipid raft modulator. We anticipated that miltefosine may act on different
mechanistic levels of fungal-induced abdominal pain and may be
repurposed to IBS. In the IBS-like rat model of maternal separation we
assessed the visceromotor response to colonic distension as indirect
readout for abdominal pain. Miltefosine reversed post stress
hypersensitivity to distension (i.e. visceral hypersensitivity) and this was
associated with differences in the fungal microbiome (i.e. mycobiome). In
vitro investigations confirmed fungicidal effects of miltefosine. In addition,
miltefosine reduced the effect of TRPV1 activation in TRPV1-transfected
cells and prevented TRPV1-dependent visceral hypersensitivity induced by
intracolonic-capsaicin in rat. Miltefosine may be an attractive drug to treat
abdominal pain in IBS.
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INTRODUCTION
Abdominal pain is the key contributing factor to severity of IBS and, mainly
due to the lack of pathophysiological insight, a major unmet clinical need.1,
2
Visceral hypersensitivity, diagnosed as a decreased threshold of
discomfort to colorectal distension, is observed in ~50% of patients and
thought to be an underlying mechanism for abdominal pain.3 We recently
showed intestinal mycobiome dysbiosis in hypersensitive IBS patients and
addressed the possible importance of this finding in the rat maternal
separation model for IBS-like visceral hypersensitivity.4 Not only did we
observe profound mycobiome dysbiosis in maternal separated rats but also
provided evidence for the functional relevance of dysbiosis by conducting
fecal transfer experiments in fungicide treated animals. In addition, post
stress hypersensitivity to colorectal distension was reversed by blocking
host recognition of particulate β-glucans. Innate immune cells recognize
these fungal cell wall components via the C-type lectin receptor dectin-1
that signals via spleen tyrosine kinase (Syk). The in vivo use of soluble βglucans that antagonize dectin-1 activation and a Syk inhibitor
independently inhibited the pain response. Subsequent ex vivo
experiments then indicated that particulate β-glucans trigger mast cell
degranulation. Earlier studies in the maternal separation model already
showed that mast cell degranulation and subsequent histamine receptor-1
activation are key events in post stress visceral hypersensitivity.5, 6 A role
for mast cells in IBS was confirmed some years ago.7-9 More recently,
Wouters et al. used the histamine receptor-1 antagonist ebastine to reduce
visceral hypersensitivity and abdominal pain in IBS patients.10 In the same
investigation, live calcium imaging experiments with patient rectal biopsies
suggested that the underlying mechanism involves histamine receptor-1
mediated sensitization of TRPV1. Indeed, an important role for this
nociceptive ligand-gated cation channel was already predicted in the
maternal separation model, where post stress visceral hypersensitivity was
reversed by a specific TRPV1 antagonist.6
Taken together, the above data suggest that post stress visceral
hypersensitivity results from immune recognition of an aberrant
mycobiome via the dectin-1/Syk pathway, leading to mast cell
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degranulation and subsequent activation of histamine-1 receptors on
sensory neurons, which in turn leads to sensitization of TRPV1 and pain
signaling. The process of drug development for newly identified targets
such as the ones described here is costly and time-consuming. Repurposing
of existing drugs with established side effects may partly circumvent these
issues.11 In search for candidate drugs to treat abdominal pain complaints
in IBS, we evaluated the FDA approved compound miltefosine. This alkylphospholipid was, largely unsuccessful, developed as an antitumor drug
but is now approved as an oral treatment of visceral leishmaniasis.12, 13
Miltefosine however, was also shown to have broad-spectrum in vitro and
in vivo fungicidal activity by triggering metacaspase (MCA1)-dependent
apoptosis in fungal target cells.14, 15 Thus, in vivo administration of this
compound may lead to favorable mycobiome modulation in dysbiotic
subjects. Miltefosine also inhibited in vitro mast cell activation, and oral
and topical administration were successfully evaluated in mast cell driven
skin conditions.16-19 Mast cells are modulated in the cytosol by inhibition of
Ca2+-dependent protein kinase C (cPKC)18 and, due to insertion of this
phosphatidylcholine analogue, at the plasma membrane were it behaves as
a lipid raft modulator.13, 20 Lipid rafts are specialized membrane
microdomains that are formed by tightly packed aggregates of
phospholipids, glycolipids and cholesterol together with protein receptors,
which can be included or excluded depending on their affinity. These rafts
act as signal transduction moieties.21 In trigeminal sensory neurons and
TRPV1 transfected cell lines, disruption of raft integrity affected TRPV1
receptor activation by inhibiting opening properties of the cation channel.22
Although raft disrupting strategies other than miltefosine were used, these
result suggest that miltefosine, in addition to direct targeting of the
mycobiome and mast cells, may also interfere with TRPV1 receptor
activation to alleviate abdominal pain in IBS.
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Here, we evaluated the effect of miltefosine treatment in two
different models of visceral hypersensitivity. In the rat maternal separation
model, we addressed the possible correlation between miltefosine-induced
reversal of post-stress visceral hypersensitivity and fecal myco- and
microbiome alterations. Reported fungicidal and bactericidal effects of
miltefosine15, 23 were confirmed with in vitro agar disk diffusion tests.
Finally, we evaluated whether miltefosine reduces the effect of TRPV1
activation in TRPV1-transfected cells, and investigated its effect on in vivo
TRPV1-dependent visceral hypersensitivity in a rat model of intracolonic
capsaicin.

METHODS
Animals.
Long-Evans rats (Harlan, Horst, The Netherlands) used for the current
manuscript (n=7-10/group), were bred at our local animal facility
(Amsterdam UMC, Location AMC, Amsterdam, The Netherlands). All rats
shared the same room and were kept in open cages. Research was
conducted in accordance with institutional guidelines and approved by the
Animal Ethical Committee of the AMC/University of Amsterdam (reference
protocol number 100998).
Measurement of the visceromotor response to colonic distension and
data analysis.
Visceral hypersensitivity in patients is diagnosed as an increased sensitivity
to rectal distension, contributing to abnormal perception of pain and
discomfort.3 During distensions, self-rating questionnaires (i.e. visual
analogue score) are often used to evaluate pain scores, but these cannot
be used in rat. However, due to a spinal reflex, colorectal distensions in rats
will induce abdominal muscle contractions (the visceromotor response)
that we quantified by electromyography (EMG) recording.24 To quantitate
the absolute response to colorectal distension, EMG data obtained during
20 second tracing periods, prior to distension and during distension, were
extracted from the raw data sets, properly processed and subtracted. Next,
the response to the first maximum volume distension (i.e. pre-stress or
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pre-capsaicin 2 mL distension) was defined as the 100% response, and all
other responses of the same animal were related to this (as such, the poststress maximum-volume response of a maternal separated rat will most
likely be higher than 100%). The AUC of these relative responses was
calculated for individual rats and used for statistical analyses. For extensive
description and technical details of this technique and data analysis, please
refer to our earlier publications.4-6, 25
Colonic distension protocol.
Distensions were performed at adult age (≥4 months) with a latex balloon
(Ultracover 8F, International Medical Products BV, Zutphen, The
Netherlands) and carried out as described before.4-6, 25 In short, after
insertion of the balloon-catheter under short isoflurane anesthesia, rats
were allowed to recover for 20 minutes. Next, the balloon was distended
with graded volumes of water (1.0, 1.5, and 2.0 mL). During maximum
distension, length and diameter of the balloon were 18 and 15 mm,
respectively. After each 20 sec distension period, water was quickly
removed and rats were allowed to an 80 sec resting period.
Post water avoidance (WA) miltefosine treatment in the maternal
separation model.
In humans, early adverse life events are associated with IBS at adult age
and stress is a trigger for visceral hypersensitivity in IBS patients.26, 27 These
features of IBS are mimicked in the maternal separation model where Long
Evans rats are subjected to neonatal maternal separation, followed by an
acute WA-stress at adult age. The combined insults were shown to result in
post stress visceral hypersensitivity to colorectal distension that is not
observed when nonhandled rats are subjected to WA.25 For the current
experiments, dams were separated from their pups for a period of 3 hours
per day from post-natal day 2 to 14. During separation, the dam was placed
in a different room while the litter remained in its own cage, placed upon a
heat mat to maintain body temperature of the pups. Nonhandled control
rats were nursed normally. Pups were weaned at postnatal day 22, and
further experiments were carried out at a minimum age of 4 months.
Distension protocols were performed pre-WA, 24 hours post-WA and post
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7 days treatment. During 1 hour WA, rats were placed on a pedestal
surrounded by water.4-6, 25 Miltefosine (JADO Technologies, Dresden,
Germany) was dissolved in demineralized water and administered once
daily by oral gavage, starting 30 minutes after the first post-WA distension
protocol. Maternally separated rats received vehicle or 0.1, 1 or 10 mg
miltefosine/kg daily, nonhandled rats received vehicle or 10 mg
miltefosine/kg daily. A schematic representation of these experiments is
given in Fig. 1A. Our dosing strategy was based on a successful clinical trial
performed in patients with chronic spontaneous urticaria. In this trial, oral
miltefosine medication was, depending on tolerability and timing in the 4
weeks treatment protocol, 0.6, 1.2 or 1.8 mg/kg/daily.16
Prophylactic miltefosine treatment in a rat model of intracolonic
capsaicin.
Investigations in the maternal separation model and IBS patients showed
the relevance of the TRPV1 cation channel for visceral hypersensitivity.6, 10
In an earlier investigation, we used the specific TRPV1-antagonist SB705498 to show that intracolonic capsaicin-induced visceral
hypersensitivity is strictly TRPV1 dependent.28 Here we used the same
capsaicin model to address the possible TRPV1 modulating capacity of
miltefosine. After performing a baseline distension protocol at day 0,
miltefosine (10 mg/kg) or vehicle were administered daily per oral gavage.
A second distension protocol was then carried out at day 6. Subsequently,
capsaicin (Sigma-Aldrich, St Louis, MO, USA) was administered under short
isoflurane anesthesia. First we applied Vaseline (Boots Healthcare,
Hilversum, The Netherlands) to the perianal area to avoid stimulation of
somatic areas. Next, 100 μL 0.1% capsaicin (dissolved in 10% ethanol, 10%
Tween-80, 80% saline) was given through a fine cannula with a rounded tip
inserted rectally, 2 cm from the anus. Animals were allowed to recover for
90 min, after which the last distension protocol was performed. A
schematic representation of the intracolonic capsaicin protocol is given in
Fig. 4D.
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DNA extraction.
In our previous investigations we compared the fecal mycobiome of
nonhandled and maternally separated rats and observed profound
differences between groups.4 In the present investigations we compared
the myco- and microbiome of maternally separated rats treated with either
vehicle or miltefosine (10 mg/kg daily). DNA was isolated from fecal pellets
that were collected directly from the anus on day 8 of the treatment
protocol and stored at -80 ºC until use. Importantly, isolation of
fungal/yeast DNA requires more harsh methods than isolation of bacterial
DNA. We used a lyticase-based method to catalyze fungal cell lysis, exact
details of which are described earlier.4 Isolated DNA was then used for ITS1 as well as 16S sequencing.
Fungal Internal Transcribed Spacer (ITS) regions sequencing and
visualization of results
Preparation of fungal amplicons was performed as described previously.4 In
summary, a two-step PCR was designed: the first PCR amplified ITS-1
regions, the second PCR generated Nextera XT tagmentation-compatible
ITS-1 fragments.29 These PCR products were additionally amplified (10
cycles, Ta=49°C). Reaction products were cleaned, and 8 bp Illumina
sequencing adapters were ligated according to the manufacturer’s protocol
(Nextera XT Index Kit; Illumina, San Diego, CA). Subsequently, barcoded
products were quantified, and pooled at equal concentrations. After gel
purification (Qiaquick spin kit; Qiagen), pooled samples were sequenced
(250 bp paired-end sequencing, MiSeq; Illumina).
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Raw fastq files were processed by demultiplexing, quality fiterling,
and further analysed using Mothur and implanted modules.30 The RDP-II
Naïve Bayesian Classifier was used to taxonomically classify unique
sequences31, using a 60% confidence threshold against the UNITE database
(v7).32 The Bray-Curtis dissimilarity index was used for classical clustering
(UPGMA algorithm) to assess and visualize distances between ITS
compositions. PAST (v3.034) was used to generate nun-metric
multidimensional scaling plots. One-way permutational multivariate
analysis of variance (PERMANOVA) was done on the resulting Bray-Curtis
dissimilarities. All raw sequencing data will be uploaded in the European
Nucleotide Archive.
Bacterial 16 S sequencing and visualization of results.
The hypervariable V4 region of the 16S-rRNA gene of the rat fecal DNA was
amplified, sequenced by Illumina MiSeq (Illumina Inc., San Diego, CA, USA)
and processed using modules implemented in the Mothur software
platform, version 1.31.2 and Btrim.30, 33 First, reads were checked and
quality trimmed (quality threshold 30) by using the ‘Btrim’ command. Next,
read pairs were merged (‘make.contigs’), and merged reads with a length
of 240-260 base pairs were aligned (‘align.seqs’) to a SILVA reference
database. Visualization based upon Bray-Curtis dissimilarity was carried out
analogous to ITS visualization described above.
Agar disk diffusion assay to address antifungal and antibacterial
properties of miltefosine.
The antifungal and antibacterial qualities of miltefosine, were assayed at 4
different concentrations (50, 250 and 1000 μM and 10 mM). Methodology
was similar to our earlier publication34 and is given in short only. To test
fungicidal activity, C. albicans was diluted in top agar, spread in petri dishes
and left to solidify. Next, 3 mm holes were punched and filled with 8μl
miltefosine, vehicle or the fungicide nystatin that was used as positive
control. Plates were incubated 24 to 48 hour before the halo of inhibition,
visible as a zone of clearing around a punched hole, was measured
(diameter in mm). To test bactericidal activity, B. subtilis was diluted in
0.3% TBS/1% Agar/0.02% Tween, spread in petri dishes and left to solidify.
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Next, 3mm holes were made and filled with miltefosine, vehicle or positive
control (penicillin/streptomycin mixture containing 1000 units/ml and
1000μg/ml respectively). After diffusion into the plates, dishes were
covered with a top layer and further incubated for 18 to 24 hours, after
which the halo-diameter was measured.
Semi quantitative assessment of in situ mast cell activation status.
Mucosal mast cells were stained following a staining protocol described by
Wingren and Enerbäck.35 As the distension took place in the distal part of
the colon, paraffin sections were cut from proximal colon (thickness 4μm)
in order to rule out any role for distension-induced mast cell degranulation.
Sections were processed for staining and incubated for 6 days in Toluidine
Blue in 0.5N HCL (pH=0.5). To semi-quantitatively assess mast cell
activation, every 5th section, with a total of 5 sections per rat, was
evaluated in a double-blind manner. A total of 50 mast cells were counted
per section and each mast cell was categorized as either dark staining
intensity, medium staining intensity or light staining intensity (example
stainings are shown in Fig. 3A). Results of the 5 individual sections were
averaged per rat to give a representative outcome. Final results are given
as a percentage per category of total mast cells counted.

Assessment of in vitro TRPV1 activation and modulation, by fluorimetric
measurement of intracellular free calcium.
Capsaicin-induced activation of TRPV1 and modulation thereof was
monitored with the help of the Indo-1 AM calcium indicator (Invitrogen,
Bleiswijk, the Netherlands). In short, TRPV1 recombinant SH-SY5Y human
neuroblastoma cells (SH-SY5YhTRPV1, kindly provided by GlaxoSmithKline,
Stevenage, UK)36 were detached with the aid of trypsin free cell
dissociation buffer (Gibco, Bleiswijk, The Netherlands), resuspended in
HEPES-buffered HBBS and incubated with 10μg/ml Indo-1 AM (30 minutes,
37°C). Next, cells were washed and rested (30 minutes, room temperature)
to allow complete de-esterification of intracellular esters. Hereafter, cells
were re-suspended to 107 cells/ml, supplemented with 1.2 mM CaCl2 and
allowed to adapt to 37°C for 10 minutes. Miltefosine (50, 70, 100 μM) was
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added 10 minutes before stimulating cells with capsaicin (32 nM, SigmaAldrich, St Louis, MO, USA). Similar to our earlier investigations6, 28, we used
the selective TRPV-1 antagonist SB-705494 (5 μM, kind gift of
GlaxoSmithKline)37 as positive control for TRPV1 inhibition. Optimal dosage
of capsaicin was first established using wildtype SH-SY5Y and SH-SY5YhTRPV1
cells. Analyses were performed with NOVOstar analyzer (BMG Labtech
GmbH, Offenburg, Germany; excitation, 320 nm; emission, 405 nm and 520
nm). Cytosolic free calcium/calcium influx is represented as the change in
fluorescence at 405 nm divided by that at 520 nm = Δ405/520.
Statistical analysis.
Statistical analysis was performed using GraphPad Prism (version
7.03, Graphpad software, San Diego, USA). All data, excluding myco- and
microbiome compositions, were tested for normality using D’Agostino &
Pearson normality test. Visceromotor response data were analyzed with
the Repeated Measures one-way ANOVA, and tested post-hoc with Sidak’s
multiple comparisons test. Anti-microbial activity and calcium
measurement data were analyzed with one-way ANOVA and Dunnett’s
multiple comparisons post hoc test. Toluidine Blue staining intensity data
were analyzed with the Mann Whitney U test, comparing the percentages
of mast cells in each group.
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RESULTS
Miltefosine treatment reverses post-stress visceral hypersensitivity in
maternal separated rats.
To address the possible therapeutic potential of miltefosine, we first
evaluated its effects in the rat maternal separation model (experimental
setup depicted in Fig. 1A). Similar to our previous investigations4-6, 25, 28,
WA-stress at adult age did not lead to enhanced visceromotor response to
colorectal distension in nonhandled rats (Fig. 1B, day 0 vs day 1).
Moreover, 7 days post-WA treatment with vehicle or miltefosine (10
mg/kg/day) did not change the visceral sensitivity status of these
nonhandled animals (day 1 vs day 8). Compared to pre WA, all 4 maternal
separation groups showed enhanced visceromotor response to distension
after WA-stress (Fig. 1C, day 0 vs day 1). This response was reversed after 7
day treatment with 1 mg miltefosine/kg (day 1 vs day 8), but not by vehicle,
0.1 and 10 mg miltefosine/kg. Lack of significant reversal in the 10 mg/kg
treatment group may be due to relatively low post-stress visceral
sensitivity at day 1. The latter is illustrated by comparing the mean
difference in area under the curve (AUC in arbitrary units) between day 0
and day 1 (i.e. pre- vs post-WA) of the 1 mg/kg and 10 mg/kg treatment
groups; Δ AUC 42 and 20 respectively.
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Figure 1. Miltefosine treatment reversed post water avoidance (WA) visceral
hypersensitivity in maternally separated rats. (A) Schematic representation of the
experimental set-up; the visceromotor response (VMR) to distension was measured before
and 24 hours after WA, and after 7 day miltefosine or vehicle treatment. Data shown in
histograms (B) and (C) reflect results of nonhandled and maternal separated rats
respectively. Data are given as area under the curve of the relative response to colorectal
distension. All data are mean +/- SD, n=7-10, *P<0.05 and **P<0.01 (Repeated Measures
one-way ANOVA, Sidak’s post hoc test).
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Miltefosine inhibits in vitro growth of Candida albicans and Bacillus
subtilis.
Fungicidal and bactericidal activity may be relevant to the observed
miltefosine-induced reversal of post-stress visceral hypersensitivity in
maternal separated rats. Therefore, we carried out radial diffusion assays
to confirm antibiotic activity. In C. albicans seeded agar, the inhibitory
effect of nystatin justified the use of this assay as an anti-fungal readout
(Fig. 2A). Compared to vehicle (i.e. phosphate-buffered saline; PBS), 250
μM, 1000 μM and 10 mM miltefosine induced a dose dependent inhibition
of fungal growth. B. subtilis seeded agar was then used to evaluate possible
bactericidal activity. The positive control, a penicillin/streptomycin mixture,
as well as 1 mM and 10 mM miltefosine induced significant growth
inhibition (Fig. 2B). Taken together, these results confirmed earlier reports
on the anti-fungal and anti-bacterial activity of miltefosine.15, 23

Miltefosine treatment modulates the intestinal microbiota in maternal
separated rats.
The in vitro fungicidal and bactericidal properties of miltefosine prompted
us to explore whether successful miltefosine treatment in the maternal
separation model associated with intestinal myco- and microbiome
differences. We performed high-throughput rDNA sequencing of fungal
ITS-1 and bacterial ribosomal 16S genes. Amplicons were generated with
DNA isolated from fecal pellets of vehicle treated and miltefosine (10
mg/kg/day) treated maternal separated rats, obtained on day 8 post
treatment. One DNA sample of the vehicle group did not generate
sufficient amount of sequencing reads for mycobiome analysis.
Hierarchical clustering based on the Bray-Curtis dissimilarity index
and the UPGMA algorithm was performed on classified fungal species. The
resulting dendrogram (left panel Fig. 2C) showed two main clusters. The
upper cluster contained 7 (out of 8) vehicle treated and 2 (out of 9)
miltefosine treated maternally separated rats. The lower cluster contained
1 vehicle treated and 7 miltefosine treated maternally separated rats.
Similar results were obtained by non-metric multidimensional scaling (right
panel Fig. 2C). Spatial patterns obtained with this ordination technique
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revealed two diffuse but separate clusters for vehicle and miltefosine
treated rats. One way PERMANOVA multivariate statistics indicated a
significant difference between groups (p=0.0009, F=6.6). To compare the
bacterial microbiome of maternally separated rats treated with either
miltefosine or vehicle, we again performed clustering based on the bray
Curtis dissimilarity index and UPGMA algorithm. Compared to the
mycobiome analysis, the resulting dendrogram (left panel Fig. 2D) showed
less clear separation into treated and untreated clusters. Nevertheless,
non-metric multidimensional scaling (right panel Fig. 2D) revealed
differential spatial patterns for the two treatment groups. One way
PERMANOVA showed significant difference between groups (p=0,0001,
F=4.1). Collectively, our data suggest that miltefosine treatment modulates
both the fecal myco- and microbiome.
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Figure 2. Miltefosine induced in vitro C. albicans and B. subtilis growth inhibition and in
vivo differences in post-treatment myco- and microbiome composition. Right side
photographs show agar disk diffusion assays with C. albicans (A) and B. subtilis (B). Arrows
indicate direction of miltefosine concentration series (50, 250, 1000 and 10.000 μM).
Controls: phosphate buffered solution (PBS), nystatin (nyst) and penicillin/streptomycin
(p/s). Histograms (A) and (B) show the average diameter of resulting halo’s (mean +/- SD,
n=3, ****P<0.0001, one-way ANOVA and Dunnett’s post hoc test). Visualization of the fecal
myco- and microbiome of maternally separated rats subjected to vehicle or miltefosine is
shown in (C) and (D) respectively. The Bray-Curtis dissimilarity index was used to generate
the left side dendrograms and right side non-metric multidimensional scaling plots.
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Miltefosine affects in situ mast cell staining intensity in colonic mucosa.
Although the in vivo effect of miltefosine may depend on mycobiome and
microbiome modulation, a direct effect on mast cells may also be
relevant.16-19 We performed Toluidine Blue stainings on colonic mucosa of
vehicle and miltefosine treated maternal separated rats, and assessed
differences in mast cell (granule)-staining intensity as indirect measure for
in vivo mast cell degranulation (example stainings in Fig. 3A). Upon
miltefosine treatment, we observed higher number of darkly stained mast
cells and lower number of mast cells with medium staining intensity (Fig.
3B). These data suggest that post-stress mast cell degranulation was partly
prevented by miltefosine treatment.

Figure 3. The % of intensely stained mast cells was higher in miltefosine treated tissues.
Arrows in left side photographs (A) indicate representative examples of different mast cell
staining intensities obtained with Toluidine Blue. (B) shows % mucosal mast cells per
staining intensity when comparing tissue sections of miltefosine and vehicle treated
maternal separated rats. Data are in median & range, *P<0.05, **P<0.01 (Mann-Whitney U
test).

Miltefosine affects in vitro TRPV1 activation by capsaicin.
The TRPV-1 ion channel, sensitized via the histamine-1 receptor, is an
essential nociceptor in the rat maternal separation model and IBS
patients.5, 6, 10 Because the opening properties of TRPV1 are lipid raft
dependent, the analgesic effect of miltefosine may partly result from
altered TRPV1 gating.22, 38 We first addressed this possibility in an in vitro
model system. Comparing wildtype SH-SY5Y and TRPV1 transfected SHSY5YhTRPV1 neuroblastoma cells, we showed dose-dependent capsaicininduced increase in intracellular Ca2+ levels in TRPV1 transfected but not in
wildtype cells (Fig. 4A). Based on this experiment, the 32 nM capsaicin
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concentration was used in further investigations. To confirm strict TRPV1
dependence of the capsaicin response, SH-SY5YhTRPV1 cells were then preincubated with SB-705498.37 This selective TRPV1 antagonist prevented the
capsaicin-induced increase of cytosolic Ca2+ (Fig. 4B). Next, SH-SY5YhTRPV1
cells were pre-incubated with different concentrations of miltefosine,
which dose-dependently decreased capsaicin-induced TRPV1 activation
(Fig. 4C).
In vivo TRPV1 dependent visceral hypersensitivity is prevented by
miltefosine treatment.
TRPV1 activation is highly relevant in post stress visceral hypersensitivity of
the maternal separation model.6 However, from the results shown in Fig. 1,
it cannot be dissected whether or not TRPV1 was an in vivo target for
miltefosine. Earlier, we administered intracolonic capsaicin to nonhandled
Long Evans rats and showed that the resulting visceral hypersensitivity is
strictly TRPV1 dependent.28 Here, we first subjected normal Long Evans rats
to a 1 week miltefosine treatment protocol (gavage 10 mg/kg/daily) and
then applied 0.1% intracolonic capsaicin. The experimental setup of the
experiment is depicted on the right side of Fig. 4D. In vehicle treated rats,
capsaicin induced an enhanced response to colonic distension that was not
observed when rats were pretreated with miltefosine. These findings
suggest that miltefosine’s in vivo mode of action may involve targeting of
TRPV1.
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Figure 4. Miltefosine interfered with in vitro and in vivo capsaicin-induced TRPV1
activation. (A) Intracellular free calcium levels in response to different dosages of
capsaicin in wildtype- and TRPV-1 transfected SH-SY5Y human neuroblastoma
cells. (B) Capsaicin-induced activation of SH-SY5YhTRPV1 cells in the presence of a
specific TRPV1 antagonist (SB-705498). (C) Capsaicin-induced activation of SHSY5YhTRPV1 cells, pre-incubated with different dosages of miltefosine (mean +/- SD,
**P<0.01, ***P<0.001, ****P<0.0001, one-way ANOVA, Dunnett’s post hoc test).
(D) Schematic representation of experiments performed in the intracolonic
capsaicin model and results of colorectal distensions in this model. Results are
given as area under the curve of the relative response to distension (mean +/- SD
n=9-10, ***P<0.001, Repeated Measures one-way ANOVA, Sidak’s post hoc test).
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DISCUSSION
Treatment of IBS is challenging due to the heterogeneous nature of the
disorder and, perhaps as a result thereof, lack of truly efficacious therapies.
In at least part of the IBS patients, abdominal pain may arise due to
immune recognition of an aberrant gut mycobiome. In response, mast cells
release histamine and, via the histamine 1 receptor, sensitize TRPV1 on
afferent sensory neurons leading to abdominal pain.4-6, 9, 10 In search for
novel treatment options, we identified miltefosine as a candidate drug
because it reversed post stress visceral hypersensitivity in the IBS-like rat
model of maternal separation. In follow up experiments we showed that it
may have targeted several of the different mechanisms leading to fungalinduced visceral hypersensitivity (schematic overview in Fig. 5). In line with
miltefosine’s fungicidal and bactericidal activity, reversal of visceral
hypersensitivity associated with altered gut microbiome composition. In
addition, miltefosine affected stress-induced degranulation of mucosal
mast cells. Finally, this drug inhibited TPRV1 activation in TRPV1
transfected neuroblastoma cells, and prevented in vivo capsaicin-induced
TRPV1 activation and resulting visceral hypersensitivity in normal rats.
Thus, miltefosine may exert its analgesic effect by acting on 3 different
levels of mycobiome-induced visceral hypersensitivity.

Figure 5. Miltefosine-targets identified in the maternal separation model. Miltefosine
affected the fecal myco- and microbiome (1), mast cell degranulation (2) and the TRPV1 ion
channel (3). Effects on the histamine 1 receptor (H1R) may have been relevant as well but
were not addressed in the current investigations.

178

539334-L-bw-Botschuiver
Processed on: 19-12-2019

PDF page: 178

Similar to any other animal model, the maternal separation model
in rat has its limitations when trying to mimic a complex and enigmatic
disorder like IBS. Nevertheless, targets identified in earlier pre-clinical
investigations, i.e. mast cells and the histamine 1 receptor, were
successfully translated to human.5, 6, 9, 10 Therefore, we used this rat model
to assess whether orally administered miltefosine, which crosses the
intestinal epithelium by a non-specific passive paracellular pathway39,
should be a drug candidate to alleviate abdominal pain in IBS. Previous
investigations showed fungicide-mediated reversal of post stress visceral
hypersensitivity in maternal separated rats. Maternal separated and
nonhandled Long Evans rats also differed in gut mycobiome composition,
and fecal transfer experiments indicated that the observed mycobiome
dysbiosis was relevant for visceral hypersensitivity.4 Thus, compounds
capable of inducing mycobiome changes may also affect visceral
hypersensitivity. Indeed, miltefosine treatment led to reversal of
hypersensitivity while the post treatment mycobiome of miltefosine- and
vehicle treated rats differed. Whether these mycobiome associations were
causally relevant cannot be deduced from the current data. Yet, the
fluconazole/nystatin induced reversal of hypersensitivity that we showed
earlier, also associated with compositional changes of the gut mycobiome.4
In addition, the miltefosine findings are reminiscent of results obtained
with a mixture of essential oils from Mentha x piperita L. and Carum carvi.
The main components of these oils are menthol and (+)-carvone
respectively. Both components were published to have fungicidal activity
which we confirmed by agar disk diffusion assays.40, 41 Indeed, when
maternal separated rats were treated with the oil combination, reversal of
hypersensitivity associated with a shift in mycobiome composition. 34 In
parallel with these essential oil results, miltefosine treatment not only led
to fungal but also bacterial microbiome changes. Because previous
experiments showed an essential role for immune recognition of fungal Eglucans, we suggest that the bacterial microbiome is not the main cause for
visceral hypersensitivity in these animals.4 Alterations of the bacterial
microbiome may however also affect the gut mycobiome42, and it cannot
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be excluded that initial bactericidal effects of miltefosine led to secondary
but relevant mycobiome changes.
In the maternal separation model, gut mycobiome dysbiosis is
essential for the activation of mast cells which eventually leads to visceral
hypersensitivity.4-6 Others have shown that miltefosine is capable of
inhibiting in vitro mast cell activation and successfully used this compound
as a therapeutic intervention strategy for mast cell mediated diseases.16-19
In order to further expand knowledge on possible in vivo targets of
miltefosine we mainly focused on mechanisms and cell types other than
mast cells. We did perform however in situ Toluidine Blue stainings that
suggested a lower level of degranulation in miltefosine treated rats.
Whether this was due to direct targeting of mast cells, or an indirect effect
via microbiome modulation cannot be concluded from this limited
evaluation. One mechanism via which miltefosine may have affected mast
cells directly is via insertion into lipid rafts.13, 18, 20 These rafts provide the
optimal microenvironment for ligand receptor interactions and subsequent
recruitment of cell signaling molecules. Moreover, in case of ion channels,
lipid rafts can regulate channel function.21, 43 Using a selective TRPV1
antagonist, we previously showed an important role for this afferent
expressed nociceptive cation channel in post stress visceral hypersensitivity
of maternal separated rats.6 Others provided evidence that interactions
between TRPV1 and lipid raft interfaces regulate its gating properties.22, 38
Indeed, our in vitro results showed that selective capsaicin-induced TRPV1
activation can be inhibited by miltefosine treatment. The latter suggests
that miltefosine may have targeted TRPV1 in the maternal separation
model as well. Unfortunately however, we are unable to assess the relative
contributions, if any, of miltefosine mediated mycobiome-, mast cell- and
TRPV1 modulation in the maternal separation setting. Nevertheless, results
obtained with the intracolonic capsaicin model confirmed that miltefosine
is capable of interfering with in vivo TRPV1 activation. Concerning the role
of this ion channel it is important to note that histamine 1 receptor ligation
leads to sensitization of TRPV1 and subsequent visceral hypersensitivity in
IBS patients.10 Because sensitization depends on intracellular signaling
pathways, it can be envisaged that TRPV1 and the histamine 1 receptor
translocate to the same lipid rafts for optimal interaction. Although our
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previous investigations showed the relevance of the histamine 1 receptor
in the maternal separation model5, we did not address whether miltefosine
also interfered with this TRPV1 sensitization mechanism.
Because miltefosine is not specifically targeting TRPV1 containing
lipid rafts, signaling pathways not necessarily relevant to abdominal pain
may have been affected as well. The cell membrane however, holds many
different types of highly dynamic and coexisting rafts with associated
proteins44 and miltefosine microdomain affinity may differ according to
dissimilarities in composition. Although this suggests that not all raft
assemblies and associated events were targeted to the same extent,
unwanted side effects should be considered. During a 4 week, randomized,
double-blind, placebo controlled trial, Magerl et al. tested the use of orally
administered miltefosine in chronic spontaneous urticaria.16 In this mast
cell and histamine dependent skin condition, the urticaria-activity-score
levels and number of weals were substantially more reduced in miltefosine
treated patients when compared to placebo treatment. The highest daily
treatment dose was 150 mg (average patient weight 84.2 kg), which
resembles the 1 mg/kg dose used in the maternal separation model.
Although no serious adverse events were reported, mild to moderate
adverse events, including nausea and vomiting, were frequent in
miltefosine and placebo treatment groups. In addition, beneficial effects of
miltefosine over placebo were lost within four weeks after discontinuation
of treatment. It can be envisaged that also in IBS long term miltefosine
treatment may be needed for a continued effect on TRPV1 dependent
pain, but this is not preferable considering the unwanted side effects.
Alternatively, miltefosine may be used as a lead compound for the
development of drugs effectively modifying TRPV1 responses in the
absence of side effects. Yet, this contradicts our original intension of
repurposing an existing drug for IBS therapy. Knowing however that
miltefosine targets the gut microbiome as well, we suggest that short term
treatment should be considered in order to induce a favorable reset of the
mycobiome. Our previous results suggested that this can also be achieved
with fungicides like fluconazole and nystatin, which are clinically used to
treat fungal infections.4 Fungal resistance against these compounds is
however on the rise, and using them for a non-lethal but highly prevalent
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disorder like IBS may further shorten their clinical life span.45 Since this
would lead to a further increase of infection related deaths, alternative
compounds like miltefosine should be considered for IBS therapy. Prior to
embarking on patient studies however, the long-term persistence of
miltefosine treatment-induced mycobiome changes should be monitored
in a relevant preclinical setting, preferably in rats with humanized IBS gut
micro/mycobiome. In case such results are sufficiently gratifying, we
suggest that future clinical trials monitor post treatment symptom
improvement and duration thereof, and correlate these results to
persistence of mycobiome changes.
Abdominal pain in IBS is an unmet clinical need, and development
of novel drugs is highly time consuming and costly. The recent
identification of novel targets made it possible to evaluate an existing nonselective but FDA approved drug with known safety profile. Treatments
with so-called ‘dirty drugs’ are often avoided. However, off target effects
can be used in a meaningful manner, because they enable repurposing of
existing therapeutic compounds to other disorders.11 Moreover,
promiscuous drugs might be more effective than single target drugs.11, 46 In
an animal model with proven predictive value for IBS, we showed that
miltefosine changed the gating properties of the nociceptor TRPV1 and
affected mast cell activation and the gut mycobiome. Our results suggest
that miltefosine should be evaluated for the treatment of abdominal pain
in IBS.
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ABSTRACT
Enhanced colorectal sensitivity (i.e. visceral hypersensitivity) is thought to
be a pathophysiological mechanism in irritable bowel syndrome (IBS). In
healthy men a circadian variation in rectal perception to colonic distention
was described. Disturbed day and night rhythms, which occur in shift work
and trans meridian flights, are associated with the prevalence of IBS. This
raises the question whether disruptions of circadian control are responsible
for the observed pathology in IBS. Prior to investigating altered rhythmicity
in relation to visceral hypersensitivity in a rat model for IBS, it is relevant to
establish whether normal rats display circadian variation similar to healthy
men.
In rodents colorectal distension leads to reproducible contractions
of abdominal musculature. We used quantification of this so called
visceromotor response (VMR) by electromyography (EMG) to assess
visceral sensitivity in rats. We assessed the VMR in normal male Long Evans
rats at different time points of the light/dark cycle. Although a control
experiment with male maternal separated rats confirmed that intentionally
inflicted (i.e. stress induced) changes in VMR can be detected, normal male
Long Evans rats showed no variation in VMR along the light/dark cycle in
response to colorectal distension.
In the absence of a daily rhythm of colorectal sensitivity in normal
control rats it is not possible to investigate possible aberrancies in our rat
model for IBS.
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INTRODUCTION
Irritable bowel syndrome (IBS) is one of the most common functional
gastrointestinal disorders and abdominal pain is the key contributing
factor.1 Up to 50% of patients have increased perception of gastrointestinal
stimuli and this so called visceral hypersensitivity (assessed by rectal
balloon distension) is considered a major pathophysiological mechanism.2
Circadian variation in perception of rectal distention was described in
healthy male volunteers.3 The observed rhythmicity may relate to the
autonomic nervous system being under the regime of the circadian clock.4
This raises the question whether visceral hypersensitivity in IBS can be
explained by disrupted circadian control of the autonomic nervous system.
A subtle increase in sympathetic and decrease in parasympathetic nervous
activity was observed in patients5 and complaints are known to show a
daily variation, with higher pain scores early in the morning.6 In addition, a
disturbed day/night rhythm, which occurs in shift work and after
transmeridian flights, is associated with the prevalence of IBS.7, 8 We
wanted to investigate whether disrupted circadian control of the
autonomic nervous system can explain post-stress hypersensitivity to
colorectal distension observed in a rat model of IBS (i.e. the well validated
maternal separation model9, 10). However, before investigating possible
aberrancies it was essential to confirm, in our experimental setting, earlier
reported circadian variation of perception in normal ‘non-IBS’ rats.11 In
rodents, colorectal balloon distension leads to reproducible contractions of
abdominal musculature (the visceromotor response [VMR]). The
electromyographical (EMG) quantification of this response is often used to
assess visceral sensitivity and changes thereof in rodents.10, 12 We used
VMR quantification by EMG to assess possible circadian variation of visceral
perception in Long Evans rats.
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METHODS
Animal ethics
All research was conducted in accordance with the institutional guidelines
and approved by the Animal Ethical Committee of the AMC/University of
Amsterdam (reference protocol number 100998).
Rats
25 Long Evans rats (Harlan, Horst, Netherlands) were bred and housed at
the animal facility of the Academic Medical Center (Amsterdam,
Netherlands). Rats were housed in a 12 h light/12 h dark cycle (lights on at
07:00) under a constant temperature of 20±2C° and were provided with
food and water ad libitum.
Measurement of the visceromotor response to colonic distension
To avoid restraint stress during measurements, we previously validated
and used radio-telemetry for assessing the VMR in freely moving rats.12 The
same methodology was used in the current investigations. In short, at a
minimum age of 4 months, a telemetric transmitter with its two connected
EMG electrodes (Physiotel Implant TA10AE-F20; Data Sciences
International, St Paul, MN, USA) was implanted in the right side of the
abdominal cavity. The electrodes were sutured in parallel into the left
external abdominal oblique muscle 10 mm apart and 10 mm to the midline
incision. After a postoperative recovery period of at least 10 days, the
animals were subjected to colonic distention protocols. For this purpose, a
latex balloon (Ultracover size 8F; International Medical Products BV,
Zutphen, Netherlands) catheter was inserted 1 cm into the colon and fixed
to the base of the tail under a short isoflurane anesthesia. After a 20 min
recovery period, animals were placed in a macrolon cage (exact size of the
receiver) that was positioned on top of the receiver. The receiver was
linked to a Biopac MP100 data acquisition system (Biopac Systems Inc.,
Santa Barbara, CA, USA) and a personal computer via a raw data analog
converter (Data Sciences International). Data were acquired with
AcqKnowledge software (version 3.2.6, Biopac Systems Inc.). Colonic
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distention was achieved by slow manual inflation (5 s) of graded volumes
of water (1.0, 1.5 and 2.0 mL) into the balloon using a syringe. Length and
diameter of the balloon during a 2 mL maximum volume distention were
18 and 15 mm, respectively. All distensions lasted for 20 s and were
separated by an 80 s rest in order to allow the EMG signal to return to
baseline.
Diurnal measurements of VMR to distension in normal non-handled rats
Our earlier investigations indicated that repetitive distension sessions in
normal male Long Evans rats (carried out at 09:00 on different days during
a one month time period) result in equal VMR data.13 Thus, inter
distension-session interference is ruled out when repetitive measurements
are carried out on different days. In the present investigations the VMR to
colonic distension of 16 male nonhandled rats was measured at four
different time points; 04:00, 08:00, 16:00, and 20:00. Experimental bias
was avoided by stratifying rats into 4 equal groups: one group of four rats
started sessions at 04:00, followed by 08:00, 16:00 and 20:00, another
group started at 08:00 followed by 16:00, 20:00 and 04:00 etc. There was a
minimum of 24 hours between distension sessions and all sessions within
one group were completed within 15 days. To ascertain proper timing, not
more than four animals per session were measured. During dark regime
measurements, experiments were carried out under dim red light
conditions and the experimental room was devoid of the regular tube light
of the housing facility.
Stress induced visceral hypersensitivity in maternal- separated rats
In adult male maternal separated Long Evans rats, acute stress is known to
induce enhanced sensitivity to colorectal distension.12-15 To assure that,
when present, our methodology can accurately assess changes in VMR to
colorectal distension, comparison of pre- and post-stress measurements in
maternal separated rats was used as a positive control. Maternal
separation was accomplished by placing the dams into another cage in
another room for 180 minutes per day from postnatal day 2 to 14. During
separation, cages were placed on a heating pad (30–34 Ԩ) to help pups
regulate normal body temperature. Pups were weaned on day 22 and
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subsequently raised in pairs of two until the age of 4 months when they
were subjected to the experimental protocol. Earlier, we showed that poststress hypersensitivity to distension will last for at least one month.13 In line
with the multiple distension sessions performed in the diurnal experiment
(all four sessions carried out within a maximum timeframe of 15 days),
colorectal distensions and concurrent EMG measurements were carried
out pre- and 15 days post-stress. Rats were subjected to one single stress
session by placing individual rats on top of a pedestal (8 · 8 · 10 cm)
attached to the bottom of a plexiglass tank (25 · 25 · 45 cm). The tank was
filled with fresh tap water at room temperature (21 ºC) within 1 cm of the
top of the pedestal and rats remained in the tank for 1 hour.
Data analysis and statistics
Data analysis was carried out similar to our earlier publications.12, 14, 15 Each
20 s distension period and its preceding 20 s of baseline recording were
extracted from the original raw EMG data file. After correction for
movement and breathing, data were rectified and integrated. Absolute
data sets were then obtained by subtracting the 20 s baseline recording
from the 20 s distension result. Normalized data sets were then calculated
from the absolute data by setting, in case of diurnal measurements, the 2
mL value of the 04:00 distension session, and in case of maternal separated
rats the 2 mL value of the pre-stress distension session, at 100%. Area
under the curve (AUC) of relative responses was calculated for individual
rats and used to show possible changes in visceromotor response within
groups. Relative response data were also used to evaluate possible changes
on a per volume basis.
Statistical analyses were performed using GraphPad Prism version 5.00 for
Windows (GraphPad Software, San Diego, CA, USA). Diurnal variation in
VMR (AUC as well as per volume results of the relative response) were
evaluated by Friedman’s test. Pre- vs post-water avoidance data (AUC and
per volume results of the relative response) of maternal separated rats
were analysed by using Wilcoxon signed ranks test. All results are displayed
as mean ± SEM and P<0.05 was considered significant.
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RESULTS
Diurnal VMR to distension in normal male rats
We assessed the VMR to distension in normal male Long Evans rats along
four different time points of the light/dark cycle. Due to battery failure of
its telemetric transmitter one animal could not be evaluated. Comparing
area under the curve (AUC) of the relative response at the four time points
we observed no daily variation (Figure 1A, n=15, Friedman’s test P=0.69).
Since the AUC reflects the mean visceral sensitivity over a range of
distension volumes, more subtle daily variations are perhaps better
reflected when comparing results on a per volume basis. However, no
significant differences were observed when comparing results for 1.0, 1.5
and 2.0 mL on the different time points (Figure 1B, C and D, Friedman’s test
P=0.55, 0.95 and 0.93 respectively).

Figure 1. Diurnal pattern of VMR to distension in normal male Long Evans rats. Mean area
under the curve ± SEM of the relative responses at 04:00, 08:00 16:00 and 20:00 hrs in n=16
normal male Long Evans rats (Friedman’s test P=0.69) (A). Using the same data set but now
depicting per volume relative responses on different time points (Friedman’s test P=0.55,
0.95 and 0.93; B, C and D respectively).

193

539334-L-bw-Botschuiver
Processed on: 19-12-2019

PDF page: 193

Pre- vs post-water avoidance VMR to distension in maternal separated
rats
We next performed a control experiment to ascertain that, when present,
our methodology was capable of detecting changes in VMR to distension.
Similar to our earlier publications, male Long Evans pups were subjected to
the maternal separation protocol and exposed to a one hour water
avoidance stress at adult age. For reasons detailed in the methods section,
distension sessions in the ‘diurnal variation assessment’ were carried out
within a 15 day timeframe. Therefore, pre-water avoidance measurements
in the maternal separation experiment were compared to measurements
obtained 15 days post-water avoidance. Rats showed a significant poststress increase in VMR to distension (Figure 2A, mean AUC ± SEM; 71.2 ±
2.4 vs 104 ± 4.8, Wilcoxon’s test P=0.004, pre- vs post-stress respectively).
Figure 2B depicts the same data but now evaluated on a per volume basis;
pre- vs post-water avoidance comparisons indicated significantly increased
response to distension at all 3 distension volumes (P<0.01).

Figure 2. Pre- vs post-water avoidance VMR to distension in maternal separated male
Long Evans rats. Pre- vs post-water avoidance area under the curve ± SEM of the relative
response to distension (A). Same data set now depicted for per volume responses;
increased post-stress response to distension at all 3 distension volumes (B). n=9, Wilcoxon’s
test **P<0.01.
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DISCUSSION
Unlike earlier observations in male Lewis rats11, our results indicate that
male Long Evans rats do not experience daily variation of sensitivity to
distension. Although EMG recordings of abdominal contractions were used
as read-out in both rat studies, some differences in colonic distension
methodology (volume vs isobaric distensions) are apparent and may
explain the observed discrepancy. For our EMG recordings we used a radiotelemetry technique that we evaluated earlier, it allows for measurements
in freely moving and non-fasted rats.12 Performing measurements in freely
moving rats lowers the amount of stress that is usually encountered when
rats are restrained16 as is often the case during isobaric distensions. This is
relevant because stress is a trigger for visceral hypersensitivity in patients
as well as rats.17, 18 The downside of our approach is that freely moving rats
easily expel from the colon the balloons suitable for isobaric distensions.12
Thus, we performed less favored volume distensions which enable the use
of balloons that will stay fit in the colon during rat movement, but cannot
account for possible variations of colonic tone. The latter is an important
difference with the methodology used by Gschossmann et al. who used
barostat technology to perform isobaric distensions.11 However, these
results were obtained in Lewis rats that had to be subjected to an 18-24h
fasting period prior to- as well as restraint during distensions; both fasting
and restraint are known triggers for stress.16, 19 Moreover, compared to
other rat strains Lewis rats are more stress sensitive and exhibit aberrant
visceral pain sensitivity.20 Especially because time of day of stress exposure
is known to affect response levels21, it can be speculated that earlier
observations in Lewis rats reflected methodology-induced rhythmicity of
stress responses and accompanying changes in visceral sensitivity rather
than diurnal variation in visceral sensitivity as such. Despite precautions
taken, our own experiments also may have suffered from
unforeseen/unnoticed methodology-induced bias affecting clock regulated
mechanisms including diurnal sensitivity changes. Such bias could have
been ruled out by establishing normal circadian release of an example
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hormone or the use of other readouts under the control of the biological
clock. This however, would not have changed the end conclusion of these
investigations.
Similar to the rat study discussed before, our results are also not in
line with those obtained by Enck et al..3 These authors showed a daily
rhythm of rectal perception in healthy male volunteers. In rats we
evaluated four time points whereas seven were evaluated in the human
study. Because of this, variations observed in men may have gone
unnoticed in our male Long Evans rats. Further, volunteers were asked to
refrain from eating starting at noon and received their first (light) meal at
00:45. Together with possible sleep deprivation (sleeping was allowed
between 01:00 and 05:30 only) and continued unnatural conditions for
study subjects (rectal balloon catheter remained present during entire
timeframe of the study; 26 hours), the abnormal dietary pattern may have
influenced study outcome in these healthy volunteers. Importantly, it is
also possible that conflicting data arise because diurnal variation in visceral
perception is present in healthy men but does not occur in normal Long
Evans rats or cannot be properly detected in a robust rat model.
Irrespective of these considerations, we have to conclude that in the
absence of a circadian rhythm of colonic sensitivity in normal controls, our
rat model and methodology are not suitable to investigate disturbed
circadian rhythms in relation to visceral hypersensitivity in IBS.
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Chapter 7
General discussion
The role of intestinal bacteria as a factor in the pathophysiologic processes
leading to IBS has gained profound interest over the past years. However,
the gut also harbours fungi. Compared to the intensive studies on gut
bacteria in recent years, the exploration the role of gut fungi in health and
disease started only recently. Nevertheless, the presence and relevance of
fungi in intestinal function was already suggested a century ago. In 1917
H.W.Anderson published a study of yeast like fungi in the human
gastrointestinal tract1. He used feces as a proxy for intestinal microbiota
and observed considerable variations amongst individuals. He also
performed a few feeding experiments with a several fungal species in
humans. Most of the fungi he used for his experiments do not persist in the
digestive tract, as the species rapidly disappeared after each defecation
cycle. However, an unspecified “’sprue’’ yeast organism sustained for over
six days, and provoked gastro intestinal complaints such as pain,
constipation, lumpy stool and an general ‘’uneasy feeling in the intestines’’.
These complaints continued until the sprue organism was no longer
present in the feces1. Thus, his findings already suggested a role for fungi in
gastro-intestinal function. Anderson also recognized one of the main issues
when studying the relevance of fungi in the gut, the vast bacterial
overabundance in the intestines2.
With the implementation of metagenomics and non-culture
dependent techniques, such as high throughput sequencing, the
percentage of fungal DNA in the pool of microbial DNA is estimated to be
less than 0.1%3. This bacterial overabundance may be the reason that a
potential role for fungi in gut homeostasis has been largely neglected in
microbiome research during the last century. However, despite its low
abundance, recent evidence indicates that gut fungi do play a role in
gastro-intestinal health and disease4-8.
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Building further on these findings in chapter 3, we assessed the potential
role of gut fungi in IBS. In IBS patients we observed profound differences in
gut mycobiome composition compared to healthy controls. These findings
prompted us to further explore the potential role of intestinal fungi in our
rat maternal separation (MS) IBS-like model for stress induced visceral
hypersensitivity.
In this rat model the predisposition for stress related visceral
hypersensitivity in IBS patients, is simulated by the periodic separation of
the mother rat birth9. Treatment with fungicides prevented and reversed
visceral hypersensitivity that MS model rats normally develop after stress.
Moreover, faecal transplantation experiments in combination with high
throughput sequencing of the fungal internal transcribed spacer (ITS)-1, as
target for fungal identification, showed that the hypersensitive status after
stress in our rat model was dependent on the presence of gut fungi, of
which the exact species responsible still needs to be identified. A specific
mycobiome thus arises through maternal separation that provokes
enhanced pain responses in MS model rats.
Further experimental evidence indicated that fungi mediate
visceral pain through recognition by host cell receptors. Innate immune
cells recognize fungal cell wall components such as β-glucans, via the Ctype lectin receptor Dectin-1, which signals via spleen tyrosine kinase (Syk).
In vivo use of soluble β-glucans, that antagonize dectin-1 activation, and a
Syk inhibitor independently reversed post stress pain responses in
maternal-separated rats. Additional in vitro experiments further showed
that particulate β-glucans trigger mast cell degranulation.
Earlier investigations in the rat MS model established a central role for
mast cell degranulation in the activation of afferent nerve fibers and the
development of visceral hypersensitivity10, 11. This essential role for mast
cells was recently conformed in IBS patients12, 13. The histamine receptor 1
antagonist, ebastine and the mast cell stabiliser ketotifen, decreased
visceral hypersensitivity and abdominal pain. However, not all triggers for
mast cell degranulation in IBS have been identified yet. Stress can trigger
mast cell activation by inducing release of corticotrophin releasing factor
(CRF) in the periphery. CRF is subsequently able to activate intestinal
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mucosal mast cells via the expression of CRF receptors14. In rats, it was
shown that CRF receptor antagonism can prevent acute stress-induced
mast cell degranulation and subsequent visceral hypersensitivity15, 16. In
contrast, post-stress hypersensitivity, although mast cell dependent, could
not be reversed by CRF receptor antagonists14. This might explain why
earlier clinical trials with CRF-receptor antagonists were unsuccessful17, 18.
Our data suggest that the mast cell degranulation is also driven by
cellular recognition of fungal β-glucans. Although these microbial
polysaccharides are normally confined to the gut lumen, barrier
dysfunction was shown to associate with stress-induced hypersensitivity19
and the preservation of barrier integrity prevents the development of
visceral hypersensitivity19. Gut barrier dysfunction is repeatedly shown in
the rat MS model and has been described in IBS patients16, 20 and, as such,
could elicit elevated mast cell exposure to luminal factors.
Based upon the importance of gut fungi, mast cells and histamine
receptor 1 signalling, we therefore propose a two-phase model for the
development of sustained post stress visceral hypersensitivity. In phase 1
acute stress causes peripheral CRF release, this will subsequently trigger
mast cell degranulation and cause afferent nerve fiber activation as well as
barrier dysfunction. In phase 2 the impaired barrier function enables
translocation of fungi or particulate β-glucans causing renewed mast cell
activation that leads to a ‘self-sustaining loop’ of continued barrier
dysfunction and visceral hypersensitivity. Evidence for the continuous
persistence of phase 2 is our earlier observation in maternal-separated rats
of an enhanced pain response that remains for at least 1 month after stress
exposure21.
The activation of mast cells via dectine-1 pathway requires fungi or
particulate fungal β-glucans in the mucosa. If so, one intuitively expects
overt immune activation because mast cell degranulation requires a
relative high multiplicity of infection for fungi22, 23. However, overt
inflammation in the intestine of IBS patients is absent24. This apparent
paradox may be explained by the characteristics of fungal host interactions.
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In general, fungi are well adapted to commensalism or for life as
opportunistic pathogen25, 26. In fact, fungal diseases are relatively rare,
partly explained by their ability to influence tolerance mechanisms within
the host immune system26. Next to the host susceptibility to infection, an
exaggerated inflammatory response is also able to compromise immunity.
Tolerance mechanisms oppose the inflammatory response, keeping the
inflammatory associated pathology in check, which provides a better
immune response over time27. For example, the fungal species Candida
albicans is a common dweller of the gastro-intestinal tract, and resides
there as harmless commensal on mucosal surfaces of most healthy
individuals28. Conversely, C.albicans may acquire pathogenic features that
are associated with the onset of gastrointestinal diseases such as IBD and
celiac disease 23, 29, 30. In order to establish itself as a gut commensal,
C.albicans is able to activate immune tolerance pathways in the gut in
several ways31, 32. For example, C.albicans expresses Resolvin E1 (RvE1) that
is a potent anti-inflammatory lipid mediator in humans33. Endogenous RvE1
has been shown to promote resolution of colitis by counter regulating
leukocyte-mediated tissue injury and pro-inflammatory gene expression34,
35
. Furthermore, the mammalian enzyme indoleamine 2,3-dioxygenase
(IDO1) plays an important role in the regulation of the immune response at
the host mycobiome interface in the intestines. Fungal stimuli can induce
this enzyme to dampen host immunity, thereby promoting its own
persistence 36. For instance, upon gastro-intestinal infection, C. albicans
induces IDO-1 expression via TLR signalling in dendritic cells, which results
in the activation or generation of T regulatory cells37. Inhibition of IDO-1
exacerbates gastro-intestinal infection with C.albicans, and associated
inflammatory pathology, causing deregulated immune responses such as
present in celiac disease23, 37 We observed in our study a relative
overabundance of C.albicans together with Saccharomyces cerevisiae.
Although we did not address specific pathogenic fungal species in our
study, the IBS associated mycobiome signature included C.albicans, a
potential role for this species in the pathology of IBS is therefore likely.
It is a possibility that in IBS fungal species like C.albicans are able to
persist in the mucosa by modulating host immunity, thereby explaining the
absence of overt inflammation in IBS. The observed increased activity of
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IDO1 in IBS patients might be indirect evidence for this38-40. One could
speculate that in IBS mucosal colonisation of C.albicans is partly tolerated,
enabling a prolonged action of the immune response, while inflammatory
tissue damage is limited. However, this fungal immune response may
occur at the cost of pain because of histamine release through sustained
fungal recognition in the mucosa.
Our data revealed a significant gut mycobiome dysbiosis in IBS patients, as
well as in our rat MS model. In humans, this dysbiosis was reflected by
decreased α-diversity in both hypersensitive and normally sensitive IBS
patients. In contrast, the IBS-like phenotype in maternal separated rats was
associated with increased α-diversity. The relative overabundance of the
fungal species S. cerevisiae and C. albicans in human samples may explain
this discrepancy, because a dominant overabundance of two particular
fungal species were not observed in rat.
Furthermore our transfer experiments suggested that a specific
mycobiome is causing the development of the IBS-like phenotype in rats.
Indeed, multivariate ITS data comparison of maternal-separated or nonseparated rats with unsupervised co-regularized spectral clustering
algorithm or Bray Curtis analyses, revealed a strong dissimilarity between
these groups. However, our human data was far less robust concerning the
level of β-diversity (the compositional difference). Similar to recent
mycobiome work in healthy individuals, we encountered high intra-subject
variations and observed fungi that were highly unlikely to have colonised
the intestines, because they are suspected to be food or environmentally
derived2, 28. Only by using a supervised method, we were able to show
dissimilar fungal profiles for IBS associated fungi in IBS patients.
In order to better understand the nature of the gut mycobiome
dysbiosis in IBS, it is important to define the gut mycobiome at
homeostasis. Especially since alterations in the intestinal fungal
community, in relation to health and disease, have been found even
beyond the scope of gastro-intestinal disease 41-43.
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The core bacterial gut microbiome in healthy individuals is defined by
species that are present in most individuals. This so called -core bacterial
microbiome- performs a metabolic and ecological role in the human gut 44.
The question remains if the same accounts for the mycobiome.
For this reason, the mycobiome of participants out of the human
microbiome project was determined28. The fungal communities of this
study were characterized by a high prevalence of Saccharomyces,
Malassezia, and Candida genera. Similar to our data, the researchers
observed a high inter-subject variability. However, also a high intra-subject
variability over time was investigated and observed. This indicated that an
individual’s mycobiome is not stable, varies overtime, and differs greatly
between individuals. Nevertheless, several fungal species persisted across
samples, evidence that a core gut mycobiome may exist28. Other findings
support the potential dynamic nature of the healthy gut mycobiome.
Earlier, the ITS region of fecal samples of healthy volunteers were
sequenced at two different time points2. Observed species included
Candida, Cryptococcus, Malassezia and Trichosporon spp, and common
airborne fungi such as Cladosporium species. Fungi such as Debaryomyces
hansenii and Penicillium roqueforti, known to be associated with food and
fermented products, were also frequently observed.
Most of the diversity was ascribed to environmental fungi, unlikely
to have colonized the gut2. In addition, the authors were unable to amplify
fungal DNA from a second time point from half of the healthy individuals in
their cohort, while bacterial DNA could be amplified from these samples.
Furthermore, a recent study suggested that fungal species present in the
feces of healthy individuals were highly dependent upon oral entry 45. Thus
in contrast to bacteria, the stability and identity of a core mycobiome is still
controversial.
We encountered similar problems in our effort to identify an IBS
fungal signature. The supervised stability selection strategy identified a set
of fungal species associated with IBS.
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However, the high individual variability and the identification of
environmental and foodborne fungi as part of the signature hindered
further characterisation of the fungal signature. Selected fungi identified by
ITS sequencing but suspected to be food or environmental derived are for
example Sporobolomyces roseus, a plant associated fungus not known to
show growth at 37oC. Similarly, Suillus luteus was associated with healthy
subjects. However, this edible bolete fungus forms symbiotic
ectomycorrhizal associations with living trees in coniferous forests and is
thus highly unlikely to persist in the gut. Another species that was selected
by the algorithm (in the context of hypersensitivity in human IBS patients)
was Wallemia muriae. Species from this genus are extreme xerophiles and
would not grow at the water-activity found in the intestines46. Wallemia
species have been isolated from osmotically challenging, either extremely
dry or saline rich environments, and are prevalent in salty conditions used
for preservation, and therefore, thought of as important spoilage
organisms43. These observations make Wallemia species a disputable gut
inhabitant. However, Wallemia genera have been reported as members of
the gut mycobiome43, 47. Recently, a pathogenic role for intestinal Wallemia
species has been reported in mice models of colitis, and allergic airway
disease41, 43. Our results thus underscore the lack of characterisation of the
fungal microbiome in man. Culture based techniques, to distinguish
between gut dwelling fungi and food borne or environmental
contaminants, might provide a better description of the gut mycobiome.
Despite uncertainly about biological relevance of some selected
fungi, the decrease in α-diversity in IBS patients was associated with the
overabundance of two common gut fungal residents, findings that were in
line with observations in other gastro intestinal diseases48, 49. Moreover, in
contrast to the above-discussed species, C. albicans is well adapted for
colonization in the gut50.
In our rat fecal transfer experiments with donors of different sensitivities,
only the transfer of non-fungicide treated maternal separation caecum
content was capable of restoring hypersensitive phenotype in maternalseparated rats. Thus a specific mycobiome causes, in a predisposed host
(e.g. maternal separation) a hypersensitive phenotype. How such a
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difference in mycobiome composition is related to immune activation
could be explained by variations in availability of fungal cell-wall β-glucans.
Increased numbers of high-level β-glucan expressing fungal species in the
mycobiome of maternal-separated rats may explain our results. In addition,
the exposure of β-glucans on the fungal cell surface varies considerable
among different morphological forms and species51. Even on the strain
level relevant differences may occur. For instance, the requirement for
Dectin-1 in the control of systemic C. albicans has been shown to be strainspecific. C. albicans strains were shown to be able to differentially adapt to
the immunological status of the host, which resulted in alterations of their
cell wall architecture and ability to mediate innate immune recognition52.
We show that maternal separation results in a mycobiome
dysbiosis that causes hypersensitivity while a homeostatic gut mycobiome
derived from normal rats does not. How such fungal dysbiosis develops is
not known. Mechanisms that are known to be involved in shaping the
bacterial microbiome might be applicable for the mycobiome as well. Early
life stress, chronic social stress, and even short stressors are known to
shape the microbiome53. In rats, maternal separation induced significant
changes in the dominant gut bacterial phyla54, 55. In this thesis, we have
shown that maternal separation shapes the gut mycobiome as well. Stress
may alter the intestinal microbiota via several mechanisms. Under stress
conditions, secretion of signalling molecules by neurons, immune cells and
enterocromaffin cells takes place which can affect (fungal) microbiota in
terms of morphology, growth and virulence53. In addition, stress has an
important role in the modulation of gut functions, such as motility and
secretion of mucus. Motility and secretion of mucus are both important for
the maintenance of the mucus layer and biofilm, enabling bacteria and
fungi to colonize in the gut53, 56. Another mechanism by which stress can
influence the composition of intestinal microbiota is through the increase
in secretion of antimicrobial peptides from Paneth cells57. Moreover, acute
stress in mice induced increased colonic permeability, which involves the
overproduction of interferon-γ (IFN-γ) and decrease in tight junctions
proteins 58. It is known that IFN-γ affects the yeast-to-hyphal transition of
C. albicans59 and thus influences morphology and thereby the virulence of
this species.
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Our data clearly indicated a causal role for dysbiotic mycobiota in visceral
hypersensitivity in maternal-separated rats. Although we observed gut
fungal dysbiosis in human IBS patients, at this stage there is no evidence
for causality. However, our findings indicate that manipulation of intestinal
fungi can be a treatment option for abdominal pain in IBS. Based upon our
results we suggest that clinical trials with fungicides in IBS patients are
warranted.
Recently, a proprietary combination of essential oils of peppermint
(Mentha x piperita L.) and caraway seed (Carum carvi) was shown to
relieve pain and discomfort in a randomized placebo controlled trial in
patients with functional dyspepsia60. This formula, known as Menthacarin®,
was earlier evaluated in a rat model of post inflammatory visceral
hypersensitivity61. The essential oils in this formula exhibit potent antibacterial and anti- fungal properties in vitro 62-65. We therefore
hypothesized that these essential oils, with known fungicidal activity, may
reverse fungal-induced post stress visceral hypersensitivity in rat, and that
such reversal associates with changes of the gut mycobiome.
In chapter 4 we identified Menthacarin as a potent antimicrobial
and antifungal formulation. Treatment with Menthacarin reversed IBS like
hypersensitivity our rat MS model. Fungal ITS and bacterial 16S analysis
showed that maternal separation elicits mycobiome and microbiome
dysbiosis in rats. Menthacarin treatment coincided with marked changes in
mycobiome composition, changes that were associated with a normal
response to colorectal distension. Thus, similar to our earlier observations,
maternal separation in rats, associates with gut microbiome dysbiosis. 66, 67.
However Menthacarin mediated reversal of post-stress visceral
hypersensitivity was not associated by major bacterial microbiome
changes, suggesting that the development of visceral hypersensitivity is not
driven by major bacterial dysbiosis. This is in line with our earlier findings
that indicated an essential role of the gut mycobiome. However we did
observe some changes in bacterial composition that may be important. A
high relative abundance of A.Muciniphila was associated with maternal
separation and Menthacarin treatment significantly reduced its relative
abundance. Protective and as well pathogenic roles for A. have been
described, underscoring the complexity of interpreting microbiome data.
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For example, together with increased abundance of Ruminococcus
bacteria, A.muciniphila exacerbates gut inflammation in the context of
gastro enteritis68, 69. A Muciniphila degrades the mucus barrier, after which
Ruminococcus species is able to reach the epithelial barrier promoting
inflammation70, 71. Moreover, increased abundance of A.Muciniphila was
associated with the IBS-C subtype, although additional experiments in mice
suggested beneficial anti-inflammatory properties of this species 72. In line
with this, after fecal transplantation in IBS patients, the relative abundance
A.Muciniphila associated with pain reduction73. On the other hand,
A.muciniphila can promote colitis in a genetically susceptible host (IL-10
deficiency)74.
Furthermore, we observed decreased relative abundance of the
Bifidobacteria upon in maternal separation rats. In general, Bifidobacteria
are considered health-promoting members of the human intestinal
microbiome and decreased levels of this genus were observed in IBS
patients 75, 76. Earlier visceral sensory modulating activity of Bifidobacteria
were observed. Menthacarin treatment correlated with an significant
increase of this genus which might indicate that Menthacarin treatment
creates favorable conditions for this probiotic bacteria77.
It should be emphasized that we demonstrated an association between
mycobiome changes mediated by Menthacarin and the reversal of visceral
hypersensitivity, rather than a causal relationship. Definitive proof for an
antifungal therapeutic mode of action by Menthacarin should be obtained
by future fecal transfer experiments, similar to those performed in our
previous study78. Functional abdominal pain may also be related to
aberrant smooth muscle contractions that result in dysmotility, known to
correlate with abdominal pain. Menthol and caraway seed oil can are both
act as smooth muscle calcium channel antagonists, that cause muscle
relaxation79-81. Thereby reducing abdominal pain. Furthermore, menthol is
known to desensitize, via the transient receptor potential cation channel
subfamily M member 8 (TRPM8) activation, the transient receptor
potential cation channel subfamily V member 1 (TRPV1), the relevant
receptor for nociception in IBS and the MS rat model13, 82.
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Because of Menthacarin’s pleiotropic mode of action, it is difficult to show
the weight of each potential mechanism in the reduction of visceral
hypersensitivity. In this work, we only addressed the antifungal properties
of this oil formulation. In a recent peppermint oil trial in IBS patients, a
direct response to treatment was observed. However, after prolonged
usage the response improved greatly. This may indicate that multiple
mechanisms are at play, such as the potential to modulate the mycobiome
by the anti-fungal properties of peppermint oil 83. The diverse working
mechanism of Menthacarin make it a suitable potential treatment for
visceral hypersensitivity in IBS patients.
Nevertheless, treatment of IBS remains challenging due to the
heterogeneous nature of the disorder. In this thesis we have shown that, in
IBS patients, abdominal pain may arise due to immune recognition of an
aberrant gut mycobiome. In response, mast cells release histamine, and
sensitize via the histamine 1 receptor, afferent neuronal expressed TRPV1
that leads to abdominal pain10-13, 84. The development of drugs for newly
identified targets is costly and time-consuming. Evaluating established
drugs for other applications may avoid these issues85. In search for
candidate drugs, we evaluated the FDA approved compound miltefosine to
treat abdominal pain complaints in IBS.
In chapter 5 we demonstrated the potential of miltefosine to
alleviate abdominal pain by acting on the different signaling events that
lead to fungal induced visceral hypersensitivity. Miltefosine reversed post
stress visceral hypersensitivity in our IBS-like MS rat model. Firstly,
consistent with miltefosine’s fungicidal and bactericidal activity, the
reversal of visceral hypersensitivity in maternal separated rat was
associated with altered gut microbiota. Secondly, miltefosine modulated
stress-induced degranulation of mucosal mast cells. Lastly, miltefosine
decreased TPRV1 activation in vitro, and prevented capsaicin-induced
TRPV1 activation in normal rats.
Recently, miltefosine was proposed as alternative treatment for
mycosis in humans86, 87. Its antifungal properties are probably mediated
trough interference with fungal membrane biosynthesis thereby inducing
cell permeability88. This chapter revealed distinct intestinal mycobiome and
microbiome profiles in rats treated with miltefosine, suggesting that
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reversal of post-stress visceral hypersensitivity by miltefosine treatment
modulates intestinal microbiota in vivo. No such microbiome changes were
observed with the treatment by fluconazole and nystatin or herbal
antifungal Menthacarin. Given the role of the gut bacteria in health and
disease, these changes should be taken into account when considering
miltefosine treatment for abdominal pain in IBS.
Another potential action of miltefosine is to target signaling events
that eventually lead to fungal induced visceral hypersensitivity10, 11, 84.
Miltefosine is considered a prototype lipid raft modulator 89, 90. Lipid rafts
are assemblies of phospholipids, glycolipids and cholesterol, which along
with raft specific proteins, can arrange into localized membrane micro
domains. These lipid assemblies have been demonstrated to be involved in
numerous cellular activities such as the activation of surface receptors, and
subsequent signal transduction91. Miltefosine is taken up in a raft
dependent fashion and affects the structural organization of surface
receptors in the cell membrane, thereby potentially preventing signalling 89,
90
.
Our experiments in chapter 3 indicated the importance of ligation of the
fungal cell wall component, β-glucan, to dectine-1 in visceral
hypersensitivity. Dectine-1 is a raft-associated receptor that is, upon
ligation with fungal cell wall β-glucan, translocated into lipid rafts 92. Our
observation of less mast-cell degranulation in miltefosine treated animals,
may suggest that it targets this activation pathway via lipid raft
modulation. However, whether this was because of direct targeting of mast
cells, or an indirect effect via the fungicidal properties of miltefosine
cannot be concluded from this experiment.
Signalling through lipid raft localized receptors is expected to be
important in processes further upstream of fungal-induced visceral
hypersensitivity. For instance, lipid raft integrity is important for TRPV1
activation. Moreover, interactions between TRPV1 and lipid raft assemblies
can regulate its gating properties93, 94. Our in vitro results showed that
TRPV1 activation, by its selective agonist capsaicin, can be inhibited by
miltefosine treatment. This finding suggests that miltefosine may have
targeted TRPV1 function in the rat MS model as well. Regretfully, we were
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unable to assess the relative contributions of each potential target in the
attenuation the fungal induced visceral hypersensitivity in rats.
Taken together, our results suggest that miltefosine potentially targets
several of the different mechanisms leading to fungal-induced visceral
hypersensitivity. Our results open up novel treatment strategies for the
treatment of abdominal pain in IBS patients. However, unwanted side
effects, such as inhibition of other signalling pathways, should be
considered. Because miltefosine is a FDA approved drug with a known
safety profile widely used in the treatment of Leishmaniasis, we think this
is not a problem. Miltefosine is usually well tolerated with limited side
effects95. Nevertheless, adverse effects are present and among these are
gastro-intestinal complaints 96. Miltefosine would therefore not be the
most obvious candidate to treat abdominal pain in IBS patients. On the
other hand miltefosine was suggested as a novel treatment option for
other mast cell mediated diseases than IBS 90, 97. In a human randomized,
double-blind, placebo controlled trial, the safety and efficacy of miltefosine
in antihistamine resistant chronic spontaneous urticaria was assessed 98.
Remarkably, the side effects were similar between the compound and the
placebo. This indicated that miltefosine is an effective and safe treatment
option for patients that do not respond to standard doses anti-histamines,
such as the histamine 1 receptor antagonist ebastine. Between 30-40 % of
IBS patients also respond to ebastine 13, thus non-responders could benefit
from miltefosine treatment13, 99. We therefore conclude that the FDA
approved compound miltefosine should be considered for treatment of
IBS patients.
The etiology of IBS is complex and involves multiple interrelated factors. In
the past chapters we have shown that intestinal fungi in a predisposed host
e.g. maternal separation, contribute to visceral hypersensitivity. Other
factors than early adverse life events may contribute to this predisposition
as well. The complaints in IBS patients are known to show a daily variation,
with higher pain scores early in the morning compared to the rest of the
day 100. Disturbed day and night rhythms, such as occur in shift work and
trans meridian flights, are associated with de development of IBS101, 102.
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Visceral hypersensitivity in IBS may arise from subtle alterations of the
autonomous nervous system (ANS) caused by a disrupted circadian control
102-104
. In chapter 6 we aimed to investigate whether disruptions in
circadian control of the ANS underlie post-stress hypersensitivity in our rat
MS model of IBS. However, we observed no diurnal variation in visceral
sensitivity to colorectal distention in normal rats, therefore we could not
further asses if disruptions in circadian control of the ANS explain visceral
hypersensitivity in our rat MS model.
Earlier a study by Gschossmann et al showed diurnal variations in
colonic visceral sensitivity in normal rats105. An explanation for the
discrepancy with our results may be the use of different methodologies. In
rats, colorectal distension will lead to reproducible contractions of
abdominal musculature: the visceromotor response [VMR]. This response
is usually quantified via electromyography [EMG]106, 107. To assess the
potential circadian variation of visceral sensitivity we used VMR
quantification by EMG. EMG recordings of abdominal contractions were
used as read-out in both rat studies. However, the colonic distension
methodologies differed. For our recordings we used radio-telemetry which
allows measurements in freely moving rats107. Measurements done in
freely moving rats reduces stress that builds up under restrained
conditions108. This is important because stress is a trigger for visceral
hypersensitivity in patients as well as rats 109, 110.
A disadvantage of our experimental setting is, however, that freely
moving rats expel the balloons suitable for isobaric distension, the
distention method generally used107. We are therefore obliged to use less
optimal ‘’volume distensions’’ which enable the use of balloons that retain
in the colon during movement. This has the drawback that possible
variations of colonic tone may be overlooked, and introduces an important
difference with the methodology used by Gschossmann et al. who used
barostat technology to perform isobaric distensions which do take rectal
compliance into account105. On the other hand, they worked with Lewis
rats under restraint conditions, with distending pressures that induced
behavioural pain responses persisting for 3 min. Moreover, prior to the
distension protocol, rats were subjected to an 18-24h fasting period, both
fasting and restraining are known triggers for stress108, 111. Important
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because, compared to other rat strains, Lewis rats are stress sensitive and
easily exhibit aberrant visceral sensitivity112. Consequently one can
speculate that this earlier study in Lewis rats, reflected methodologyinduced rhythmicity of stress responses and that the changes in visceral
sensitivity were confounding factors, rather than diurnal variations in
visceral sensitivity. Nevertheless we must conclude that our rat model and
methodology are not suitable to study if disturbed day and night rhythms
are related to visceral hypersensitivity in IBS.

Future perspectives:
Our results indicate the importance of fungi in de development of
abdominal pain in IBS and suggest that these components of the intestinal
microbiome are a promising target for therapy. We therefore advocate
clinical trials aimed to modulate the intestinal fungi in patients with IBS.
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Appendices
Summary
Irritable bowel
syndrome (IBS) is
a common, stress related
gastrointestinal disorder that affects around 10 to 15% of the western
population. It is mainly characterized by the presence of abdominal pain
and aberrant defecation patterns. Although IBS is not life threatening
patients experience a significantly reduced quality of life. Generally, a
diagnosis for a disorder is made by a well-defined measurable biomarker
that does not occur in healthy subjects. No such biomarkers are present in
IBS and therefore diagnosis is merely made by clinical criteria. Despite the
lack of biomarkers, approximately 50 % of patients show increased
sensitivity to distension of the gastrointestinal tract. This so called visceral
hypersensitivity, is hypothesized an underlying pathophysiological
mechanism in IBS whereby normal physiological visceral stimuli, such as
bowel movements are perceived as abdominal pain.
The etiology of IBS is complex and involves both biological and
psychological factors such as intestinal microbiota composition or
traumatic events during childhood. Besides, a strong association between
stress and complaints exist in IBS. The general hypothesis is that stress, in a
predisposed individual, is important in symptom generation. It has been
shown that intestinal mucosal mast cells and their secretory molecule
histamine, are key in the development of visceral hypersensitivity by
sensitizing the afferent intestinal mucosal nociceptor the transient reporter
potential channel V1 (TRPV1). Potential triggers for mast cell degranulation
are only partly elucidated. Under the presence of stress, peripheral
corticotrophin releasing factor has been shown to trigger mast cell
degranulation. Mast cell degranulation not only results in the development
of visceral hypersensitivity but also in barrier dysfunction caused by
released proteases. The barrier dysfunction may facilitate the entrance of
microbial antigens, normally confined to the gut lumen, which activate
immune cells such as mast cells.
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In chapter 2 we reviewed the potential molecular mechanisms by
which microbial components can cause visceral pain in organs in that are in
close contact with the external milieu. In order to perceive and eliminate
potential (harmful) microbes during these interactions, the immune- and
nervous system have developed receptors that are able to recognize
microbial components and products. Recognition of microbial products
can activate immune responses and directly activate neurons leading to
(enhanced) nociception. The interactions between microbial products are
suspected to play a role in chronic pain syndromes such as IBS.
In recent years potential role of the bacterial gut microbiome in IBS has
been a subject of intense study. However, most of this research remains
descriptive. The role of intestinal fungi in IBS has received little attention,
since they are only are a minor component of the gut microbiota.
Nevertheless, recent research indicated that gut fungi, similar to the
bacterial microbiome, are important in health and disease. In addition
fungi, or fungal cell wall structures, are activators of mast cells. For that
reason, we assessed the possible role of intestinal fungi (i.e. the
mycobiome) in abdominal pain in a cohort of IBS patients and in our IBSlike rat model of maternal separation (MS). In the MS rat model the
predisposition for stress related visceral hypersensitivity in IBS patients is
simulated by maternal separation at birth. In rats visceral perception to
colonic distension is measured as visceromotor responses, which are
abdominal muscular contractions caused by colonic distension. At adult
age MS rats show, after exposure to a stressor, enhanced visceromotor
responses (visceral hypersensitivity) to colonic distension, compared to rats
that has not been subjected to maternal separation.
In IBS patients we observed profound differences in gut
mycobiome composition compared to healthy controls. Fungicidal
treatment reversed the enhanced response to colonic distension after
stress in MS rats. Fecal transfer experiments and high throughput
sequencing of the fungal internal transcribed spacer (ITS)-1, as target for
fungal identification, revealed that the hypersensitive status after stress in
MS rats was dependent upon a specific composition of fungi. An intestinal
mycobiome that was dependent upon MS at early life. The enhanced
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perception of pain in MS rats appeared to be mediated by the recognition
of fungal components.
Fungal cell wall components such as particulate β-glucans, are
recognized by innate immune cells via the C-type lectin receptor family 7
member A (CLEC7A) or Dectin-1 which signals via spleen tyrosine kinase
(Syk). The administration of soluble β-glucans that antagonize dectin-1
activation or a Syk inhibitor reversed post stress pain responses in MS rats.
Furthermore in vitro experiments showed that particulate β-glucans trigger
mast cell degranulation and histamine release.
Taken together: we observed that the hypersensitive response in
MS rats required maternal separation that results in a mycobiome
dysbiosis that causes hypersensitivity in these rats while a homeostatic gut
mycobiome derived from normal rats does not. Based upon the
importance of gut fungi, mast cells and histamine signalling, we therefore
propose a two phase model for the development of sustained post stress
visceral hypersensitivity in IBS. In phase 1 acute stress causes peripheral
CRF release, this will subsequently trigger mast cell degranulation and,
consequently, cause afferent nerve fiber activation and barrier dysfunction.
In phase 2 the impaired barrier function thereupon enables penetration of
fungi or particulate β-glucans causing renewed mast cell activation that
leads to a ‘self-sustaining loop’ of continued barrier dysfunction and
visceral hypersensitivity
Our data indicated a causal role for dysbiotic mycobiota in the
development of visceral hypersensitivity in rats. In humans there is no
evidence for causality yet. However, we observed in IBS patients a
profound fungal dysbiosis. Our findings therefore indicated that
manipulation of intestinal fungi can be a treatment option for abdominal
pain in IBS.
Menthacarin® is a proprietary combination of essential oils from
Mentha x piperita L. and Carum carvi and used to treat symptoms like pain
in other functional gastro intestinal diseases. The essential oils in this
formula exhibit potent anti-bacterial and anti- fungal properties in vitro.
We therefore hypothesized that these essential oils, with known fungicidal
activity may, reverse fungal-induced post stress visceral hypersensitivity in
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rat. In chapter 4 we identified mixture Menthacarin as a potent
antimicrobial and antifungal formulation. Treatment with Menthacarin
reversed IBS-like hypersensitivity our rat maternal separation model.
Multivariate analyses of high throughput sequencing data of ITS-1 and 16S
targets (for fungal and bacterial identification) showed that maternal
separation provokes mycobiome as well as microbiome dysbiosis in rats.
Menthacarin treatment coincided with marked changes in mycobiome
composition, changes that were associated with a normal response to
colorectal distension.
Similar to our earlier observations, maternal separation in rats,
associated with gut microbiome dysbiosis. Menthacarin mediated reversal
of post-stress visceral hypersensitivity was not associated by major
bacterial microbiome changes on the multispecies level, suggesting that
the development of visceral hypersensitivity is not driven by mayor
bacterial dysbiosis. Therefore, Menthacarin may be a safe and effective
treatment option for visceral pain in IBS.
We have shown that in IBS patients abdominal pain may arise due to
immune recognition of an dysbiotic gut mycobiome. Consequently, these
insights reveal new targets for the treatment of pain in IBS. However, the
development of drugs for newly identified targets is costly and timeconsuming, re-evaluating existing drugs may avoid these issues. We
considered the FDA approved compound miltefosine that is usually used to
treat Leishmaniasis. In chapter 5 we demonstrated the potential of this
compound to alleviate abdominal pain by acting on different signaling
events that lead to fungal induced visceral hypersensitivity. Firstly,
miltefosine is a potent antibiotic and antifungal that was earlier proposed
as an alternative treatment option for mycosis in humans. Secondly,
miltefosine has the potential to target signaling events by acting as a lipid
raft modulator. Lipid rafts are assembled units of lipids, which, along with
specific proteins, form localized membrane micro domains where diverse
signalling processes are taking place. Miltefosine incorporates in these lipid
rafts that affects the structural organization and thereby potently prevent
signalling from fungal components.
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In our rat MS model, miltefosine reversed post stress visceral
hypersensitivity. Consistent with miltefosine’s fungicidal and bactericidal
activity, treatment with miltefosine in maternal separated rats associated
with differences in gut mycobioom and microbiome composition. In
addition, miltefosine treatment modulated stress-induced degranulation of
mucosal mast cells in maternal separated rats. In vitro experiments with
TRPV1-transfected neuronal cell lines, showed that miltefosine decreased
TPRV1 activation by its agonist capsaicin. Furthermore, miltefosine
treatment in normal rats prevented TRPV1-dependent visceral
hypersensitivity induced by intracolonic-capsaicin administration.
Taken together, our results suggest that miltefosine potentially
targets several of the different mechanisms leading to fungal-induced
visceral hypersensitivity. Miltefosine is usually well tolerated with limited
side effects and could be therefore considered for treatment in IBS
patients.
IBS is a heterogeneous functional disorder and involves multiple
interrelated factors. We have shown that intestinal fungi in a predisposed
host e.g. maternal separation, contribute to visceral hypersensitivity.
However other factors may contribute as well. The pain scores in IBS
patients are known to show a daily variation and disturbed day and night
rhythms, such as occur in shift work and trans meridian flights, are
associated with de development of IBS. It is thought that visceral
hypersensitivity in IBS may arise from subtle alterations of the autonomous
nervous system (ANS) caused by a disrupted circadian control. In chapter 5
we aimed to investigate whether disruptions in circadian control of the
ANS underlie post-stress hypersensitivity in our rat MS model of IBS.
However, we observed no diurnal variation in visceral sensitivity to
colorectal distention in normal rats, therefore we could not further asses if
disruptions in circadian control of the ANS explain visceral hypersensitivity
in our rat MS model.
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Samenvatting voor niet ingewijden
Het prikkelbare darm syndroom of wel irritable bowel syndrome (IBS) is
een van de meest voorkomende darmaandoeningen bij mensen. Deze
aandoening wordt gekarakteriseerd door buikpijn die vaak samen gaat met
een abnormale stoelgang (diarree, verstopping of een combinatie van
beide) zonder dat daar een duidelijke biochemische oorzaak voor is.
Geschat wordt dat tussen de 10 en 15% van de wereldwijde populatie lijdt
aan IBS. Hoewel niet levensbedreigend, hebben patiënten door de aard van
de klachten vaak een verminderde kwaliteit van leven, temeer omdat er
weinig effectieve behandelingen zijn voor IBS.
De diagnose IBS kan alleen worden gesteld door middel van
klinische symptomen. Zodoende is IBS eigenlijk meer gedefinieerd aan de
hand van wat het niet is dan aan wat het wel is. IBS is dus geen ziekte met
een aantoonbaar defect zoals wel het geval is bij chronische
ontstekingsziekten van de darm, zoals bijvoorbeeld de ziekte van Crohn.
Hoewel er dus op het oog geen duidelijke aanwijzingen zijn voor de
klachten bij IBS, heeft rond de 50% van de patiënten een verhoogde
prikkelgevoeligheid van de darm. Deze verhoogde gevoelsgewaarwording
in de darm noemt men viscerale hypersensitiviteit. Gedacht wordt dat door
de verhoogde gevoelsgewaarwording normale bewegingen in de darm als
pijnlijk worden ervaren en dat zo buikpijn ontstaat bij mensen met IBS.
Het is nog onduidelijk hoe IBS precies ontstaat. Maar het is wel
duidelijk dat IBS meerdere oorzaken kan hebben. Er is bijvoorbeeld een
relatie tussen het hebben van traumatische gebeurtenissen in de kindertijd
en een verhoogde kans op IBS later in het leven. Daarbij kan IBS ook
ontstaan na een darminfectie, dan blijven klachten zoals diarree en
buikpijn aanhouden ook al is de oorspronkelijke ziekteverwekker al lang
niet meer aanwezig. Ook komt IBS meer voor bij mensen met een
verstoord dag en nachtritme, zoals het geval is bij wisselende diensten in
de zorg.
Stress speelt duidelijk een belangrijke rol bij het ontwikkelen van
IBS gerelateerde klachten. Het lijkt er namelijk op alsof het stresssysteem
bij IBS patiënten verstoord is. Uit onderzoek blijkt dat bij IBS patiënten,
onder invloed van stress, een hormoon vrij komt dat een bepaald type
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afweercel, de mest cel activeert. Deze cel gaat vervolgens stofjes
uitscheiden waaronder histamine en dat stofje zorgt er vervolgens voor dat
gevoelszenuwen in de darmwand makkelijker geactiveerd kunnen worden.
We denken dat hierdoor de verhoogde gevoelsgewaarwording in de darm
ontstaat.
Maar uit pogingen om de reactie tussen het stress hormoon en de
mestcellen te blokkeren bleek dat er naast stress ook andere factoren een
rol spelen. Behalve histamine scheiden mestcellen ook andere stoffen uit.
Stoffen die de darmwand een heel klein beetje doorlaatbaar maken,
waardoor mogelijk micro-organismen of delen daarvan door de darmwand
heen kunnen dringen.
Mogelijk speelt het doorlaatbaar worden van de darmwand een rol
bij het activeren van het afweersysteem en het zenuwstelsel bij IBS en het
vervolgens ontwikkelen van pijn. In hoofdstuk 2 beschrijven we de
verschillende manieren waarop stukjes van micro-organismen pijn kunnen
veroorzaken.
De laatste jaren is er veel aandacht voor rol van bacteriën in darm (het
darm microbioom) in het ontstaan van IBS. Het is alleen nog niet precies
ontdekt hoe dit in elkaar steekt. Naast bacteriën bevat de darm ook
schimmels en gisten. In hoofdstuk 3 onderzochten we de schimmel en gist
samenstelling (het mycobiome) van poep van IBS patiënten en gezonde
personen en we zagen behoorlijke verschillen tussen deze twee groepen.
Op grond van deze bevinding hebben we verder gekeken naar de rol van
schimmels in ons diermodel voor IBS. Dit is een rat model waar
traumatische ervaringen in de kindertijd worden nagebootst door de
moeder rat na de geboorte enige tijd gescheiden te houden van de pups.
Dit model noemen we het maternaal separatie model. Volwassen model
ratten hebben, als ze blootgesteld worden aan stress, net zoals IBS
patiënten een verhoogde prikkel gevoeligheid van de darm. We vonden dat
deze verhoogde prikkel gevoeligheid kon worden terug gedraaid met een
behandeling door antischimmelmiddelen. Vervolgens zagen we dat de
schimmelsamenstelling tussen darmen van gezonde en IBS ratten van
elkaar verschillen.
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Om verder te onderzoeken of de prikkel overgevoeligheid echt
specifiek aan de darm schimmel compositie ligt, hebben we poep
transplantaties tussen gezonde ratten, IBS ratten en met antischimmel
behandelde IBS ratten uitgevoerd. Met deze experimenten hebben we
laten zien dat darmschimmels verantwoordelijk zijn voor de
overgevoeligheid van prikkels in de darm bij onze model ratten. Bij nader
onderzoek naar de mechanismen achter deze ‘’schimmel gestuurde
overgevoeligheid’’ bleek dat de herkenning door het afweersysteem van
een structuur op de buitenkant van de schimmel of gist verantwoordelijk
was voor de verhoogde prikkelgevoeligheid.
Schimmels zijn dus waarschijnlijk belangrijk in IBS en het ontstaan
van buikpijn. Hoewel we nog niet hebben laten zien dat de pijn in IBS
patiënten, net zo als bij ratten, echt afhankelijk is van de
schimmelsamenstelling in de darm. Maar, opmerkelijk was wel dat in IBS
patiënten minder soorten schimmels aanwezig waren en relatief veel
Candida albicans en biergist/broodgist aanwezig was. Lastig wel is dat deze
twee schimmel soorten ook bij gezonde mensen aanwezig zijn en het niet
duidelijk is hoe deze schimmels betrokken zijn bij IBS. Vervolgstudies in
mensen zouden in de toekomst moeten uitwijzen of buikpijn klachten
verminderen bij het gebruik van antischimmel middelen.
Nu we weten dat schimmels mogelijk belangrijk zijn bij pijn in de darm
kunnen we zoeken naar middelen om IBS te behandelen. In hoofdstuk 4
hebben we gekeken naar essentiële oliën, gewonnen uit pepermunt olie en
karwijzaad. Pepermunt olie en karwijzaad olie hebben beide een
antibiotische werking, zowel tegen bacteriën als schimmels. Daarom
hebben we dit middel ook ons IBS dier model getest. De behandeling met
het mengsel zorgde ervoor dat de verhoogde prikkelbaarheid na stress
weer werd teruggedraaid naar de dezelfde gevoeligheid van normale
dieren. Daarna hebben we de verschillende uitwerpselen onderzocht op
schimmel en bacterie samenstelling. Vergeleken met normale ratten
verschilden de IBS ratten zowel in schimmel als in bacterie samenstelling.
Maar vooral de samenstelling van schimmels veranderde door de
behandeling met deze essentiële oliën, deze experimenten zijn dus ook een
aanwijzing voor het belang van schimmels bij het ontstaan van pijn.
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Het middel wordt al gebruikt in mensen met een andere
aandoening van het maagdarm kanaal en daarom menen wij dat dit middel
zou moeten worden getest in IBS patiënten om te kijken of het middel
daadwerkelijk klachten bij IBS verminderd.
Het ontwikkelen van nieuwe therapieën brengt vaak hoge kosten met zich
mee. Sommige medicijnen die al op de markt zijn voor een bepaalde ziekte,
kunnen een andere werking hebben dan die waar deze oorspronkelijk voor
bedoeld is. Het voordeel van het gebruik oude medicatie voor een nieuwe
toepassing is dat deze uitvoerig getest is en het middel als veilig wordt
beschouwd. Miltefosine zo’n medicijn, het wordt gebruikt tegen de
zandmugziekte, een tropische infectie overgebracht door een bepaald type
mug. Dit middel kan een geschikte kandidaat zijn voor de behandeling voor
buikpijn in IBS. Het heeft een brede antimicrobiële werking, en kan dienen
als een antischimmelmiddel. Maar het kan ook de voor IBS belangrijke
mestcellen remmen zodat er geen histamine vrijkomt. Daarbij heeft het
ook de mogelijkheid om gevoelszenuwen te remmen in het doorgeven van
pijn informatie.
De behandeling met het middel miltefosine in ons IBS diermodel
zorgde ervoor dat de dieren niet meer overgevoelig waren voor prikkels, en
we konden zien aan het weefstel dat de betrokken afweercellen minder
actief waren geweest door de behandeling. Ook zagen we dat zowel de
bacteriën als de schimmel samenstelling in de darm veranderde bij
behandeling met miltefosine. Een stof uit chili pepers, capsaicine, kan
gevoelszenuwen net zoals hitte activeren. We observeerden dat de
activatie door capsaicine van gevoelszenuwen wordt geremd door
miltefosine.
De gevoeligheid voor IBS door een verstoord stresssysteem kan ook andere
oorzaken hebben dan traumatische ervaringen tijdens de kinderjaren. De
werking van darm volgt een dag en nacht ritme. Omdat de pijn klachten bij
IBS een dagelijks ritme volgen en er bij mensen die dag en nacht diensten
werken draaien vaker IBS voorkomt, zou het zo kunnen zijn dat een
ontregelde biologische klok het verstoord stresssysteem veroorzaakt. Om
te kijken hoe deze twee mogelijk met elkaar verbonden zijn, hebben we in
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hoofdstuk 5 in normale ratten gekeken of de prikkelgevoeligheid van de
darm een dag en nacht ritme volgt. Omdat we in normale ratten geen
verschillen in de prikkelgevoeligheid gedurende de dag en nacht konden
meten is ons diermodel niet geschikt om het verband tussen nacht ritme
en IBS te onderzoeken.
Concluderend:
IBS is een lastig te behandelen aandoening, met
verschillende oorzaken waarbij het er op lijkt dat door een verstoorde
stress respons patiënten gevoeliger zijn voor stress dan gezonde personen.
In IBS zijn er afweercellen, de zogenaamde mest cellen die op stress
kunnen reageren en daardoor gevoelszenuwen van de darmwand sneller
laten reageren op prikkels. Het was eerder niet duidelijk waarom deze
mest cellen geactiveerd bleven in IBS. Wij hebben voor het eerst laten zien
dat darm schimmels ‘’herkend’’ kunnen worden door mest cellen uit het
afweersysteem en daardoor geactiveerd blijven. Deze bevindingen maken
de weg vrij voor het vinden van nieuwe mogelijkheden voor de
behandeling van pijn in IBS.
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Dankwoord
Eén paar dagen geleden vond ik bij het opruimen van een laadje een briefje
uit 2007 met daarop ‘’doel’’ en dan ‘’de taal van de wetenschap leren’’.
Eronder lag een one-liner uit een magazine gescheurd met de tekst ‘’Ik doe
altijd dingen die ik niet kan, juist daarom doe ik ze’’
Mijn motief dus tot deze proef van bekwaamheid is niet een vijfjaren plan
zoals zou horen. Op het moment dat ik in dubio was of ik dit traject zou
aangaan, sprak ik hierover met een bevriend collega die bijna klaar was
met zijn promotie en dat was in zijn geheel niet bemoedigend: ‘’Waarom
zou je? ‘’ It sucks! ’’ en toen zei hij ‘’Misschien word ik wel leraar in Afrika
of, nee beter, ik ga naar het vreemdelingen legioen’’. Uiteindelijk is hij vrij
succesvol geworden in de wetenschap. Later leerde ik dat dit merkwaardig
gedrag gewoon onderdeel is van het PhD syndroom. Het gevolg van vele
mislukkingen en beperkingen: is het een menselijke vergissing, mijn
vergissing of gewoon weer een negatief resultaat? De weg hier naar toe
kan niet zonder hobbels zijn en dat is goed. Je bent deze periode een stukje
in een puzzel en draagt iets bij. Het tot stand komen van dit proefschrift is
het resultaat van een samenwerking, waaraan ik deel mocht nemen en nu
(eindelijk) trots op ben.
Daarvoor wilde ik als eerste natuurlijk prof. Dr Wouter de Jonge bedanken.
Beste Wouter, dank je voor deze kans die je mij hebt geboden. Ook voor
de goede tijd en zeker je geloof in mij in de laatste fase: zonder je geduld
zou het me nooit zijn gelukt.
Dr. René van den Wijngaard, René toen ik begon als analist en het werk
overnam van Anne Strik voor het meten van calcium flux in neurale cellen,
had ik nooit gedacht dat ik nu hier zou staan. Toen ik bij jou begon wist ik
maar weinig van IBS. Ik vond het een onduidelijke aandoening. Gaande weg
ontdekte ik (en nog steeds) de impact die IBS werkelijk heeft op een
mensen leven. Juist het onduidelijke, maakt het onderzoek veelzijdig en de
breedheid daarvan ben ik gaan waarderen.
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Maar het ongewisse is iets dat je moet aankunnen. Ik heb geleerd van jou
dat je het moet afbakenen, er iets uit halen dat overeenkomstig is en dat
verder uitwerken tot een nieuw inzicht. Ik ben dankbaar dat ik daar
deelgenoot van mocht zijn.
Dr. Seppen, beste Jurgen ‘’Nu kan je niet meer stuk bij Jurgen, hoor Sara.’’
Ik denk dat Dagmar dat zei. Dit kwam omdat het lunch gesprek over eten
ging en ik soep op de houtkachel maakte. Een goede zet: ik kan me geen
betere leraar voorstellen. Op het lab en veel breder, het doorzetten, het
zelfvertrouwen hebben, het door mijn wartaal heen lezen, mij motiveren
(doorschrijven!), de kijk op dingen. Het van mening verschillen maar er
toch samen uitkomen. Jurgen waarom heb je toch altijd, behalve die ene
keer bij het stukje ITS en de twee bandjes, gelijk? Dan was je natuurlijk wel
bereid om dit onmiddellijk toe te gegeven. Nu moet ik op eigen benen
staan. Na de fles perencider ontploffing heb ik nog steeds in de CO2 druk
te hoog (Geduld, Sara geduld!). Maar hij is wel lekker, door het stukje
citroenschil heeft het een lekker bittertje. Niks abominabel! Bedankt voor
alles en ik hoop dat we voor altijd nieuwe projecten vinden om samen te
doen.
Beste Prof. dr. Teun Boekhout. Voordat we in onze groep begonnen met
het definiëren van de fungale compositie in de darm van mens en rat, was
eigenlijk het enige dat ik wist van dit rijk der al dan niet meercellige
eukaryote organismes, dat je ze als paddenstoelen in de herfst kunt zien en
dat Candida albicans hinderlijke effecten kan hebben in mensen. Toen onze
data terug kwam uit TNO ervoer ik een zekere paniek: zelfs de meest
voorkomende gist, Saccharomyces cerevisiae oogde exotisch en ik voelde
me als dyslecticus verdwaald in deze wereld van ceae’s. De opluchting was
groot toen je bij ons onderzoek betrokken werd en voor mij persoonlijk
kwam dit rijk tot leven, hoewel ik alleen maar weet dat ik nog minder weet
dan eerst. Dank dus voor de samenwerking en de bijdrage aan deze thesis.
Beste Olaf, zonder jou was dit proefschrift er überhaupt niet. Bedankt voor
het werk en de mooie tijd op het kantoor.
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Meiden & mannen van de Nerdenclub ik vond het fijn om samen met jullie
te lezen. Lieve Rose: ‘’Nobody said it was easy’’, dank je voor je grondige
blik, heb er veel van geleerd. Emmy en Leo, dank voor de fijne tijd en Leo je
doorzettingsvermogen is uniek! En Emmy uiteindelijk doe je het toch maar
even. Mo the chickens are laying eggs again!
Lieve Isabelle, jij kwam met het idee om samen een review te schrijven, en
pas veel, nee heel veel later lag het er. Ik wilde namelijk alle kanten op en
jij bleef stabiel en trouw aan de koers. Toch denk ik dat we er samen iets
moois van hebben gemaakt juist doordat we zo verschillen!.
Beste Evgeni bedankt voor de fijne samenwerking en Guus, bedankt voor
het enthousiasme en de bijdrage aan deze thesis. Charel en Marlon, dank
jullie voor jullie inzet, en fijne periode samen op het lab.
O lieve mensen van het Tygat (als ik maar niemand vergeet). Prof. dr.
Ronald Oude Elferink: het instituut is een evenwicht tussen creativiteit en
hard werken. Ik denk dat er geen plek zo is als bij jullie, bedankt dat ik er
deel vanuit heb kunnen maken. Lieve Suzanne en Dagmar, konden we
elkaar maar mee nemen dan was het altijd gezellig op het werk ( en gaf het
niet zo als ik weer eens iets zeer raars zei of deed). Lieve Mona, ook
bedankt voor al je zorgen en gesprekken als ik het echt niet meer zag. Elsa,
heel erg fijn dat je met me de laatste stappen deed. Lieve Kam, als ik iets
zocht (meestal weer in paniek), dan was jij er altijd om het te vinden. Stan
bedankt voor de goede gesprekken en de lessen in Illustrator, ik heb er nog
steeds profijt van.
Lieve mensen van GGD, het was kort en krachtig bedankt dat ik even op de
rails mocht komen bij jullie. Sylvia bedankt voor de uitnodiging om over IBS
te praten, het heeft me doen inzien dat ik er trots op mag zijn.
Vincent Klaren. Door jou is de liefde voor wetenschap aangewakkerd zo’n
15 jaar gelden. Dat kwam door manier waarop je de wereld beschouwde. Ik
besef me nog steeds dat dat ik sinds jou nooit meer de horoscoop lees.
Lieve Rik, waarschijnlijk is het bij jou in het lab echt begonnen. Of beter
door mijn fascinatie voor je waterbad en de status die je had: Jij mocht
gewoon je koffie mee nemen in het lab en bij jou was de radio uit. Het was
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dat moment dat ik besloot om verder te studeren. Jij was een van de
weinigen die dit initiatief niet afkeurde in mijn professionele leven. Ook al
was het misschien niet verstandig. Dank je voor de raad en luisterend oor!
Nu rest nog -Hora Est- de verlossing van het geheel. Phil ik mis onze
fietstochten naar het AMC, het gaat nu echt gebeuren.
Henk en Annelies: Is het al af? is het nu eens eindelijk klaar : Ja het is af
deze draak is verslagen. Dank jullie voor de steun en het vertrouwen in dat
ik dit kon. Herre en Fransje: hier komt Jan de Akkerman op zijn paardje
achteraan!
Lieve Theo en Hannie, “help desk’’. Het thuisfront. Zonder jullie had ik het
zeker niet gekund. Ook nog in mijn volwassen leven nog de beste vader en
moeder die ik me kan wensen. Allerliefste Jessica, de draak slaapt. Al hoe
wel ik nog bang ben dat als ik omdraai hij nog weer wakker wordt. Je bent
me in alles voorgegaan ‘’op een moment is het af’’. Hoewel ik niet weet of
ik ooit Python zou instaleren of in mijn eentje naar Afrika, om daar een
ijszee te bevaren en diepzee monsters te halen. Held! Dank je voor het zijn
en het voorbeeld. Lieve Hilgo, je zei “Denk eraan: de draak is nu in
palliatieve toestand, er kan nu niks meer gebeuren’’ ‘’houd moed, houd
moed.’’ Hij draaide zich toch nog even om. Dank je voor je steun als ik
moest razen.
Beste Leonard, door onze samenwerking aan het ultra-fijnstof, geluid en
gezondheidsproject voelde ik me voor het eerst echt volwaardig en heb ik
het vertrouwen dat ik in de wetenschap verder kan gaan. Bedankt
daarvoor. Figen, de strijd tegen de vliegtuig herrie en uitstoot gaan we niet
opgeven! Dank je voor de steun tijdens de lawaaiige dagen.
Lieve Petra en Luuc, het laatste jaar schrijven was een bijzondere tijd. Dat
ik naast jullie kon wonen en dat het zo vrij en goed voelt heb ik echt aan
jullie te danken (Gijs… sorry voor het gemopper en gevloek achter de
computer). Samo, dank voor het luisterend oor als ik weer eens tegen het
plafond opvloog “Dit was Sara met het weer’’. Maar misschien, op een dag
sta je hier ook en ben ik je luisterend oor. Laatbloeier is geen scheldwoord.
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Lieve Jonna en Irene, wat fijn dat jullie naast me kunnen staan tijdens dit
ritueel, en ik hoop dat we in de toekomst onze dromen leren uitwerken.
Lip, Sjoerd, Talitha, Joel, Jeroen, Laura hierna ben ik weer gewoon Sara!
Johannes: nu het waanzinnige leven. Last, but nog least, zonder een hond
zijn sommige mensen niet compleet, Mitzie dank voor het zijn van mijn
moreel kompas.
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