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Introduction 1

1. Introduction

The enteric nervous system (ENS) is an integral part of the autonomic nervous system
and forms a large network of differently shaped, interconnected plexus layers in the wall
of the gastrointestinal tract (Furness & Costa 1987). It extends from the esophagus to
the anus and associated glands (salivary glands, the pancreas (Kirchgessner &
Gershon 1990)) and the gallbladder (Hansen 2003). The ENS controls gastrointestinal
motility, secretion, absorption, blood flow and immune and inflammatory functions
(Goyal & Hirano 1996). There are two major ganglionated plexuses in the ENS, namely
the myenteric (or Auerbach) plexus (MP) and the submucous (or Meissner) plexus
(SMP) (Figure 1 and Figure 2).

Myenteric Plexus

Circular Muscle

’ ” Submucosal
Muscularis Artery
Mucosae

I\

Figure 1. The enteric nervous system (ENS) consists of two major ganglionated plexus layers:
the myenteric (MP) and the submucous plexus and non-ganglionated plexuses of nerve fibers innervating
muscle layers, blood vessels, glands and epithelium. In the human ENS, the submucous plexus can be
subdivided into three distinguishable layers. Picture (A) adopted from (Furness & Costa 1980). (B) Whole
mount preparation of the MP from human colon stained for the glial marker S100b. Scale bar = 5 mm.
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The MP is positioned between the outer longitudinal and inner circular muscle layers
throughout the digestive tract, from esophagus to rectum (Hansen 2003). The SMP is
located in the submucosa between the circular muscle layer and the muscularis
mucosae, being best developed in the small and large intestines (Hansen 2003).

In the human ENS, the SMP is subdivided into three separate plexuses, namely the
outer submucous plexus (Schabadasch or Henle plexus) directly adjacent to the circular
muscle layer, the inner submucous plexus (Meissner plexus) directly below the
muscularis mucosae and an intermediate plexus located between the two (Hoyle &
Burnstock 1989, Ibba-Manneschi et al 1995).

Innermost to the luminal side of the gastrointestinal wall lies the mucous plexus right
beneath the epithelium. It could be subdivided into a subglandular and a periglandular
part, depending on the location of the nerve fiber strands (Wedel et al 1999).
Additionally, there are non-ganglionated plexuses of nerve fibers in the ENS innervating
the muscle layers, blood vessels, glands and epithelium. In contrast, only 2
ganglionated nerve plexuses can be discerned in the guinea pig ENS (Brookes 2001,
Furness & Costa 1980).
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Figure 2. Enteric glial cells are located at all levels of the gut wall. EGC are symbolized by red
dots in this partial cross section of the intestinal tube (Ruhl 2005) after modification from (Furness &
Costa 1980).



Introduction 3

In both man and guinea pig, enteric plexuses (SMP and MP) are made up from ganglia
— consisting of neuronal cell bodies and glial cells with their processes — and
interganglionic nerve strands that contain neuronal cell processes accompanied by glial
cell bodies and processes. Blood vessels and connective tissue are absent from inside
the ganglia or nerve strands (Gabella 1981).

Enteric glial cells (EGC) are star-shaped cells characterized by their relatively small cell
body and many processes of variable length and shape (Bjorklund et al 1984, Gabella
1981, Hanani & Reichenbach 1994). Based on morphology two subtypes have been
proposed. Within ganglia, EGC are tightly packed and characterized by short (~10-
30 nm) and irregularly branched processes; lying in fiber tracts they have long
processes (~80 nm) running in parallel to the nerve fibers and being less frequently
branched (Gabella 1981, Hanani & Reichenbach 1994). These long laminar processes
extend between nerve processes and ensheath multiaxonal bundles, but rarely form a
sheath around individual neurites (Cook & Burnstock 1976, Gabella 1981).
Ultrastructurally, EGC have several flat endfeet at the lamina surrounding the ganglia or
abut on small blood vessels at the border of ganglia or contact the epithelial basement
membrane (Gabella 1972, Hanani & Reichenbach 1994). It has also been shown that
glial cell bodies lie in close proximity (~1 um) to epithelial cells (Bush et al 1998, Cornet
et al 2001, Neunlist et al 2007, Wedel et al 1999).

EGC are dye-coupled (Hanani et al 1989) and the staining pattern of the intracellularly
injected dye Lucifer yellow is comparable to the immunostaining of the gliamarker

S100b. They form a dense network at the level of the crypt basis (Figure 3).

Figure 3. Enteric glial cells form a dense network at the basis of the crypts. Whole-mount
preparations of the human mucosal plexus from sigmoid colon were stained with the glial and neuronal
marker low affinity nerve growth factor receptor p75 (A) and the glial marker S100b (B). Secondary
antibodies coupled to Cy3 (A) and Cy2 (B) were used for visualization. Scale bar = 100 uym.
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Glial cells of the central nervous system were discovered in 1856 by the pathologist
Rudolf Virchow (Virchow 1856). Since their first description in the gastrointestinal tract
by Dogiel in 1899 (Dogiel & A.S. 1899), enteric glial cells (EGC) have been assumed to
be the most abundant cell type in the ENS (Gabella 1981). However, quantitative data
on glial cell numbers in the ENS are limited. A descriptive study of enteric ganglia from
different mammals estimated the relative number of neurons and glial cells in the SMP
and MP of several gut regions (Gabella & Trigg 1984). In another study, loss of EGC
has been described in aged rats where it was accompanied by a proportional decline in
neuronal numbers (Phillips et al 2004b). In this model, it is currently unclear if loss of
EGC precedes or follows neuronal death. In the human ENS, substantial alterations of
glial cells has been described in patients with various functional and/or inflammatory
disorders including intractable slow transit constipation and diverticulitis (Bassotti et al
2005, Bassotti et al 2006a, Bassotti et al 2006b, Wedel et al 2002). Changes in EGC
numbers were further observed in animal models of inflammatory bowel disease (IBD),
as well as in Crohn’s disease (CD) patients, potentially reflecting more general
functional and structural alterations of the ENS in intestinal inflammation (Collins 1996,
Geboes & Collins 1998). While there is evidence for EGC proliferation in a guinea pig
model of TNBS ileitis (Bradley, Jr. et al 1997) and in patients with IBD (Collins 1996,
Geboes & Collins 1998), a diminished EGC network was unexpectedly reported from a
study of intestinal CD tissue sections (Cornet et al 2001). This latter finding, though,
was recently challenged by another histomorphological study reporting increased EGC
counts in the inflamed human intestine (von Boyen et al 2006a).

The apparent discrepancies in reported glial cell numbers are most likely due to the
various approaches currently used to quantify EGC in intestinal tissue samples, some of
which reflect the lack of a reliable marker to reproducible identify and quantify EGC in
man and laboratory animals (Ruhl 2005). In addition, and even though it is generally
agreed that whole-mount preparations allow for the most comprehensive morphometric
assessment of the ENS (Wedel et al 1999), many researchers are using un-
standardized biopsies, mucosectomy specimens or tissue sections to quantify individual
cell types in the gut wall. The findings of such analyses are subsequently extrapolated
to estimate overall numbers in the whole gut, which adds to the disparities in the
published literature.

To address these issues, the first aim of this study was to systematically evaluate the
established glial markers in the ENS employing immunohistochemistry in whole-mount

preparations from human and guinea pig intestines. Based on these analyses, a
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comprehensive set of quantitative data on enteric glia and neurons in all plexus layers
of the human ileum and colon is provided, laying the basis for future pathological

assessment of glial proliferation or degeneration in the diseased human gut.

Following morphological descriptions of EGC, the next step was to assess glial
functions. Historically, glia — a derivation from the Greek word for ‘glue’ - were
considered as packing material of the nervous system. However, nowadays evidence
(from mouse models and clinical data) is accruing that EGC have a more vital function
in the homeostasis of the gut and that they may play a much more active role in the
physiology and pathophysiology of the gastrointestinal tract than traditionally assumed.
In two independent transgenic mouse models, the selective ablation of enteric glia was
accompanied by irreversible neuronal degeneration (Bush et al 1998) and intestinal
disintegration (Bush et al 1998, Cornet et al 2001). Further, glial dysfunction affects the
neurochemical coding (Aube et al 2006) and function (Aube et al 2006, Nasser et al
2006) of enteric neurons. Enteric glial cells have been implicated in neuronal
transmission, since glutamate synthase, an enzyme possibly involved in breakdown of
the neurotransmitter glutamate is only expressed in EGC (Jessen & Mirsky 1983, Kato
et al 1990). Evidence for glial involvement in nitrergic neurotransmission comes from
the immunohistochemical observation that L-arginine is exclusively located in EGC
(Nagahama et al 2001). This amino acid is an essential precursor of the
neurotransmitter nitric oxide (NO). Recently, the oligopeptide transporter PEPT2 has
been shown to be predominantly expressed by EGC; PEPT2 has the potential to
contribute to the clearance of neuropeptide degradation products (Ruhl et al 2005).

Glial cells can also interact with immune cells. EGCs are capable to respond to
immune-stimulation with expression of the proinflammatory cytokines IL-1B, IL-6 and
tumor necrosis factor-a (TNFa) (Ruhl et al 1994, Ruhl et al 2001c, Ruhl et al 2001a). IL-
1B functionally acts through IL-1B receptors and up-regulates IL-6 expression with
feedback inhibition of IL-6 (Ruhl et al 2001a). IL-1p can further increase proliferation of
EGC in vitro, whereas IL-10 has dual effects: in low-dose concentration it suppresses
proliferation and at high doses it promotes EGC proliferation (Ruhl et al 2001b). Glial
expression of c-fos, which is a marker of early cell activation, is also up regulated in
isolated EGC cultures and isolated tissues by proinflammatory mediators like IL-13 and
TNFa (Ruhl et al 2001c, Tjwa et al 2003). Finally, evidence for the concept that EGC
respond to immune stimulation and may act as potent effector cells in tissue

inflammation comes from a study demonstrating enhanced secretion of matrix
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metalloproteinases in EGC cultures, which then could have the ability to directly act on
their microenvironment (Lin et al 2007).

In an in vitro model with EGC cultures, the expression of major histocompatibility
complex (MHC) class Il molecules and ICAM-1 (intercellular adhesion molecule-1), that
promote adhesion between T-cells and antigen presenting cells, could be induced by a
combination of interferon-y (IFNy) and TNFa, giving EGC the ability to process and
present antigens efficiently to specific T-cells (Hollenbach et al 2000). More evidence
that EGC are immunocompetent cells comes from the observation of upregulated glial
expression of MHC class Il antigens in ganglia of the SMP and MP and glial processes
that ensheathe nerve fibers in IBD (Geboes et al 1992).

In recent years, more attention has been paid to the ENS in inflammatory bowel disease
(IBD). There are several studies showing functional and structural alterations of the
ENS (Collins 1996, Geboes & Collins 1998, Lomax et al 2005) and, consequently, it has

been suggested to be involved in the pathogenesis of IBD.

Inflammatory bowel disease comprises primarily the two disorders Crohn’s disease
(CD) and ulcerative colitis (UC), which are differentiated based on clinical and
histopathology features. While in UC inflammation is typically restricted to the colon, CD
can involve all parts of the gastrointestinal tract from mouth to anus, and it is most
common in the distal small intestine and colon (Podolsky 2002). Patchy areas of
inflammation, which may affect the full thickness of the gut wall from mucosa to serosa
and with granulomas found in 15-70% of all CD patients (Chambers & Morson 1979,
Okada et al 1991), are hallmark features for CD, whereas in UC the inflamed area is
continuous with mucosal involvement only. Diarrhea, abdominal pain and often a
concomitant weight loss are symptoms typically seen in CD. Strictures and fistulas are
common complications with a need for subsequent surgery (Sands 2002). Clinical
features of UC include fever, diarrhea, rectal bleeding and different degrees of
abdominal pain. Signs of malnutrition and weight loss are also fairly common (Sands
2002).

Crohn’s disease was named after an American gastroenterologist: In 1932, the
landmark publication of Crohn, Ginzburg and Oppenheimer described a group of
patients with regional inflammation in the terminal ileum (Crohn et al 1932). Over time,
there were several terms for this disease, like “terminal ileitis”, “regional enteritis” and

“granulomatous enterocolitis” but these were all found to be somewhat improper so that
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in the end “Crohn’s disease” was adopted to encompass the many clinical presentations
of this pathological entity (Sands 2002).

Epidemiological studies found geographic and temporal trends of incidence for CD
which is most frequently diagnosed among persons 15-30 years of age (Sands 2002).
Prevalence of IBD increased in Europe and North America with a sharp rise in incidence
in the second half of the last century and is becoming more common in the rest of the
world as different countries adopt a Western lifestyle (Loftus 2004). In Germany, about
300,000 people are affected by IBD (Rogler 2007).

This led to the suggestion of an environmental contribution to the manifestation of the
disease. Environmental factors that have been proposed to be involved in CD
pathogenesis are smoking, which is protective in UC, but detrimental in CD, breast-
feeding to be protective for IBD, diet, nonsteroidal anti-inflammatory drugs (NSAIDs),
oral contraceptives, antibiotics, stress and inflammation (Sands 2002, Sartor 2006). The
etiologies of these (CD and UC) chronic, recurrent, immunologically mediated disorders
are still uncertain, but there is compelling evidence for an interplay of genetic,
environmental, microbial and immune factors for disease pathogenesis (Sartor 2006).
Genetic factors play an important role in the pathogenesis of inflammatory bowel
disease (IBD). Evidence came from epidemiological studies showing different incidence
rates for different races and ethnic groups, familial aggregation and high concordance
for IBD type in monozygotic vs. dizygotic twins (Annese et al 2003). So far, 4 genes
have been associated with CD, with CARD15 (caspase recruitment domain family
member 15, formerly known as NOD2) being the first disease gene identified (Hugot et
al 2001, Ogura et al 2001). All CD genes are involved in the regulation of innate
immunity, mucosal barrier function and bacterial killing (Sartor 2006).

Inflammation in IBD is triggered by stimulation of the mucosal immune system by
antigens believed to be of bacterial origin. Bacterial antigens may activate the adaptive
immune system by direct interaction of bacterial products that have penetrated the
intestinal barrier with immune cells, or they may stimulate the epithelium by contact with
receptors of the innate immune system. The epithelium can in turn produce cytokines
and chemokines that recruit and activate mucosal immune cells. Classic antigen-
presenting cells (e.g. dendritic cells, macrophages) process antigens and present them
to CD4+ cells, leading to activation and differentiation of T cells. In patients with CD, the
balance of T cells is skewed towards type 1 helper T cells (Th1). Th1 products (e.g.

IFNy) promote a self-sustaining cycle with macrophages that produce key

proinfammatory cytokines such as TNFa, IL-1p and IL-6. This cytokine-mediated
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response amplification leads to activation of several other cell types, which include
fibroblasts, epithelial cells and endothelial cells that recruit immune cells from the
vascular circulation to the mucosa, leading to acute tissue injury.

Besides activation of the innate and acquired immune response, there is also loss of
tolerance to enteric commensal bacteria in IBD (Sartor 2004). The enteric microflora
can act to stimulate immune responses either as adjuvants or antigens. Innate immune
responses are activated by adjuvants (e.g. lipopolysaccharide, peptidoglycan, flagellin
and nonmethylated DNA) which bind to Toll-like receptors located on innate immune
cells, intestinal epithelial cells and mesenchymal cells (Cario 2005). This in turn
activates NFkB and mitogen-activated protein kinases, two major signalling pathways in
IBD that activate the transcription of proinflammatory and regulatory genes. Acting as
antigens, the enteric microflora promotes a cascade with increase in T cells that
selectively recognize the antigen through their T cell receptor (Sartor 2006).

Taken together the various ways how EGC are functioning in the gut and the
background of the complex etiology of IBD, form the basis for another focus of interest.
Therefore, and as a logical consequence derived from the first issue, which was the
quantitative evaluation of EGC in healthy tissue, the second aim was to assess
whether alteration in EGC numbers can be found in tissues of patients with CD or not.
Strong evidence from the literature (Geboes & Collins 1998) and a recent publication on
myenteric plexitis by an experienced Belgian group in the IBD field (Ferrante et al 2006)

corroborates this.

Finally, it has been proposed that a defective mucosal barrier could also contribute to
the etiopathogenesis of IBD by allowing for an increased translocation of luminal
antigens across the epithelium that overwhelms the net suppressive tone of the
mucosal immune system. Under normal conditions, the epithelial lining of the gut wall
provides a selective permeability barrier against toxic or noxious luminal agents and
microorganisms, while simultaneously controlling and regulating the uptake of nutrients,
solutes and water. Mucosal barrier function is regulated by the epithelial apical
junctional complex (AJC) consisting of the tight junction and the adherens junction (Ma
& Anderson 2006). Major transmembrane proteins in the AJC are occludin, claudins,
junctional adhesion molecules (JAMs) and E-cadherin (Laukoetter et al 2006). There
are two routes, by which components of the lumen can cross this epithelial barrier,
either across cells or across the space between them, referred to as the transcellular

and paracellular pathways, respectively (Figure 4).
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Figure 4. Schematic of tight junctions located at the apical side of intestinal epithelial cells. (A)
The two main pathways of molecule transport are displayed: the transcellular way through the cell and the
paracellular way across tight junctions (symbolized as full red circles). (B) Schematic of tight junctions
reduced and enhanced in detail.

The paracellular transport is controlled by tight junctions (TJ). TJs are closely
associated areas of two cells whose membranes are joined to form a virtual
impermeable barrier to fluid. The TJ barrier is highly regulated and determines the
characteristics of the paracellular barrier and its selectivity (Ma & Anderson 2006).
Cytokines like IFNy, TNFa and Interleukin-13 (IL-13) can regulate these TJ (Bruewer et
al 2003, Sanders et al 1995). They have the potential to decrease transepithelial
resistance (TER), and to increase epithelial permeability, an effect that is reversible and
dose-dependent (Bruewer et al 2003, Heller et al 2005, Mullin & Snock 1990, Sanders
et al 1995). It has been shown that these cytokine-mediated effects are apoptosis
independent (Bruewer et al 2003). Elevated levels of proinflammatory cytokines are a
well established occurrence in patients with active Crohn’s disease (Raddatz et al 2005,
Schreiber et al 1999, Woywodt et al 1999). Therefore, it is most likely that the detection
of increased epithelial permeability of the mucosa in CD is cytokine mediated. However,

it still has to be determined what the exact source of those cytokines is.
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EGC are abundant in the intestinal mucosa and have been shown to be closely
juxtaposed to intestinal epithelial cells in vivo. As such, they are ideally placed to
secrete molecules that can interact with the epithelial basolateral membrane and thus
alter mucosal permeability (Figure 3) (Savidge et al 2007). Just recently, new evidence
was reported to support glial involvement in the regulation of the intestinal epithelial
barrier, and glial-derived S-nitrosoglutathione (GSNO) was identified as a potent inducer
of mucosal barrier tightness in vitro and in vivo (Savidge et al 2007).

The idea, that enteric glia play an important role in intestinal inflammation was
powerfully promoted by the development of transgenic mouse models, in which enteric
glial cells were selectively ablated. This was achieved either by expression of the
herpes simplex virus thymidine kinase gene (HSVtk) (Bush et al 1998) or the influenza
virus haemagglutinin (HA) receptor (Cornet et al 2001) under the control of the glial-
specific promoter for glial fibrillary acidic protein (GFAP). Administration of the anti-
herpetic drug ganciclovir (GCV) to GFAP-HSVtk transgenic animals selectively ablated
EGC. Mammalian thymidine kinases cannot phosphorylate GCV, but the viral enzyme
(HSVtk) with the triphosphorylated form of GCV inhibiting nucleic polymerases (Bush
2002). In the other model, crossing GFAP-HA transgenic mice with CL4-TCR transgenic
mice generates double transgenic animals (GFAP-HAXCL4-TCR) in which most CD8+
T cell target a EGC-specific neoself antigen (Cornet et al 2001). This resulted in
mucosal disintegration with consecutive intestinal inflammation and ultimately death of
the animals. Loss of peripheral GFAP-expressing EGC in the distal small intestine
precedes the intestinal pathology in GFAP-HSVtk transgenic mice treated with the
antiviral drug ganciclovir (Bush et al 1998). These observations suggested that mucosal
barrier function might be adversely affected by enteric glial cell dysfunction, or, put the
other way, that enteric glia supports intestinal epithelial barrier integrity. Thus,
interactions between enteric glia and mucosal epithelial cells may have clinical
implications in disorders with impaired intestinal permeability such as Crohn’s disease
(Buhner et al 2006, Fries et al 2005, Suenaert et al 2005), where the enteric glial cell
network has been suggested to be significantly disrupted (Cabarrocas et al 2003,
Cornet et al 2001).

To shortly sum up, it is proven that EGC play a pivotal role in gut homeostasis and there
is also strong evidence for EGC involvement in IBD, but not all results uniformly point
into one direction. Therefore, the establishment of a reliable and specific marker to label
all EGC opens up a new choice to precisely assess the quantitative alterations of EGC

seen in IBD. A comprehensive data set on human EGC numbers and density provides
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the basis for this pathological assessment of glial proliferation or degeneration in the
diseased human gut. Additionally, it is just a short step from the scope of descriptive
measures to question the reasons and principles for the described alterations. Some
molecules already have been identified which may be associated with those structural

changes seen in IBD.

Neurotrophins are a family of proteins which enhance the growth and induce the
survival of neurons and play a role in neuronal differentiation. A number of
neurotrophins, such as nerve growth factor (NGF) and neurotrophin-3 (NT-3) as well as
the neurotrophic factor glial cell line-derived neurotrophic factor (GDNF) have been
implicated in the regulation of intestinal barrier function by EGC. Increased expression
of GDNF and NGF was detected in patients with IBD (Di Mola et al 2000, Steinkamp et
al 2003). In another approach, immunodepletion of NGF and NT-3 increases the
severity of experimental intestinal inflammation (Reinshagen et al 2000). GDNF can
downregulate apoptosis rates of intestinal epithelial cells (Steinkamp et al 2003), and
the expression of GDNF as well as that of NGF in EGC can be stimulated by these
proinflammatory cytokines (von Boyen et al 2006b, von Boyen et al 2006a), which are
also found elevated in IBD.

In order to assess the just above listed evidence of EGC involvement in IBD via
neurotrophins and neurotrophic factors together with the ability of cytokines to alter the
intestinal epithelial permeability in one model, a new approach had to be adopted in
which the pivotal role of EGC in the gut can be resembled. Accordingly, the third aim of
this project addresses those effects EGC exert on epithelial cells and the factors
mediating glial-mucosal interactions and their regulation. A unique tissue culture system
in which isolated EGC and intestinal epithelial cells are combined was used. This
system allows for the evaluation of how the presence or absence of enteric glia changes
the functional properties of the epithelial cells and how this is influenced by
proinflammatory cytokines. Additionally, the expression of glial factors potentially
involved in mucosal regulation (e.g. neurotrophic factors and their receptors) was

analyzed.

Overall, this project aimed to expand the understanding of the enteric glial cells as a
pivotal part of the ENS. Morphological analyses of healthy (first aim) and inflamed
tissues (second aim), as well as functional characterization of glial-epithelial interactions

and contributing factors (third aim) were expected to further the understanding of glial-
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related mechanisms underlying the multiple stages of gastrointestinal inflammation. The

hope for the future is that this understanding will ultimately help to identify a novel

avenue for therapeutic approaches to IBD.
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2. Material and Methods

For a complete list of all materials used during this project please see appendix.
2.1. Morphological analyses (ex vivo studies)

2.1.1. Subjects and tissue specimens

Human tissue

Fresh human ileal and colonic tissue samples were obtained from 29 adult patients (14
females, 15 males) with a median age of 65 yrs (range: 43-82 yrs) undergoing surgery
in the Department of Surgery at the Medical Clinic in Freising and the Medical Clinic of
the Technische Universitat Munich (cf. Table S 11). Indications for intestinal resections
were: colorectal carcinoma (27), pancreatic carcinoma (1) and multiple colonic polyps
(1). Ten specimens of ileum, 10 of ascending colon, and 12 of sigmoid colon were
examined, including 3 patients from whom both ileum and ascending colon were
available. Informed consent was obtained from all patients, and the study was approved
by the Ethics Committee of the Technical University of Munich (project 1071/04). All
tissues used for morphometric analyses of controls were macroscopically normal
segments from uninvolved resection margins. Resectates from ileum and ascending
colon were also used as controls for Crohn’s disease tissues. Summarized information

about control tissues used for CD comparison is given in Table 1.

Table 1. Patient characteristics of the subset of control tissues used for comparison with CD
tissues.

Patient No.  Age (yrs) Sex Diagnosis Assessed region
1 71 M Colorectal carcinoma lleum
2 77 M Pancreatic carcinoma lleum
3 52 F Colorectal carcinoma lleum
4 65 M Colorectal carcinoma lleum
5 66 F Colorectal carcinoma lleum
6 64 M Colorectal carcinoma Ascending colon
7 60 M Colorectal carcinoma Ascending colon
8 65 F Colorectal carcinoma Ascending colon
9 63 M Colorectal carcinoma Ascending colon
10 76 F Colorectal carcinoma lleum, ascending colon
11 68 F Colorectal carcinoma Ascending colon

Median age 65 (range: 52-77 yrs)
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Crohn’s disease patients and tissue specimens

Crohn’s disease (CD) specimens were obtained from 10 patients (5 females, 5 males)
with a median age of 44 yrs (range: 17-59 yrs) undergoing surgery in the Department of
Gastroenterology in the Hospital Munich-Bogenhausen in Munich. For each patient, one
tissue sample was from the acutely inflamed area and another tissue sample was from
the uninvolved proximal or distal resection margin, or from both. Eight specimens of
unaffected ileum, 5 from the inflamed area (3 ileum, 2 colon) and 7 colonic resectates
were assessed. Detailed information on tissue samples from patients with CD is given in
Table 2. The Vienna classification was used to categorize the analyzed tissues by
clinical phenotypes of CD. The classification comprises the variables age of diagnosis
(A1 <40 yrs; A2 240 yrs), disease location (L1 terminal ileum; L2 colon; L3 ileocolon; L4
upper gastrointestinal tract), and disease behavior (B1 non-stricturing non-penetrating;
B2 stricturing; B3 penetrating) (Gasche et al 2000). In these patients, CD was proven
histologically in resection specimens by experienced pathologists from the Department
of Pathology in the Hospital Munich-Bogenhausen in Munich. Informed consent to use
the respective tissues for scientific purposes was obtained from all patients, and the
study was approved by the local Ethics Committee of the Technical University of
Munich.

Table 2. Characteristics of patients with Crohn’s disease.

Patient Age Sex Reason for cbh Vienna Assessed region
No. (yrs) resection diagnosed classification’
before (yrs)

1 27 F Internal fistula 8 A1L1B3 lleum (prox.; inflamed)
37 F Stenosis 8 A1L1B2 lleum (prox.), colon (dist.)
17 M Abscess at end of 2 month A1L1B3 lleum (prox.; inflamed),
blind fistula colon (dist.)
4 59 M Stenosis 5 A1L3B2 lleum (prox.), colon (dist.)
5 48 F -* - A2L.3B2 lleum (prox.), colon (dist.)
6 36 M Stenosis 17 A1L3B3 lleum (prox.), colon (dist.)
7 45 M Conglomerate 5 A2L1B3 lleum (prox.; inflamed),
tumor with loop colon (dist.)
abscess
46 M Multiple stenoses 26 A2L3B3 lleum (prox.)
50 F - -* A2L2B3 Colon (inflamed,; dist.)
10 43 F Enterocutaneous 21 A2L3B3 Colon (inflamed)
fistula
Median

age 44 (range: 17-59 yrs)
'(Gasche et al 2000); *data missing.
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2.1.2. Whole-mount preparations

Human specimens

Specimens of resected human tissues were placed in a Sylgard-coated (cf. Table S 9)
glass dissection dish (Schott, Mainz) containing ice-cold Krebs' solution that was
changed every 10 min. The dissection was performed under a stereo microscope
(SZ51; Olympus, Hamburg) equipped with a cold light source (Hightlight 2100;
Olympus, Hamburg). Gut segments were split open in longitudinal direction using large
scissors (14054-13; Fine Science Tools, Heidelberg) and pinned flat with the mucosal
side down.

The SMP layer on the bottom of the dish was slightly stretched with a fine dissection
forceps (11252-20; Fine Science Tools, Heidelberg) and insect pins (26002-20; Fine
Science Tools, Heidelberg) were placed in the tissue near the edges at a distance of 5-
10 mm using another dissection forceps (HTC 091-10; Hammacher, Solingen). The
muscle layers with the myenteric plexus (MP) attached were removed from the
submucous plexus (SMP) layer using dissection scissors with angled up blades (15013-
12; Fine Science Tools, Heidelberg) cutting near the circular muscle layer of the tunica
muscularis. The muscle layer coiled up slightly while dissecting and was taken off.

The submucous layer with adherent mucosa was turned around and mounted again in
the dish under maximal stretch, which could be exerted without tearing the tissue.
Subsequently, the mucosa was removed using a fine dissection forceps (11252-20;
Fine Science Tools, Heidelberg). The muscle layer was pinned flat in another dissection
dish. Tissues were maximally stretched and fixed in 0.1 M phosphate buffer (PB)
containing 4% (w/v) paraformaldehyde and 0.2% (v/v) picric acid at room temperature
over night. After three consecutive PB washing steps, fixed tissues were further
microdissected: For the MP, longitudinal and circumferential muscle fibers were
removed using fine dissection forceps until only the plexus with some adherent muscle
fibers was remaining. To obtain the inner, the intermediate and the external SMP, the
remaining mucosa and mucous plexus was separated from the submucosa which was
subsequently dissected with fine dissection scissors (15396-02; Fine Scinece Tools,
Heidelberg) into its three separate layers where the three respective SMP sublayers are
situated.

Some tissues, which could not be microdissected immediately after fixation, were stored
up to three years in phosphate buffered saline containing 0.1 % (w/v) sodium azide
(PBS/NaNs3;) that was changed every 6-9 month.
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Guinea pig samples

Guinea pigs were killed by concussion and exsanguination from their cervical vessels.
The entire gastrointestinal tract was quickly removed and placed in Krebs’ solution as
described above. Specimens of ileum, proximal and distal colon were separated,
opened along the mesenteric border, washed, and dissected as described for human
tissues except that the SMP was not further separated. Longitudinal muscle myenteric
plexus preparations and preparations containing the submucous plexus from ileum,

proximal and distal colon of each animal were used for immunohistochemistry.

2.1.3. Antibody characterization

The monoclonal Sox8/9/10 antibody was first described as a Sox10 antiserum (Paratore
et al., 2001). Denatured Sox10 holoprotein, which has been produced as bacterial 6xHis
fusion protein and purified by Ni-NTA chromatography, was used as antigen to raise an
antiserum in mouse (Kuhlbrodt et al 1998). The monoclonal Sox8/9/10 antibody
recognizes an epitope within the high-mobility-group DNA-binding domain. Negative
controls to assess staining specificity were performed by omitting primary antibodies or
using pre-absorbed Sox8/9/10 anti-serum. For pre-absorption, the undiluted Sox8/9/10
anti-serum was incubated with Sox10 protein 1:10 (v/v) at 4°C over night. The Sox10
protein (provided by M. Wegner) was generated as fusion protein from a 25 kD
fragment of the Sox10 protein and glutathione-S-transferase (26 kD), and recombinantly
produced in bacteria with subsequent purification. Purity of the derived Sox10 protein
was 80-90 % at a concentration of 0.1 mg/ul.

The following additional antibodies directed against established glial markers were
used:

(1) A polyclonal S100 antibody with a cytoplasmatic staining pattern labeling glial cell
bodies and processes. Specificity was established by two-dimensional
immunoelectrophoresis displaying only one distinct double peak (S100 A and B) and no
reaction with human plasma and cow serum. Using ELISA, the antibody shows no
reaction with normal human plasma and cow serum (Dako; on file). As detailed in the
results section, the pattern of S100 immunoreactivity obtained with the polyclonal S100
antibody used for the present work is in accordance with previously published results
(Krammer et al 1994).

(2) A polyclonal GFAP antibody, which labels glial cell bodies and processes. In two-
dimensional immunoelectrophoresis only one distinct precipitate (GFAP) and no

reaction with human plasma and cow serum was shown. Using indirect ELISA, the
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antibody does not react with normal human plasma and cow serum (Dako; on file). As
detailed in the results section, the pattern of GFAP immunoreactivity obtained with the
polyclonal GFAP antibody used for the present work is in accordance with previously
published results (Ruhl et al 2005).

Both a previously described monoclonal S100 antibody (clone 15E2E2) (Loeffel et al
1985) as well as a previously described monoclonal GFAP antibody (clone 2.2B10)
recognizing a 51 kD protein (Lee et al 1984) did not show any discernible
immunoreactivity in human ileum and colon (Chemicon and Zytomed, respectively; on
file).

(3) A monoclonal p75NGFR antibody (clone NGFRS), which recognizes a 75kD protein
(Dianova; on file), showed a cytoplasmatic staining pattern with immunoreactivity in glial
cell bodies and processes, but also neuronal fiber-like structures as previously
described (Kondyli et al 2005).

Neuronal parts of the ENS were identified with an antibody directed against Neuron-
specific Enolase (NSE) which labeled neuronal perikarya and nerve fibers. The
polyclonal NSE antibody used for the present work recognizes a 48 kD protein
(Marangos et al 1975) and - as detailed in the results section - shows the same pattern
of cellular morphology and distribution as previously reported in the ENS (Murphy et al
2007, Parr & Sharkey 1994).

Neuronal protein HuC/HuD (HuC/D) monoclonal (clone 16A11) antibody labeled
neuronal cell nuclei and perikarya, recognizing an epitope within the carboxy-terminal
domain of HuD (Marusich et al 1994). Staining pattern of cellular morphology and
distribution is the same as previously described (Lin et al 2002, Murphy et al 2007).
Staining pattern of biotin conjugated HuC/D monoclonal antibody is identical to that of
the un-conjugated antibody.

The polyclonal antibody directed against Protein gene product 9.5 (PGP 9.5), i.e. an
intracellular ubiquitin hydrolase, labeled neuronal perikarya and nerve fibers. As
detailed in the results section, the PGP 9.5 antibody used for the present work
displayed the same pattern of cellular morphology and distribution as previously
published (Parr & Sharkey 1994).
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2.1.4. Immunohistochemistry

After dissection, about 1 cm? of each whole-mount preparation was processed for
immunohistochemistry. After three consecutive rinses with phosphate buffered saline
(PBS, pH 7.4) (each for 10 min), specimens were placed in blocking serum (4% horse
or goat serum, 0.5% Triton X-100, 0.1% NaN3 in PBS) for 1 hr. Human tissues were
incubated with primary antibodies for 40-48 hrs and guinea pig tissues for 12-16 hrs. A
list of the primary antibodies used in this study is shown in Table 3. Subsequently,
tissues were washed in PBS (3 x 10 min) and incubated with the respective secondary
antibodies for 20-24 hrs (human tissues) or 2 hrs (guinea pig tissues). The list of
secondary antibodies is provided in Table 4. After incubation with the secondary
antibodies, tissues were thoroughly washed (3 x 10 min) and mounted on poly-L-lysine
coated glass coverslips (Huang et al 1983) (cf. Table S 9). Whole-mount preparations
were assessed under an epifluorescence microscope (BX61 WI, Olympus, Hamburg)
fitted with the appropriate filter blocks. The microscope was connected to a SIS Fview I
CCD camera and the analySIS 3.1 software (Soft Imaging System GmbH, Munster) for
image acquisition and analysis. False-colored pictures were adjusted for contrast and
brightness prior to overlay and quantification. All pictures for publication figures were
imported into Microsoft PowerPoint 2003 (Microsoft, UnterschleilRheim) for alignment
and labeling. Graphs were created with SigmaPlot (Systat Software, Erkrath). The
finished figures were imported as WMF files into Paint Shop Pro 7 (Corel,
Unterschleil3heim) without further change and saved as TIF files at 600dpi.

Table 3. Primary antibodies used in human and guinea pig tissues.

Antibody Immunogen Host Dilution Source
Neuron-specific Gamma-subunit of NSE (or Rabbit  1:3,000- 16625, Polysciences,
enolase (NSE) nervous system-specific protein 1:4,000 Eppelheim, Germany
polyclonal 14-3-2) from rat brain (human)
1:5,000
(guinea pig)
Neuronal protein 12 residue synthetic peptide Mouse 1:50 A21271, Molecular
HuC/HuD (HuC/D) representing amino acids 240- Probes, purchased
monoclonal (clone 251 from human HuD from MoBiTec,
16A11) recognizing an epitope within the Gottingen, Germany
carboxy-terminal domain of HuD
HuC/HuD (HuC/D) 12 residue synthetic peptide Mouse 1:50 A21272, Molecular
(biotin conjugate) representing amino acids 240- Probes, purchased
monoclonal 251 from human HuD from MoBiTec,
recognizing an epitope within the Goéttingen, Germany

carboxy-terminal domain of HuD
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Table 3

(Continued).

Protein gene product 24 residue synthetic peptide Sheep 1:10,000 PH164CUSO01, The
9.5 (PGP 9.5) representing amino acids 187- Binding Site,
(ubiquitin hydrolase) 210 from human PGP 9.5 Birmingham, UK
polyclonal
Sox8/9/10 Purified bacterially expressed rat Mouse 1:10 (human) M. Wegner /
monoclonal Sox10 protein; epitope: N- 1-50-1-100 University of
terminus of Sox10 including : n- e Erlangen-Nurnberg /
high-mobility-group DNA-binding (guinea pig) Germany
domain
Sox10 polyclonal Purified bacterially expressed Guinea 1:2000 M. Wegner /
protein consisting of amino acids pig University of
181-233 and 308-400 of rat Erlangen-Nurnberg /
Sox10 (Maka et al., 2005). Germany
S100 polyclonal Purified S100 protein isolated Rabbit  1:2000 Z0311,
from cow brain DakoCytomation,
Hamburg, Germany
S100 monoclonal Purified bovine S100 protein Mouse 1:500 MABOQ79, Chemicon,
(clone 15E2E2) Hampshire, UK
GFAP polyclonal GFAP isolated from cow spinal rabbit  1:200 70334,
cord DakoCytomation,
Hamburg, Germany
GFAP monoclonal Highly enriched glial filaments Rat 1:100-1:200  13-0300, Zytomed,
(clone 2.2B10) protein from bovine spinal cord Berlin, Germany
p75NGFR NGFR from A875 melanoma Mouse undiluted DLN-09256, Dianova,
monoclonal cells (Marano et al., 1987.); Hamburg, Germany

(clone NGFR5) epitope: amino acids 1-160

* No IR in human ileum and colon.” The sequence of rat Sox10 was determined in full and deposited in
EMBL/GenBank under accession number AJ001029 (Kuhlbrodt et al 1998).

Table 4. Secondary antibodies used in human and guinea pig tissues.

Antiserum Dilution Order number Supplier
donkey anti-mouse I1gG Cy3 1:500 715 165 151 Dianova, Hamburg
donkey anti-mouse IgG Cy2 1:200 711 225 152 Dianova, Hamburg
donkey anti-mouse 1gG Cy5 1:500 715175 151 Dianova, Hamburg
donkey anti-mouse IgG AMCA 1:50 715 155 151 Dianova, Hamburg
donkey anti-rabbit IgG Cy2 1:200 711 225 152 Dianova, Hamburg
donkey anti-rabbit IgG Cy3 1:500 711165 152 Dianova, Hamburg
donkey anti-rat IgG Cy3 1:500 712165 153 Dianova, Hamburg
goat anti guinea pig 1gG Cy3 1:500 106 165 003 Dianova, Hamburg
Streptavidin Cy3 1:500 016 160 084 Dianova, Hamburg
donkey anti-sheep IgG Cy3 1:500 713 165 147 Dianova, Hamburg
donkey anti-sheep IgG Cy5 1:500 713 175 147 Dianova, Hamburg

All secondary antibodies were purchased from Dianova (Hamburg, Germany). AMCA aminomethyl-
coumarin-acetat, Cy2 carbocyanin, Cy3 indocarbocyanin, Cy5 indodicarbocyanin.
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2.1.5. Ala-Lys-AMCA labeling of enteric glial cells

Ala-Lys-AMCA dipeptide uptake in glial cells was conducted according to a previously
published protocol (Ruhl et al 2005). Briefly, dissected tissues were mounted on small
rings made of Sylgard (cf. Table S 9) and placed in a sterile culture dish and incubated
in DMEM/F12 supplemented with 10% heat-inactivated horse serum and the fluorescent
dipeptide Ala-Lys-AMCA in a final concentration of 25 yM (human) or 5 uM (guinea pig).
Culture dishes were placed on a gently rocking horizontal shaker (self made) in a
humidified incubator (37 °C; 5 % CO2) for 4-8 hrs (human) or 3 hrs (guinea pig).
Incubations were stopped by repeated washings with ice-cold PBS. Tissues were
subsequently fixed and thereafter washed as described above. AMCA-labeled
preparations were either immediately mounted and the presence of AMCA-fluorescence
was assessed by epifluorescence microscopy, or the preparations were further

processed for multiple labeling immunohistochemistry.

2.1.6. Validation of the enteric glial cell marker Sox8/9/10

Whole-mount preparations of MP and SMP from ileum and colon were labeled with
antibodies directed against the calcium binding protein S100b, glial fibrillary acidic
protein (GFAP), the low affinity nerve growth factor receptor p75 (p75NGFR) and an
antibody (Ab) directed against the transcription factors Sox8, 9 and 10 (Sox8/9/10). The
latter Ab was generated by one of the authors (Paratore et al 2001, Schmidt et al 2003).
Neuronal counterstaining was performed with neuron-specific antibodies, namely anti-
HuC/D, anti-neuron specific enolase (NSE), and/or anti-protein gene product 9.5 (PGP
9.5), yielding double- or triple-labeled preparations. In this series, all preparations were
evaluated; tissues which were damaged at the dissection or staining process or tissues
with insufficient immunostaining were rejected for further assessments. Ala-Lys-AMCA
labeled tissues were double-labeled with the anti-Sox8/9/10 Ab.

2.1.7. Morphometric analysis

Quantitative analyses were carried out in tissues that were double-labeled with anti-
NSE plus anti-Sox8/9/10 antibodies. From random areas of all human whole-mounts, at
least 20 ganglia in the SMP and 10 in the MP were photomicrographed at a
magnification of x20. Each field of view was focused separately and documented with a
Cy2 followed by a Cy3 filter. False-colored pictures were adjusted for contrast and

brightness prior to overlay and quantification.
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For guinea pig tissues (SMP and MP) 6-12 photomicrographs were taken from adjacent
sites containing at least 20 ganglia at a magnification of x10. The resulting images were
processed as described above and merged by multiple image alignment to provide an
overview which was used for quantification. The required number of pictures was

dependent on size and shape of the individual ganglia.

ENS components that were quantitatively assessed

Glial cells (number and nuclear area) were identified by their clearly discernible
Sox8/9/10 positive nuclei. All glial cells within the area of randomly selected ganglia
(see above) were counted and expressed as glial cells/ganglion. Glial nuclear area was
compared between SMP and MP of identical regions from the same patients or animals.
Neuronal cell numbers were determined by counting all NSE-positive perikarya in
randomly selected ganglia and expressed as neuronal cells/ganglion.

Ganglionic area was determined in ganglia which were defined as coherent clusters of
at least 2 NSE-positive neurons at the junctions and branching points of primary and
secondary nerve fiber strands, respectively. Isolated and disseminated neurons lying on
nerve fiber strands were disregarded as proposed by Wedel and co-workers (Wedel et
al 1999). Ganglia were defined as 2 separate entities if their borders were separated by
a gap of at least two neurons in width. Cavities of the size of at least one single
neuronal cell body within the ganglia were subtracted from the computed ganglionic
area. Glial cell density in the ganglia was calculated from glial cell numbers and
ganglionic area.

Extraganglionic area was automatically integrated from delineated primary and
secondary nerve strands in the MP (cf. Figure 15). Glial cell density in the
extraganglionic areas was calculated by counting all glial cells in the extraganglionic
area adjacent to at least 10 ganglia, and expressed per proportionate nerve strands of
one ganglion.

Quantification of glial cell numbers in SMP nerve strands could technically not be
performed: Most SMP nerve strands became seriously damaged during the preparation
procedure and undamaged ones could not be satisfactorily photomicrographed in a
single plane of focus.

The parameters “neurons per ganglionic area”, “glial cells per ganglionic area”,
“glial cells per nerve strand area” and the glia index, i.e. ratio of EGC:neurons, were
derived from the primary measures described above. Since tissue stretch can influence
surface area, calculated cell numbers per surface area are biased. Therefore, multiple

normalization methods (i.e., cells per ganglion and cells per ganglionic area) were used
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to eliminate the effects of the pre-fixation stretching procedures and thus render present
results more robust (Karaosmanoglu et al 1996, Parr & Sharkey 1997). In addition,
previous reports have suggested that normalization can also help to correct for possible
age-dependent changes in the tissue area (Gabella 1989, Hanani et al 2004, Johnson
et al 1998, Phillips & Powley 2001, Phillips et al 2004b).

2.1.8. Statistical analysis of morphological studies

Mean scores for each gut region and plexus layer were computed using the medians of
each tissue. Two-way analyses of variance (ANOVA) with Holm-Sidak tests for all
pairwise multiple comparisons were performed separately for human and guinea pig to
determine differences between gut regions and plexus layers. For species differences,
unpaired Student’s t-test was used to analyze the MP and one-way ANOVA with the
Holm-Sidak method to compare all human SMP to guinea pig SMP. For the analysis of
glial density and absolute EGC numbers in the ganglionic and extraganglionic area of
the MP and gut regions of man and guinea pig, two-way ANOVA with Holm-Sidak in
order to test which group(s) differed from the others were used. Differences of glial
nuclear area were determined using two-way ANOVA with Holm-Sidak with the factors
plexus layer and species.

Whole-mount preparations of all resected regions from CD patients could not always be
obtained. Thus, data of each region were pooled and used for further testing. ANOVA
with Holm-Sidak tests for all pairwise multiple comparisons was applied to detect if
parameters from CD (proximal and distal resection margins, inflamed area) and controls
(ileum, ascending colon) differed. Student’s t-test was used to explore region specificity
of control tissue variables.

Pearson’s correlation was applied to test if age had any influence on glial and neuronal
cell numbers, ganglionic area, glial and neuronal density in ganglia or the glia index in
human specimens. This test was also conducted with data from patients with CD.
Student’s t-test was utilized to explore gender differences of all parameters obtained
from human specimen.

The non-parametric tests ANOVA on ranks with Dunn’s method and Mann-Whitney rank
sum test was used for non-normally distributed mean scores. Data are visualized as box
plots with medians and interquartile ranges. A level of probability p<0.05 was
considered statistically significant for all analyses. Statistical analyses were performed
using the SigmaStat 3.1 software; graphs were created with SigmaPlot 9.01 (Systat
Software, Erkrath).
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2.2. Coculture experiments (in vitro Studies)

A prerequisite to allow for the direct biochemical and molecular analysis of EGC — which
are tightly intermingled with several other cell types in the intestinal wall - was the
availability of isolated and purified cultures of EGC. A method developed previously to
isolate rodent EGC (Ruhl et al 2001c) was adopted to the human enteric nervous
system. Afterwards, interactions of glial cells and epithelial cells as important players of

the microenvironment can be assessed using a novel co-culture system.

2.2.1. Isolation of human enteric glial cells

Subjects and tissue specimen

Human ileal and colonic tissue samples were obtained from 21 adult patients (11
females, 10 males) with a median age of 65 yrs (range: 40-89 yrs) undergoing surgery
in the Department of Surgery at the Medical Clinic in Freising (cf. Table S 11).
Indications for intestinal resections were: colorectal carcinoma (13), diverticulitis (4),
multiple colonic polyps (2), benign stenosis of the sigmoid colon (1), and gastric
carcinoma (1). Immediately after resection, tissue specimens were placed into sterile,
ice-cold, oxygenated (95 % O3, 5 % COg; pH 7.4) Krebs solution (composed of [mmol/1]:
NaCl, 117; KCI, 4.7; MgCl,, 1.2, NaH,PO4, 1.2, NaHCOs3, 25; CaCl,, 2.5; and glucose,
11.5) supplemented with 1 % (v/v) antibiotic-antimycotic solution (containing 100 U/ml
penicillin, 100 ug/ml streptomycin, and 250 ng/ml amphotericin B) (cf. Table S 8).
Tissue samples were rapidly transported from the operating room to the laboratory
where they were further processed. The tissues used for human glial cell isolation
comprised only macroscopically normal intestinal segments from uninvolved resection
margins. One specimen of jejunum, 6 of ileum, 4 of transverse colon, 4 of descending
colon, and 6 of sigmoid colon were examined (cf. Table S 10). Informed consent was
obtained from all patients, and the study was approved by the Ethics Committee of the

Technical University of Munich (project 1071/04).

The isolation of human enteric glial cells was conducted in a as sterile as possible
manner using sterile dissection forceps (Fine Science Tools, Heidelberg), sterile
dissection scissors (Fine Science Tools, Heidelberg), and Sylgard-coated (cf. Table S 9)
glass dissection dishes (Schott, Mainz) prepared with @ 0.2 mm insect pins (Fine
Science Tools, Heidelberg) that had been sterilized by dry heat for 2 hours at 180 °C.

Sterile, ice-cold, oxygenated Krebs’ solution supplemented with 1 % (v/v) antibiotic-
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antimycotic solution was used throughout the dissection procedure and was changed
every 10 min to ensure tissue viability and to minimize microbial growth. Sterile surgical
gloves (Gammex PF; Ansell, Brussels, Belgium), a surgeon-face mask (BEEM-Visma
Plus; B Braun, Melsungen) and a clean lab coat was worn to minimize external
contamination of the tissue.

For cell isolation, all dissection steps are performed according to the description above
(cf. 2.1.2) until the muscle layer containing the MP and the submucous plexus (SMP)
layer are separated. In this case the submucosa and adherent mucosa were removed
from the dish and the muscle layer was pinned flat in the dissection dish under maximal
stretch with the serosal side up. Adherent visceral fat and connective tissue was
removed and discarded. A piece of 2 x 3 cm was cut out of the MP layer and serosa
and some of the longitudinal muscle layer were carefully dissected off using fine
dissection instruments (11252-20; 15396-02; Fine Science Tools, Heidelberg) and
discarded. The myenteric plexus is more tightly attached to the longitudinal muscle layer
than to the circular muscle and was peeled off with the remaining longitudinal muscle
strips. The muscle strips with adherent myenteric plexus were cut into pieces of about
5 mm? and put into 15 ml tubes (188271; Greiner Bio-One, Frickenhausen) containing
10 ml of dissociation solution on ice (cf. Table S 8). For the isolation of glial cells from
the SMP, the mucosa was peeled off from a 2 x 3 cm piece of the SMP layer separated
as described above. For this procedure, the tissue was mounted in a dissection dish
under maximal stretch. After removal of the mucosa with fine forceps (11252-20; Fine
Science Tools, Heidelberg), the SMP layer was cut into pieces of about 5 mm? and put
into 15 ml tubes (188271; Greiner Bio-One, Frickenhausen) containing 10 ml of

dissociation solution on ice (cf. Table S 8).

The pieces of tissue were digested for 30-45 min in a shaking water bath (1083; GFL -
Gesellschaft flr Labortechnik, Burgwedel) at 37 °C in Hanks Balanced Salt Solution
(HBSS) (pH 7.4) containing 2350 mg/l HEPES, 2500 mg/l collagenase (type IA),
2000 mg/l protease (type IX derived from Bacillus polymyxa), 25 mg/l
deoxyribonucelase | (DN-25), and 300 mg/lI bovine serum albumin (fraction V) (modified
from (Yau et al 1989)). After removal of the enzyme solution by two centrifugation steps
(250 x g at 4 °C for 2 min and 5 min, respectively), the cells were seeded in three
25 cm? tissue culture flasks (Nunc, Wiesbaden) each containing 3 ml of DMEM/F12
supplemented with 20 % (v/v) heat-inactivated FBS, 2 % (v/v) AA (containing 100 U/ml
penicillin, 100 pg/ml streptomycin, and 250 ng/ml amphotericin B), and additionally 1 %
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(v/v) amphotericin B (2.5 mg/l). The cells were maintained in culture at 37 °C in a
humidified 5 % CO; air atmosphere. Cell culture medium was changed 24 to 48 hours
after seeding depending on how many cells had settled down on the bottom of the
culture vessel, and then 3-4 times a week. In the first week, the antimitotic agent AraC
(Sigma-Aldrich, Steinheim) was additionally added at a concentration of 10 umol/l. At
the beginning of the second week, the amphotericin B was omitted, and AA was
reduced to 1 % (v/v) from the third week onwards. To stimulate glial cell growth, culture
medium was supplemented with 1 ymol/l of forskolin (Sigma-Aldrich, Steinheim) and
500 pug/ml of BPE (Linaris, Wertheim) after removal of AraC based on the published
potential of this treatment to stimulate the growth of Schwann cell in tissue culture
(Jessen & Mirsky 1991, Raff et al 1978). Additionally, well growing cultures were used
to generate glia-conditioned culture medium: culture medium was incubated with those
cells for 4-8 hours after the medium change every other day, then taken off, filtered
(0.2 ym; Sartorius, Goéttingen) and used for slow growing cultures (Takahashi & Okada
1970).

2.2.2. Isolation of rat enteric glial cells

Enteric glial cells used in this study were generated as previously described (Ruhl et al
2001c). Briefly, the entire jejunum was removed from adult rats under sterile conditions,
cut into 4-6 cm segments, which were opened along the mesentery and pinned with the
serosal side up. The MP with the longitudinal muscle layer was peeled off from the
circular muscle using dissection forceps, cut into about 5 mm? pieces and placed in
Dulbecco’s modified Eagle’s medium (DMEM) containing 6 U/ml of dispase at 37 °C for
30-60 min. Dissociated cells were seeded into 75 cm? flasks and maintained in DMEM
supplemented with 10% FBS, 1% AA solution, and the antimitotic agent AraC at a
concentration of 10 ymol /I. After 2 weeks, Ara was replaced with BPE (500 pg/ml) and
forskolin (1 pmol/l) (Jessen & Mirsky 1991, Raff et al 1978).

2.2.3. Complement lysis of enteric glial cells

After 3-4 weeks, depending on seeding density and growth rate of the primary cell
cultures, antibody-mediated complement-lysis was used to eliminate faster growing
fibroblasts from the primary cultures following a protocol initially described by Brockes
(Brockes et al 1979). The cells were detached from the tissue culture flask with

trypsin/EDTA, centrifuged (see 2.2.6) and the cell pellet in the 15 ml centrifugation tube
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(188271; Greiner Bio-One, Frickenhausen) was mixed with 1 ml of a 1:1000 dilution of a
monoclonal mouse anti-human CD90 antibody (Thy-1.1; BD Biosciences, Heidelberg).

For each 10° cells 1 pl of anti-human CD90 antibody was used. If rat cultures were
purified, mouse-anti-rat Thy-1.1 diluted in culture medium was used. For most of the
cases, 2 ml of the antibody dilution was sufficient. The mixture was thoroughly triturated
several times using a 1 ml syringe (Dispomed Witt, Gelnhausen) with a 20-gage needle
(Heiland Medical, Wien, Austria) to break up cell clots and facilitate access of the
antibody to its epitope. The suspended cells were incubated with the antibody for
30 min at 37 °C in a shaking water bath (1083; GFL - Gesellschaft flir Labortechnik,
Burgwedel). CD90 is a glycophosphatidylinositol anchored conserved cell surface
protein found on fibroblasts, which therefore can be specifically tagged with an antibody
directed against this surface marker. After 30 min of incubation, 200 pl of guinea pig
complement (Cedarlane, Harnby, Canada) (cf. Table S 8) was added per pl of the anti-
human CD90 dilution. The antibody tagged cells can be lysed by binding of complement
and the subsequent initiation of cell lysis. The mixture was shaken for another 20 min at
37 °C. Then, excessive antibody and guinea pig complement were removed by
centrifugation (250 x g for 5 min at 4 °C), and the cells were resuspended in culture
medium supplemented with forskolin plus BPE and seeded in 25 cm? or 75 cm? flasks,
depending on cell density. The cells were incubated at 37 °C in a humidified 5 % CO
air atmosphere and culture medium was changed 24 hours after complement lysis.
When the cultures had once again grown to confluence, the supplements were omitted

from the culture medium.

2.2.4. Assessment of enteric glial cell culture purity

Immunocytochemistry and morphology

Primary EGC cultures were morphologically and immunohistochemically characterized.
Morphological assessment was performed with a phase-contrast microscope (DM IL;
Leica Microsystems, Wetzlar). Identification and confirmation of the homogeneity of
EGC cultures were performed with polyclonal antibodies against the cytoskeleton
intermediate-filament protein GFAP (Z0334; DakoCytomation, Hamburg), the calcium
binding protein S100b (Z0311; DakoCytomation, Hamburg), the nuclear stain Hoechst
33258 (861405; Sigma-Aldrich, Steinheim), and the transcription factors Sox8/9/10
(generous gift from M. Wegner; University of Erlangen-Nurnberg, Erlangen; cf. Table 3).
For immunohistochemistry, cells at 80-90 % confluence were suspended with

trypsin/EDTA and seeded on 24 x 24 mm cover slips (Menzel-Glaser, Braunschweig)
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placed in sterile tissue culture dishes (&d 60 mm; Greiner Bio-One, Frickenhausen) at a
density of 10,000 cells per cm?. The cells were maintained in culture for 24-72 hours
until they reached subconfluence which was depending on growth rate. Within this
period of time, culture medium was changed only 24 hours after seeding. The culture
medium was carefully removed after the proliferation period, and the cells were rinsed
with prewarmed PBS (cf. Table S 8) and fixed with -20 °C methanol (Mallinckrodt Baker,
Griesheim) for 30 min. The following immunohistochemical staining procedure was
done under constant agitation on a wave shaker (Polymax 1040; Heidolph Instruments,
Schwabach) at room temperature. After three 10 min washing steps with PBS (4 °C),
500 ul of blocking solution (cf. Table S 8) were carefully trickled on the cover slip,
followed by incubation for 30 min. Then, the primary and the secondary antibodies were
applied for 2 and 1 hour, respectively, with 3 x 10 min washing steps in between. If
more than one primary or secondary antibody was used for one staining procedure,
they were mixed before use and applied simultaneously. Finally, the cover slips were
rinsed 3 x 10 min before mounting them carefully on microscopy slides (Menzel-Glaser,
Braunschweig) using fine forceps (11252-20; Fine Science Tools, Heidelberg) to grab
and turn the cover slip. A self-made anti-fading mounting solution was used (cf. Table S
8). In order to show immunoreactivity of the Sox8/9/10 antibody to be glial specific and
to demonstrate the purity of EGC cultures, Caco-2 cells and EGC were simultaneously
seeded on cover slips and stained with the herein described protocol. Note that both cell

types could make cellular contact in this type of coculture.

Metaphase spreads of EGC chromosomes

Metaphase spreads for karyotyping of rat EGC cultures were prepared to verify species
specificity and to exclude cross contamination. A well proliferating EGC culture in a
75 cm? flask was incubated for 30-60 min with 10 pl of colcemid solution (Seromed,
Berlin) per ml of medium to stop the cell cycle in the metaphase. Colcemid solution was
prepared with 10 mg of colcemid/ml H,O (Seromed Biochrom, Berlin) diluted in PBS
buffer to a final concentration of 10 pg/ml. The cells were detached from the bottom of
the flask with 4.5 ml of 0.05 % (v/v) trypsin/0.02 % (v/v) EDTA diluted in PBS and
placed in a humidified incubator (95 % CO2/5 % O3) for 5 min. The cell suspension was
transferred to a 50 ml tube and spun down for 10 min at 200 x g. The supernatant was
taken off and the cell pellet was resuspended in 10 ml of prewarmed, hypotonic 0.075 M
KCI solution and incubated in a waterbath at 37 °C for 15 min. Then 0.5 ml of fixative —
a mixture of ice-cold methanol/glacial acetic acid 3:1 (v/v) — was added to the 10 ml and

the suspension was centrifugated a second time for 10 min at 200 x g. After the
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separation, the supernatant was discarded and the pellet was carefully resuspended
with 10 ml of ice-cold fixative. The cells were fixed at -20 °C for 25 min. Afterwards, the
pellet was washed three consecutive times with 10 ml of fixative. After the final
centrifugation step, the supernatant was removed and the cells were resuspended in 2-
5 ml of fixative. The metaphase preparations were fixed on glass slides according to
the following protocol: Microscopy slides were cleaned with 70 % ethanol and
prewarmed in the humidified atmosphere of a 55 °C waterbath. The chromosome
solution was trickled on the prepared glass slides to spread the metaphase
chromosomes, and the spreading chromosomes were immediately dried at 55 °C for
1 min. After fixation, the metaphase preparations were stained with 0.2 ug/ml DAPI or
0.8 pl/ml of a 1 mmol 7-Amino-Actinomycin D (7-AAD) solution mixed with 0.2 pg/ml
DAPI, both diluted in PBS for 10 min. The preparation was washed in 4x SSC/ 0.2%
Tween-20 or PBS. Glass slides were dried and cover slips were mounted with
Vectashield (Linaris, Wertheim). Photomicrographs were acquired with a color CCD

camera connected to a phase contrast microscope Axiovert 40-C (Zeiss).

2.2.5. Intestinal epithelial cell lines

The following intestinal epithelial cell (IEC) lines were used in this project (cf. Table S 5):
Caco-2 cells were purchased from European Collection of Cell Cultures (86010202;
ECACC, Salisbury, UK). The adherent epithelial cell line Caco-2 was isolated from a
primary colonic tumor in a 72-year-old Caucasian male using the explant culture
technique. Upon reaching confluence, the human colonic adenocarcinoma cells form
polarized monolayers and express characteristics of enterocytic differentiation (Delie &
Rubas 1997, Hidalgo et al 1989, Jumarie & Malo 1991).

HT-29 cells were from American Type Culture Collection (HTB-38; Rockville, MD, USA).
The adherent epithelial cell line HT-29 was isolated in 1964 by J. Fogh from a primary
colonic tumor in a 44 year old Caucasian female using the explant culture technique
(Fogh 1975). In post-confluent HT-29 cultures, unpolarized and undifferentiated cells
make up more than 95% of the culture with a minority (<5%) of differentiated cell types,
including enterocytes and mucus secreting goblet cells (Lesuffleur et al 1990)

IEC-6 cells were purchased from European Collection of Cell Cultures (88071401;
ECACC, Salisbury, UK). The adherent epithelial cell line was isolated from rat small
intestine. The cells grow as monolayers and have a limited population doubling
capability (Quaroni et al 1979). Characteristics specific for intestinal epithelium like

microvilli and tight junctions are expressed (Quaroni et al 1979).
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T84 cells were purchased from European Collection of Cell Cultures (88021101;
ECACC; Salisbury, UK). The adherent epithelial cell line was derived from a lung
metastasis of colon carcinoma in a 72 year old male (Dharmsathaphorn et al 1984,
Murakami & Masui 1980). Cells grow to confluence as monolayers with microvilli
expressed on the apical surface and tight junctions and desmosomes between adjacent

cells (Dharmsathaphorn et al 1984).

Primary human and rat EGC and the human epithelial cell lines Caco-2, HT-29 and T84
were cultured in Dulbecco’s modified Eagle’s medium/nutrient mixture F-12 Ham
(DMEM/F12; Sigma-Aldrich, Steinheim) supplemented with 10 % (v/v) heat inactivated
fetal bovine serum (FBS; Invitrogen, Karlsruhe) and 1 % (v/v) antibiotic-antimycotic
solution (AA; CCPro, Neustadt/W.) containing 100 U/ml penicillin, 100 pg/mi
streptomycin, and 250 ng/ml amphotericin B. In the following, this is also referred to as
culture medium. The rat epithelial cell line IEC-6 was cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Biochrom, Berlin) with 4.5 g/l glucose supplemented with 10 %
(v/v) FBS and 1 % (v/v). Variations of these compositions are stated in the text. All cells
were grown in 25cm? and/or 75cm? tissue culture flasks (Greiner Bio-One,

Frickenhausen) maintained in culture at 37 °C in a humidified 5 % CO, air atmosphere.

2.2.6. Cell culture techniques

Resuscitation of frozen cells

Cell cultures which were cryopreserved in a deep freezer at -80 °C or obtained from a
culture collection, such as ECACC, were thawed in a shaking water bath (1083; GFL -
Gesellschaft fur Labortechnik, Burgwedel) at 37 °C. Only the lower half of the tube was
submerged until a small amount of ice remained in the vial. Then the tube was
immediately transferred to a class Il biological safety cabinet (Holten Lamin Air S 2010,
type 1.2; Heto-Holten, Allergd, Denmark). The cells were pipetted into a 15 ml
centrifuge tube (Greiner Bio-One, Frickenhausen) prepared with 5 ml of pre-warmed
(37 °C) culture medium using a 5 ml serological pipette. DMSO is a toxic component of
freezing medium (cf. Table S 8) which is diluted by this procedure. The tube with the
cells was then centrifugated with 250 x g for 5min at 4°C (Z 513 K; Hermle
Labortechnik, Wehingen). Afterwards, the supernatant was carefully sucked off with a
glass Pasteur pipette (Brand, Wertheim) attached to a vacuum pump (KNF Neuberger,
Freiburg), and the cell pellet was carefully resuspended in 3 ml pre-warmed culture

medium. The cell suspension was transferred into a 25 cm? cell culture flask (Greiner
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Bio-One, Frickenhausen) and cultured at 37 °C in a humidified CO; incubator (Binder,
Tuttlingen) with a 5 % CO, atmosphere. After 24 hours, the cells were examined with a
phase contrast microscope (DM IL; Leica Microsystems, Wetzlar) and subcultured as

necessary.

Subculture of adherent cells

The cells were examined daily and always prior to subcultivation with a phase contrast
microscope (DM IL; Leica Microsystems, Wetzlar) to check the general appearance of
the culture and to look for signs of microbial contamination. When cells reached 80% to
90% confluency, they were subcultured using enzymatic dissociation. Culture medium
was removed from 25cm? (or 75cm?) cell culture flasks (Greiner Bio-One,
Frickenhausen), and the cells were gently rinsed with prewarmed sterile PBS (cf. Table
S 8) using a volume equivalent to half the volume of culture medium. The wash solution
was then removed and discarded. Trypsin 10x or trypsin/EDTA 10x (CCPro,
Neustadt/W.) was diluted with deionized H,O (NANOpure Diamond; Barnstead Int.,
Dubuque, 1A, USA) to 1x and pipetted onto the washed cells using 1 ml per 25 cm? of
surface area. The flask was carefully rotated to cover the monolayer with trypsin
(0.25 %) or trypsin (0.05%)/EDTA (0.02 %) and placed in the incubator for 2 to 10 min
depending on the type of cell culture. After the incubation period, the flasks were gently
rocked under microscopic control or tapped on the side of the flask to ensure that all
cells were detached and floating. The enzymatic dissociation was immediately stopped
by addition of 1 ml (or 3 ml) fresh culture medium supplemented with 10 % (v/v) FBS to
inactivate the trypsin. The cells were vigorously washed from the bottom of the cell
culture vessel with a serological pipette and transferred into a 15 ml centrifuge tube
(Greiner Bio-One, Frickenhausen). At this point, an aliquot of 100 ul was transferred into
a 0.5 ul tube and a cell count was performed if necessary. The enzymatic dissociation
solution was separated from the remaining cell suspension by centrifugation (250 x g for
5min at 4°C) and removal of the supernatant. Subsequently, the cells were
resuspended in pre-warmed culture medium and the required number of cells was
seeded in new labeled 25cm? (or 75cm?) cell culture flasks (Greiner Bio-One,
Frickenhausen) containing pre-warmed medium. Alternatively, the cell suspension was
split among a number of culture vessels of equivalent surface area with a ratio of 1:2 to
1:10 depending on the growth characteristics of the cell culture. The culture vessels
contained a final volume of about 0.2 ml per square centimeter of growth area. The cells

were maintained in culture at 37 °C in a humidified 5 % CO, atmosphere. Culture
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medium was changed 24 hours after seeding and then three times a week in the

following period until they again reached 80 % to 90 % confluency.

Cell Quantification

In order to use defined cell numbers for coculture experiments, cryopreservation and
subculture, it was necessary to quantify the number of cells prior to use. An adherent
cell culture was brought into suspension using trypsin/EDTA as described above and
resuspended in fresh medium. A hemacytometer (Sigma-Aldrich, Steinheim) was
cleaned with 70 % ethanol. The coverslip was moistened by breathing onto it and then
slid over the counting chamber back and forth using slight pressure until Newton’s
refractions rings appeared. 20 ul of a 100 pl aliquot taken from the cell suspension was
carefully filled into both sides of the hemacytometer. The number of viable cells which
were seen as bright dots was counted under a phase contrast microscope (DM IL; Leica
Microsystems, Wetzlar). In detail, all viable cells in the 1 mm center square and the four
1 mm corner squares were counted and an average value was calculated. Only cells on
top and right touching the middle line of the perimeter of each square were included in
the cell counts. The number of viable cells per ml and the total cell number were

calculated using the equations below:

Cells per ml = (average count per 1 mm square) x 10* (chamber conversion factor)
Total cell number = (cells per ml) x (original or predilution volume)

The chamber conversion factor of 10* was derived from the total volume of chamber
square: since each 1 mm square had a depth of 0.1 mm, the total volume was 0.1 mm?®

or 10 mm?3.

Cryopreservation of Cells

Cryogenic preservation was used to maintain backups and preserve cells for
experiments to start with always identical passage numbers, which is an important
indicator for the age of a cell culture. Passage number refers to the number of times the
cells have been subcultured; ideally taking 1:2 splits into account.

Cells which had to be frozen were detached from the cell culture flask when they had
reached 80 % to 90 % confluency using enzymatic dissociation, and a cell count was
performed. After the dissociation solution has been removed by a centrifugation step,
the supernatant was discarded and the cell pellet at the bottom of the tube was
resuspended in a calculated volume of freezing medium (DMEM/F12 containing 20 %
(v/v) FBS and 10 % (v/v) DMSO; cf. Table S 8). A final concentration of 1-2x10° cells

per ml was obtained. Aliquots of 1 ml of the cell suspension were pipetted into 2 ml cryo
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tubes (Greiner Bio-One, Frickenhausen) that had been labeled with cell culture name,
passage number, cell concentration and date. DMSO is an often used, but at room
temperature toxic component of freezing medium. All procedures involving DMSO were
performed quickly and on ice to minimize toxic effects and ensure cell viability. The cells
were stored at -80°C in a deep freezer (GFL - Gesellschaft fur Labortechnik,
Burgwedel) and the location was databased using the BOXIT software (BOXIT
LabSoftware, version 2.0; www.boxit-labstorage.de).

2.2.7. Coculture procedures

A cell culture system consisting of EGC cocultured with IEC was utilized to identify the
interactions between both cell types. Using the Transwell® system, IEC and EGC can
be assessed in coculture without making direct cell contact (Figure 5), whereas both cell
types could make direct cell contact when cultured on coverslips (see above 2.2.4). For
coculture experiments rat EGC were used which were generated by the method
described above (cf. 2.2.2) (Ruhl et al 2001c¢).

Appropriate intestinal epithelial cell lines for the coculture system were selected in
preliminary experiments based on growth characteristics, culture conditions and
absolute transepithelial electrical resistance (TER) values of mature monolayers.
Therefore, all IEC lines were grown on permeabile filter supports to assess and compare
their growth characteristics and properties as well as their suitability for coculture
experiments (Transwell®, Coring Int., Corning, NY, USA). The formation of functional
epithelial monolayers was monitored by measuring TER with a voltohmmeter (Millicell-
ERS, Millipore, Eschborn).

The selected epithelial cell line T84 originates from human colon carcinoma and grows
as polarized monolayers (Dharmsathaphorn et al 1984). It is an established model
system for the analysis of the (patho-)-physiology of intestinal epithelial cells (Hidalgo et
al 1989, Madara et al 1987).

T84 were seeded in the basolateral compartment of Transwell® filter supports (polyester
membrane, 0.4 ym pore size) in 12-well plates at a density of 50,000 cells/insert as a
monoculture or in coculture with EGC at a density of 20,000 or 40,000 cells/insert in the

basolateral compartment. A scheme of the Transwell® system is given in Figure 5.
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— Transwell® insert

Apical compartment
— Intestinal epithelial cells (IEC)

— Membrane; pore size 0.4 um

— Basolateral compartment

® © © © © ® @ ©O«— Enteric glial cells (EGC)

Figure 5. Scheme of Transwell® Systems. Intestinal epithelial cells (IEC) are cultured in the apical
compartment on a porous membrane and enteric glial cells (EGC) in the basolateral compartment on the
bottom of the well. The scheme shows only one out of six or twelve wells of the microplates used in this
study.

The upper and the lower compartments contained 1.5 and 0.8 ml of culture medium,
respectively. Medium was changed every other day. To simulate inflammatory
conditions, mature IEC in the presence or absence of EGC were treated for 24 h with
the proinflammatory cytokines TNFa (1, 10, 100 ng/ml), IL-13 (1, 10, 100 ng/ml), IFNy
(10 ng/ml) or IL-13 (10 ng/ml) (all from R&D Systems, Wiesbaden). Subsequently, the
integrity of IEC monolayers was determined by assessing the transepithelial electrical
resistance (TER; for details of the method, see below) over a period of 48hrs after
cytokine treatment (Figure 7).

Additionally, one series with TNFa (10 ng/ml) treatment was repeated with an antibody
against glial cell line-derived neurotrophic factor (GDNF). Anti-GDNF (R&D Systems,
Wiesbaden) was added to the culture medium at a concentration of 50 mg/ml 48 hrs
prior to the assessment of the basal TER (cf. Figure 7) for both groups cocultured from
day -2 on and a second time to all groups at day 0 with the TNFa treatment. A parallel
experiment with only the TNFa treatment served as control.

In another series of experiments, RNA extracts were collected from EGC grown either
alone or in coculture with T84 cells after treatment with TNFa and IL-13 in various
concentrations for 24 h. RNA was extracted only from EGC right after the end of the

cytokine treatment.
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2.2.8. Measurement of TER and permeability

The transepithelial electrical resistance (TER) of the filter-grown intestinal epithelial cell
(IEC) monolayers was measured using a Millicel-ERS voltohmmeter (Millipore,
Eschborn). The electrodes were soaked in 12 ml of 80 % ethanol for 15 min in a 15 ml
centrifuge tube, dried for 30 sec in the safety cabinet and equilibrated with 7 ml of
DMEM/F12 for another 15 min prior to use. Cell culture medium was changed and the
cells were incubated for 1 h under normal conditions (37 °C, 5% CO,) to exclude effects
which originate from equilibration of fresh culture medium. The measurement of TER
was performed at 37°C on a thermal plate heated by water circulation (both self-made)
to avoid alteration in resistance due to temperature changes (Cereijido et al 1983,
Matter & Balda 2003). Each Transwell® insert was measured three consecutive times at
different positions and the mean value was used for subsequent calculations. TER

value was calculated using the following equation:

TER (Q cm2) = (Rcell monolayer = Riiter wio cells) XA (Q sz)

where Rcell monolayer iS the resistance measured, Riiter wio cells iS the resistance of control
filters without cells (~110 Q) and A is the surface of Transwell® insert (1.12 cm?).
Additionally, cell layer integrity was visually controlled with an inverted phase contrast
microscope (Leica DM IL, Leica Microsystems, Wetzlar).

Because TER reflects the epithelial barrier to the flux of ions only, transepithelial
macromolecular flux was assessed employing the fluorescent tracers fluorescein
sulfonic acid (FSA; MW 478) and fluorescein dextran (FD; MW 70,000) (Sanders et al
1995). Before each measurement, cell culture medium in the Transwell® system was
replaced by DMEM/F12 in the basolateral compartment and DMEM/F12 supplemented
with FSA (0.1 mg/ml) or FD (1 mg/ml) in the apical part. Working solutions were diluted
from stock solutions of 10 mg FSA or FD per ml DMEM/F12. After a 2 h incubation
period (37°C, 5% CO;), three 100 yl samples were taken from the basolateral
compartment of each well, transferred in a 96-well microplate (655180; Greiner Bio-
One, Frickenhausen) and analyzed in duplicate with a fluorescence microplate reader
(Varioskan; Thermo Electron Corporation, Dreieich). To exclude interference of the cell
culture medium used with the relative fluorescence of the macromolecular markers and
to identify the appropriate marker concentration, standard concentration curves were
established. For this, the markers were dissolved in HBSS, H,O or DMEM/F12, and a

dilution series was generated.
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Since the cell culture medium (DMEM/F12) was not autoflorescent, it was used for the

coculture experiments. Culture medium was changed after each measurement.

Experimental protocol

IEC monolayers were cultured alone or in combination with EGC in the basolateral

compartment according to the protocol given in the schematic below (Figure 6A).
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Figure 6. Schematic and flow of coculture experiments. (A) Flow chart of the experimental protocol
for the coculture of intestinal epithelial cells (IEC) and enteric glial cells (EGC). (B) Layout of the 12 well
plates at the start and end of the experiment. (C) Layout of the 12 well plates at the end of the cytokine

treatment.
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For this experimental series, various IEC cell lines (T84, Caco-2, HT-29, IEC-6) and
EGC (PK 29/6) grown to 75 % confluence were used at the beginning of the
experiment. The Transwell® inserts were incubated with cell culture medium for 2 h to
equilibrate the membrane before the resistance of control filters without cells was
measured (=basal TER). Culture medium (DMEM/F12 + 10 % FBS + 1 % AA) was
changed daily, after each TER measurement. Cell seeding densities were 50,000 IEC
cells/insert and 20,000 EGC/well (Figure 6B). A sterile forceps was used to transfer
membrane inserts had to be transferred from a Transwell® plate to a microplate and
back. On days 1, 8 and 22, basal TER was measured one hour after transferring IEC
inserts into EGC containing wells to allow for equilibration of the newly added cell

culture medium.

2.2.9. Experimental protocol for cytokine treatment

IEC monolayers alone or in coculture with EGC were treated with proinflammatory
cytokines such as TNFa, IL-1B, IL-13 and IFNy to mimic inflammatory conditions in the
experiments. A schematic of the Transwell® layout at the end of the experimental period

with the maximum of 8 different groups is given in Figure 6C.

+EGC IEC + EGC
IEC IEC
e »1treated IEC
I EGC

jtreated |EC + EGC
#=f {reated |IEC + treated EGC

IEC +EGC (IEC + EGCY
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Figure 7. Time schedule for the coculture of intestinal epithelial cells (IEC) and enteric glial cells
(EGC) under experimental inflammatory conditions. Cells were treated with different cytokines for
24 h (TNFa is exemplary shown). A maximum of eight different groups was analyzed. *Brackets indicate
cells cocultured prior to experiment.
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For these experiments, only T84 cells were used, because of their relative higher TER
values compared to all other epithelial cell lines used (cf. results 3.2.2). This allows
detecting also small differences in TER in more detail.

IEC (T84) and EGC (PK 29/6) grown to 75 % confluence were used at the beginning of
the experiment. T84 cells were seeded at a density of 50,000 cells/insert 14 days prior
to measurement of the basal value at day 0 (Figure 7). Culture medium was changed
every other day. EGC were grown for 3 days prior to day 0 at a density of 40,000
cells/well. Some IEC inserts were put together with EGC at day -2 according to the time
schedule shown in Figure 7.

After the measurement of the basal TER value (day 0), the medium was replaced by
cell culture medium supplemented with a cytokine (TNFa, IL-1B, IFNy or IL-13), and
cultures were incubated for further 24 hrs. After the incubation period on day 1, culture
medium was changed to remove the cytokine, and some IEC were transferred into EGC
wells according to the protocol (Figure 7). TER values were re-assessed 1 h thereafter.

Macromolecular fluxes were measured right after TER measurements on days 1 and 3.

2.3. Molecular experiments (in vitro Studies)

Alterations of TER values of IEC monolayers may be mediated by glial synthesis and
release of small molecules, because EGC do not make direct cell contact. Therefore,
EGC cultured with or without IEC were employed and incubated with the
proinfammatory cytokines IL-1B and TNF-a to mimic inflammatory conditions. To
analyze factors potentially responsible for glial-induced alterations of TER values in the

Transwell® system, RNA from EGC were extracted and quantified.

2.3.1. RNA extraction and RT-PCR

Total RNA was extracted from EGC cultured in 12-well plates using the FastRNA® Pro
Green Kit (Qbiogene, Carlsbad, CA, USA) and the FastPrep® Instrument FP120
(Qbiogene, Carlsbad, CA, USA). Briefly, after homogenization with the FastPrep®
Instrument, the RNA is purified and isolated by chloroform extraction and ethanol
precipitation. In detail, cell cultures were rinsed with PBS and the 12-well plates were
put on ice. Into each single well 1 ml RNApro™ Solution was pipetted to detach the
cells before the suspension was transferred to green-cap tubes™ containing Lysing
Matrix D™ and processed in the FastPrep® Instrument for 40 s at a setting of 4.0 to

release total cellular RNA, DNA and proteins.
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Afterwards, the tubes were centrifuged at 12,000 x g at 4 °C for 5 min (Microliter
centrifuge, 5415 C, Eppendorf, Hamburg, placed in a cold storage) and the liquid
supernatant (~750 pl) was carefully transferred into new 1.5 ml microcentrifuge tubes
(Eppendorf, Hamburg). The samples were incubated at room temperature for 5 min to
increase the RNA yield. To each tube 300 ul of chloroform (Mallinckrodt Baker,
Griesheim) was added before they were vortexed for 10 s and incubated at room
temperature for 5 min to permit nucleoprotein dissociation and increase RNA purity.
Subsequently, the tubes were centrifuged at 12,000 x g at 4 °C for 5 min and the upper
phases were transferred into fresh microcentrifuge tubes without disturbing the white
interphases. Five hundred pl of -20 °C absolute ethanol (Mallinckrodt Baker, Griesheim)
were then added into every tube, mixed by inversion (5x) and stored at -20 °C for
30 min. A final centrifugation step (12,000 x g at 4 °C for 15 min) was carried out to
remove the supernatant. The resulting pellets were carefully washed with 75 % ethanol
prepared with DEPC-treated water, the ethanol was decanted and the RNA pellets were
air dried at room temperature. Finally, the RNA was resuspended in 100 ul DEPC-H,O
and incubated for 5min at room temperature before determination of RNA
concentration and storage.

To quantify the amount of total RNA extracted, optical density (OD) was determined in
duplicate of 1:50 dilutions of the final RNA preparation at 260 nm using a UV
spectrophotometer (GeneQuant pro, Biochrom, Cambridge, UK). RNA integrity was
determined by the OD260/0D280 absorption ratio. Total RNA was stored at -80 °C until
analysis.

Real time polymerase chain reaction (RT-PCR) was performed by a one-step method
using SuperScript™ |l Platinum® SYBR® Green One-Step qRT-PCR Kit (Invitrogen,
Karlsruhe). Total RNA was transcribed and amplified from 190 ng total RNA. The
reaction was performed in 10pul with 0.5yl SuperScript™ Ill Reverse
Transcriptase/Platinum® Tagq DNA polymerase Mix, 5 pl 2X SYBR® Green Reaction Mix,
0.5 pl forward primer (100pmol) and 0.5 pl reverse primer (100 pmol). A Rotor-Gene™
3000 Real Time Thermal Cycler (Corbett Research, Sidney, Australia) was used for all
RT-PCR experiments. The reverse transcription step was performed at 55 °C for 10 min
followed by a denaturation step at 95 °C for 5 min. Amplification was carried out for 40
cycles of 95 °C for 15 s; 60 °C for 30 s; and 68 °C for 20 s. Amplified RT-PCR products
underwent a melting curve analysis to specify the integrity of amplification and finally a

cooling step was performed.
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The threshold cycle (Ct) values were acquired by the ‘second derivate maximum
method’ of the rotor-gene software, version 6 (Corbett Research, Sidney, Australia).
The Cr is defined as the fractional cycle number at which the amount of amplified target
reaches a defined threshold (Livak & Schmittgen 2001). The Cy indicates the transition
from background (“noise”) to the exponential phase of the amplification curve. At this

point, there are identical amounts of newly synthesized DNA in each reaction tube.

2.3.2. Normalization and quantification of RT-PCR data

A relative gene expression analysis was performed using the delta delta Ct (2724T)

method (Livak & Schmittgen 2001). The Cy values of target gene expression were
normalized to the mean Cr derived from the reference or house-keeping genes actin
beta (ACTB) and histone 3 (HIS3H3) described by the following equation:

ACt = Cy (target gene) - Ct (mean reference genes).

Each ACt value was normalized per target gene. For this, the mean expression Crt of

the control group was used:

AACt = ACry (cytokine treated EGC) - mean AC+ (control group).

Positive AACt values represent a down-regulation and negative AACy values an up-

regulation of target gene expression.

2.3.3. DNA gel electrophoresis

RT-PCR product specificity was verified by agarose gel electrophoresis (Sambrook et al
1989). Briefly, to get a 2 % agarose gel 0.66 g of agarose (UltraPure™, 15510027;
Invitrogen, Karlsruhe) were added to 33 ml 1x TAE electrophoresis buffer (see Table S
8) and heated in a microwave oven (ER-654MD; Goldstar) until the agarose was
completely dissolved. The solution was cooled to about 60 °C, 3.75 ul ethidium bromide
solution (from a 10 mg/ml stock solution in water; E1510; Sigma-Aldrich, Steinheim)
was added and mixed thoroughly. The gel was immediately poured into the mold of an
electrophoresis unit (Mini D; LTF Labortechnik, Wasserburg am Bodensee) and a 12-
teeth comb was inserted. After 30-45 min at room temperature, the gel was completely
solidified. The comb and the sealing were carefully removed and the mold was mounted
in the electrophoresis tank. Then, electrophoresis buffer was added to just completely
cover the gel and the DNA samples (5 pl) mixed with gel-loading buffer (1.5 pl; see
Table S 8), were slowly loaded into the slots of the submerged gel using a microliter
pipette (Transferpette®, 704102, Brand, Wertheim).
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To determine DNA fragment length, a DNA ladder (Low Molecular Weight DNA Ladder,
N3233S, New England Biolabs, Ipswich, MA, USA) was used as a reference. The lid of
the gel tank was closed and the electrical leads were attached so that the DNA would

migrate towards the anode (red lead). A voltage of 130 V was applied for 60 min using
an electrophoresis power supply (EPS 300; Pharmacia Biotech, Freiburg). After the
electrophoretical separation of the DNA fragments, the gel was examined by ultraviolet
light (wavelength 302 nm) and photographed using a MultiDoc-It Imaging System M20
equipped with a 5.1 megapixel color digicam, UV-Transilluminator M-20 and Doc-It 1D

software for gel analysis (all parts from LTF Labortechnik, Wasserburg am Bodensee).

2.3.4. Oligonucleotide primers

Primer pairs were designed to be exon-spanning in the highly conserved coding region
(CDS) of the appropriate coding sequence rat to distinguish between cDNA
amplification products and genomic DNA. For this purpose, the modules Primer and
PrimePair of the HUSAR Sequence Analysis Package software, version 4.1
(http://genome.dkfz-heidelberg.de/biounit/) (HUSAR, DKFZ, Heidelberg) or Primer3

software, version 1.0 (http://frodo.wi.mit.edu/) were used. Primer design and

optimization were carried out with regard to self-priming formation, primer dimer
formation and primer melting temperature. All oligonucleotide primers were synthesized

by MWG (Ebersberg). Detailed information is given in Table 5.

Table 5. Primers used for RT-PCR.

Product NCBI
Gene Primer Sequence (5'—3") length Locationb Accession

(bp)a Numberc
ACTBI [ iinse  GAT COAGAT GTG CTG GAAGG 2 fosarort  NML031144
FGF2  anisense GGG TG GATCTTCOTTOATAGG 83 770.80p  NM_018305
GONF  jfcense  GTGTCCGACCTITICCTOTG 191 o050 NML019130
GFAP  nfisense  AGTTCCCGAACCTCOTCOTC 171 oreos  NM_017009
GFRAT  arficense  TGTGTGCTAGCOGACACATT 63 fis7oqser NM_012950
GFRAZ  jCce  AGATGTGCAGOTOOTGATGA 197  iataqsss NM012750
HISTSHA L ce  ACT TGO CTC CTG CAAAGCAC 22 27aper  NML00343
FNGR  Alionse  GAC GACGTGACAAGGGAGTA 181 aspri  NM_053783
L10  Jifeense GGG GCATCACTTCTAGCAGG 1%  siages  NML012654

Sense ATT CGT GCA GTG GAA GAA CC 720-739

IL13RA1 Antisense  ACT TGC ACC CTC CAT GTT TC 163  863-882 NM_145789
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Table 5. (Continued).

Sense TGC CGAGGC TTG TGA CAT CT 326-345

ILTR1 Antisense ~ GTG CCG CCATGCATTTCGTT 298 514533 ~ NM_013123
LIR2 e ACAGGTTGGAGG GOAGTAT 188 dooos  NM_053953
LIRAP  fcense  GOAGOATGT GCAGOCAGTAA 199 1o4p1ger NM_012968
NES  anfsense  GOTATT AGG CAA GGG GGAAGG 181  11o0.1019 NM_012987
NGF  afeense GAATIGGOGCOTGTGGAAG. 295  arosp  XM_227525
NGFR e ce  AGGAGC AGAGGA GGG ARG AT 295 75004  NM_012610
NTFS  ofeense  TOATCAATACCGCIG CARGC 213 grocas  NM_031073
NTRKT  ofcese  GOGATG OTG TGATTGGTC 195 ‘fo7sqoss NM_021589
NTRKZ  cece  AGT GTTGOGATG COAGOTAG 228 oesgogrs NM_012731
NTRKS e e GTGTTGGOTCOT GAGATI oA 170 foadss  NM_O10248
RET  anfisanse  GCA CATGTGOAT GAAAGACC. 174 o10.499  NM_012643

Sense ACC AAG TGC CAC AAA GGA AC 415-434
TNFRSF1A  Antisense  TTC TTC TTG CAG CCA CAC AC 212 §07-626 NM_013091

ACTB, beta actin; FGF2, fibroblast growth factor 2; GDNF, glial cell line-derived neurotrophic factor;
GFAP, glial fibrillary acidic protein; GFRA1, GDNF family receptor alpha 1; GFRA2, GDNF family
receptor alpha 2; HIST3H3, histone 3, H3; IFNGR1, interferon gamma receptor 1; IL10, interleukin 10;
IL13RAA1, interleukin 13 receptor, alpha 1; IL1R1, interleukin 1 receptor, type I; IL1R2, interleukin 1
receptor, type Il; IL1RAP, interleukin 1 receptor accessory protein; NES, nestin; NGF, nerve growth
factor; NGFR, nerve growth factor receptor; NTF3, neurotrophin 3; NTRK1, neurotrophic tyrosine
kinase, receptor, type 1; NTRK2, neurotrophic tyrosine kinase, receptor, type 2; NTRK3, neurotrophic
tyrosine kinase, receptor, type 3; TNFRSF1A, tumor necrosis factor receptor superfamily, member 1A;
RET, ret proto-oncogene.

@ Expected product length in base pairs.

® Location in coding sequence

¢ Genebank accession number of cDNA and corresponding gene, available at
http://www.ncbi.nim.nih.gov.

¢ Primer sequences were kindly provided by PD Dr. Michael W. Pfaffl from the Department of
Physiology, Technische Universitat Minchen (Freising-Weihenstephan).

2.4. Statistical analysis of in vitro studies

Relative gene expression data generated by RT-PCR were analyzed by one-way
ANOVA using normalized mRNA expression results (AACt) to compare treatment
groups vs. control. For analysis of TER values, the mean of three replicate
measurements of each well was used. Unless stated otherwise, the mean of n = 6 wells
was used for statistical analysis. At the first time point (t = 0), a basal value was
measured and set to 100 %. Relative TER changes at consecutive time points were

computed from the absolute measures in relation to the basal value. For each time
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point, one-way ANOVA with the Holm-Sidak method for pairwise multiple comparison
procedures of different treatment groups was applied.

The non-parametric test ANOVA on ranks with Student-Newman-Keuls was used for
non-normally distributed values. Two-way ANOVA was used to analyze the effect of
anti-GDNF antibody using cytokine treatment as the first and the antibody application as
the second factor.

Relative changes of TER values measured in coculture experiments are visualized as
line plots with mean + standard error of means (SEM). Because 2 different tests were
performed (ANOVA and ANOVA on ranks), but only one type of graphical presentation
is used to display cytokine effects in treated cocultures - namely line plots -, there is
some minor inaccuracy in the plotted data points for non parametric tests. Nevertheless
the statistical test (ANOVA and ANOVA on ranks, respectively) and its result for this
data are correct. A level of probability of p<0.05 was considered significant for all
analyses except for multiple comparison procedures where adjusted p-values were
applied. All data were analyzed using the SigmaStat 3.1 software and graphs were
created with SigmaPlot 9.01 (Systat Software, Erkrath).
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3. Results

3.1. Morphological analyses (ex vivo studies)

Sox8/9/10-IR selectively and specifically occurs in all glial cell nuclei in the adult
ENS

With the antibody selected for this study, abundant Sox8/9/10-IR was detectable in all
studied regions of the adult human and guinea pig ENS and strictly localized to the glial
nuclei in ganglia, interganglionic nerve fiber strands and nerve fibers innervating
muscle, blood vessels and the epithelium (Figure 8).

In contrast, the well-established glial marker S100b displayed a cytoplasmatic staining
pattern with IR in both enteric glial cell bodies and processes sparing the adjacent
neuronal cell bodies, whereas glial marker p75NGFR labeled EGC cell bodies and
processes, but also neuronal fiber-like structures. S100b and p75NGFR-IR was very
intense in the human SMP and occurred in identical glial structures (Figure 8L). In the
MP, p75NGFR-IR was consistently homogeneous, whereas the anti-S100b Ab yielded
only irregular staining of large ganglia and fiber tracts, most likely due to limited
antibody-penetration into these structures. GFAP, which is another well-established
cytoplasmatic marker of glial cell bodies and processes in the CNS, displayed its typical
fibrillary staining pattern, but was patchy and irregular in the human MP (Figure 8G).
S100b and GFAP-IR were 100% co-localized with Sox8/9/10, so all S100b and GFAP
immunoreactive structures contained Sox8/9/10 immunopositive nuclei (Figure 8F
and |). Unfortunately, double-labeling studies could not be performed with Sox8/9/10
and p75NGFR since the respective antibodies were raised in the same species
(mouse). The reporter peptide Ala-Lys-AMCA was detectable in all glial cell bodies in
the ENS, and counterstaining with Sox8/9/10 demonstrated a total overlap of Ala-Lys-
AMCA uptake and Sox8/9/10-IR, indicating that Sox8/9/10 is indeed a pan-glial marker
in the ENS (Figure 80). Additionally, immunoreactivity of Sox8/9/10 antibody was
blocked by pre-incubation with a Sox10 fusion protein (Figure 9). The Sox10 polyclonal
antibody showed no immunoreactivity in human ileum and colon. The characteristic

staining patterns of all antibodies employed in the current study are listed in Table 3.

Anti-NSE, anti-HuC/D and anti-PGP 9.5 are pan-neuronal markers with different
characteristics in the human and guinea pig ENS
Using the antibody selected for the current study, NSE-IR could be detected in neuronal

cell bodies and processes as well as interganglionic nerve fiber strands but not cell
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nuclei in man and guinea pig (Figure 10). In the human ENS, individual neurons could

be clearly identified by their intense stained cell bodies, yet staining intensity varied
considerably. In contrast, neuronal cell borders were not discernible in NSE-
immunostained guinea pig tissues so that individual neurons were mainly identified by
their unlabeled nuclei. HuUC/D-IR was homogeneously distributed in neuronal nuclei and
to a lesser extent in neuronal cell bodies throughout the human ENS, but did not occur
in any neuronal processes or interganglionic connectives, whereas PGP 9.5-IR was
found both in neuronal cell bodies and processes (Figure 10). In guinea pig tissues,
HuC/D-IR was primarily located in the cytoplasm resulting in less well discernible cell
borders than in the human ENS (Figure 10), and strong PGP 9.5-IR in nerve fiber tracts
hampered the identification of individual neurons.

Since NSE, HUC/D and PGP 9.5 appeared to be co-localized in all enteric neurons
(Figure 10), the anti-NSE Ab was selected as the most appropriate tool to label enteric
neurons which at the same time could be used in combination with the anti-Sox8/9/10

Ab for the subsequent quantitative studies in both human and guinea pig tissues.

Double-labeling with anti-Sox8/9/10 and anti-NSE allows for reliable quantification
of EGC and neurons throughout all plexus layers and studied regions in the
human and guinea pig ENS

In human tissues, glial Sox8/9/10-IR and neuronal NSE-IR was abundant in all plexus
layers from ileum, as well as ascending and sigmoid colon (Figure 11). Sox8/9/10-IR
was remarkably homogeneous without any differences in staining intensity between
ganglionic and extraganglionic areas throughout all plexus layers. In contrast, staining
intensity using the anti-NSE Ab was highly variable with greater intensity in the inner,
intermediate and external SMP as compared to the MP, and, overall, ganglia appearing
brighter than nerve fiber strands in both the human SMP and MP (Figure 11).

Labeling of the SMP and MP of guinea pig ileum as well as proximal and distal colon
with anti-Sox8/9/10 and anti-NSE antibodies resulted in a homogeneous staining of all
glial nuclei and all neurons with a cytoplasmatic NSE staining pattern that excluded the
cell nuclei (Figure 11). Separate cell bodies could not be discriminated in nerve fibers,
except to some extent in both plexus layers in the distal colon. The dark, non-stained
cell nuclei were used to guide the identification of individual neurons and their
subsequent quantification. The staining intensity was higher in the SMP, being best in
the proximal and distal colon and less optimal in the ileum. To compensate for this

difference in staining quality a lower Ab dilution factor for ileal tissues was employed.
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Guinea pig
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Figure 8. Immunohistochemical staining patterns of various glial markers in whole-mount
preparations of the human and guinea pig enteric nervous system (ENS): Only Sox8/9/10-
immunoreactivity (IR) specifically occurs in all glial cell nuclei. (A-C) Myenteric plexus (MP) from human
ileum stained for NSE (Cy2; green) and Sox8/9/10 (Cy3; red.) (D-F) Myenteric ganglion from human
ileum double-labeled with the calcium-binding protein S100b (Cy2; blue) and the transcription factors
Sox8/9/10 (Cy3; red). A cavity in the ganglion is marked with an asterisk. (G-1) MP ganglia from human
ileum double-labeled with antibodies directed against glial fibrillary acidic protein (GFAP) (Cy2; green)
and Sox8/9/10 (Cy3; red). (J-L) Ganglion from the inner submucous plexus (SMP) of human ascending
colon was stained for S100b (J; Cy2) and the low-affinity nerve growth factor receptor p75 (p75NGFR) (K;
Cy3). (M-O) Guinea pig MP stained with the dipeptide B-Ala-Lys-Ne-7-amino-4-methyl-coumarin-3-acetic
acid (Ala-Lys-AMCA) and anti-Sox8/9/10 (Cy3). (M) Ala-Lys-AMCA-uptake (blue) occurred in glial cells
and some macrophages outside the ENS. A macrophage is indicated by an arrowhead. Sox8/9/10 is
restricted to glial nuclei and shows perfect co-localization with Ala-Lys-AMCA uptake in all glial cells. All
merged images are displayed in the right column. Original magnifications A-C 10X; D-I, M-O 20X; J-L
40X; scale bars = 100 pm.
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Figure 9. Blocking of Sox8/9/10 immunoreactivity. (A-D) Immunohistochemical visualization of
specific Sox8/9/10 staining in glial cells of the human enteric nervous system. (A-B) Whole-mount
preparations of the inner submucous plexus of human sigmoid colon were stained for NSE (Cy2; green)
and Sox8/9/10 (Cy3;orange). (C,D) Incubation of the Sox8/9/10 antibody (Cy3; orange) with a Sox10
fusion protein fully abolished Sox8/9/10 staining of enteric glial cells in double-labeled preparations using
NSE (Cy2; green) as a neuronal marker. Original magnification (A,B) 20X, (C,D) 40X; scale bar = 100
pum. (A,B) Whole-mount preparations of the myenteric plexus from guinea pig ileum were double-labeled
with NSE (Cy2; green) and Sox8/9/10 (Cy3; orange). (C,D) Incubation of the Sox8/9/10 antibody (Cy3;
orange) with a Sox10 fusion protein fully abolished Sox8/9/10 staining of all enteric glial cells in double-
labeled preparations. Original magnification 20X; scale bar = 200 ym.
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Figure 10. Characterization of neuronal counterstaining: Anti-NSE, anti-HuC/D and anti-PGP 9.5
are pan-neuronal markers with different characteristics in the human and guinea pig ENS. Whole-
mount preparations of the inner submucous plexus (SMP) from human ascending colon (A-D) and SMP
from guinea pig proximal colon (E-H) were triple-labeled with antibodies directed against neuron specific
enolase (NSE) (Cy2; green), HuC/HuD neuronal proteins (HuC/D) (Cy3; red) and the ubiquitin hydrolase
protein gene product 9.5 (PGP 9.5) (Cy5; blue). (D,H) Overlaying pictures A to C and E to G shows co-
localization of NSE, HUC/D and PGP 9.5 in all enteric neurons. Original magnification: 40X; scale bars =
100 pym.
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Figure 11. Immunohistochemical visualization of the different plexus layers in the human and
guinea pig ENS. Whole-mount preparations of the inner (A), intermediate (B) and external (C)
submucous plexus (SMP) and the myenteric plexus (MP) (D) of human ileum as well as the SMP (E) and
MP (F) of guinea pig ileum were stained with an antibody directed against the transcription factors
Sox8/9/10 (red) which labeled all glial nuclei, and the pan-neuronal marker neuron specific enolase (NSE;
green) which exhibited a cytoplasmatic staining pattern and also labeled nerve fibers. Original
magnification 40X, scale bars = 50 um.

3.1.1. Quantitative assessment of ENS components

Glial and neuronal numbers and ganglionic area in the human and guinea pig
ENS

In man and guinea pig, the ganglia of the MP were significantly larger and contained
significantly more glial cells as well as neurons than the SMP ganglia (p<0.001; Figure
12). The median number of glial cells per ganglion in man ranged between 8-20 in the
SMP and 272-488 in the MP; in guinea pig, the corresponding numbers were 6-15 for
the SMP and 104-126 for the MP (Figure 12A). There were between 5-13 neurons per
ganglion in the human SMP and 48-76 in the MP; ganglia in the guinea pig ENS
contained 8-20 and 68-76 neurons in the SMP and MP, respectively (Figure 12B). The
median of the ganglionic area in man varied between 1.8-5.8 x 10° mm? in the SMP
and 75.5-124.6 x 10 mm? in the MP; corresponding data for guinea pig were 4.7-12.9 x
10° mm? and 49.8-74.9 x 10° mm? for the SMP and MP, respectively (Figure 12C).
There were significantly less neurons per ganglion in the MP of human ileum compared
to ascending colon and sigmoid colon (p<0.01; Figure 12B). Regarding ganglionic area,
no regional differences were seen in the human ENS, whereas in guinea pig the
proximal colon differed from ileum and distal colon (p<0.01; Figure 12C). Comparing

absolute ganglionic cell numbers between man and guinea pig, there were significantly
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more glial cells in the human MP (p<0.01), while neuronal cell counts were identical

between man and guinea pig (Figure 12A,B). In contrast to most regions, the SMP
ganglia in human ileum and sigmoid colon were smaller than in the corresponding
guinea pig regions, whereas those from the MP were larger (Figure 12C). Due to high
variability in ganglionic size, these observations reached statistical significance only for

the sigmoid colon (p<0.02).

Glial and neuronal density and glia index in the human and guinea pig ENS

In human tissues, the number of glial cells per mm? ganglionic area ranged from 3098
to 5956 in the SMP and from 3781 to 4210 in the MP. Ganglia from the guinea pig ENS
contained 1264-1583 in the SMP and 1741-2176 glial cells per mm? in the MP (Figure
13A). Although there were substantial differences in glial density between the different
plexus layers and regions in the human intestine, no statistically significant differences
could be detected due to high variability within each layer and region. The only
exception was the intermediate SMP from human ileum with significantly higher glial
density compared to the colonic regions (p<0.05; Figure 13A). In guinea pig, significant
regional differences existed between the MP in the proximal and distal colon (p<0.005).
In all guinea pig gut regions, myenteric glial density was significantly higher than
submucous glial density (p<0.002).

The number of neurons per mm? ganglionic area ranged from 2166 to 3200 in the
human SMP and from 658 to 693 in the human MP. In guinea pig tissues, the
respective medians were between 1606-1625 in the SMP and 958-1329 in the MP
(Figure 13B). Accordingly, neuronal density was significantly lower in myenteric
compared to submucous ganglia of the human ENS (p<0.001); this was similar in
guinea pig with the exception of the distal colon (p<0.002). Regional differences in the
human ENS existed between the intermediate SMP from ileum and ascending colon as
well as between the external SMP from ascending and sigmoid colon (p<0.01; Figure
13B).

The medians of the glia:neuron ration — i.e. the glia index — ranged from 1.4 to 1.9 and
6.0-6.3 in the human SMP and MP, respectively; in the guinea pig ENS, the glia index
was 0.7-0.9 in submucous and 1.7-1.8 in myenteric ganglia (Figure 13C). Overall, the
glia index in the MP was considerably higher than in the SMP in all human and guinea
pig intestinal regions (p<0.001).

Comparing human to guinea pig tissues, glial density was consistently higher in the
human ENS, irrespective of intestinal region or plexus layer (Figure 13A and Figure 14).

In contrast, neuronal density was higher in most layers of the human SMP compared to
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the guinea pig SMP (with the exception of ascending colon external SMP), but lower in

the human MP (Figure 13B). The glia index was consistently higher in the human MP
and most human SMP layers when compared to the respective guinea pig plexus layers
(with the exception of the inner SMP from ileum and ascending colon) (Figure 13C and
Figure 14).

Glial density markedly differs between intra- vs. extraganglionic areas in human
and guinea pig MP

Glial density was significantly higher in the human vs. guinea pig MP in all studied
regions (Figure 13 and Figure 15). In contrast, comparing intra- and extraganglionic
areas from all studied regions, glial density was significantly higher in the intraganglionic
area only in guinea pig tissues (p<0.001; Figure 15A). In addition, glial density was
lower in the guinea pig myenteric ganglia in the proximal colon than in the ileum
(p<0.02) or distal colon (p<0.001), whereas in human tissues there were no differences
in glial density between ganglionic and extraganglionic areas. Visual assessment
revealed that the interganglionic nerve strands that primarily constitute the
extraganglionic area are conspicuously broader in the human vs. guinea pig ENS which
may potentially account for the lack of difference (Figure 13B). In terms of absolute
numbers, there were overall more glial cells in the human than in the guinea pig ENS

when both intra- and extraganglionic area were taken together (data not shown).

Glial nuclei are substantially larger in the MP than in the SMP

The size of glial cell nuclei differed significantly between the inner SMP and MP in
human as well as between SMP and MP in guinea pig ileum (p<0.001; Figure 16).
Species differences existed only between human inner SMP and guinea pig SMP
(p<0.001).

Effect of gender and ageing on the human ENS

In nine out of 12 groups comprising the three SMPs and the MP from all regions
sampled it was tested whether gender had an effect on the studied parameters. The glia
index was significantly higher in the intermediate SMP in male persons (2.0 £ 0.2 vs.
1.4 £ 0.1; p=0.007). No other gender differences were found. Potential age effects on
glial and neuronal numbers in the human ENS were also analyzed: for the SMP, no
significant correlation between patient age and glial and neuronal ganglionic cell
numbers, density, ganglionic area, or the glia index could be detected. In contrast, in

ileum MP ganglionic area increased with age (p<0.05; data not shown).
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Figure 12. Glial and neuronal numbers and ganglionic area in the human and guinea pig ENS.
Whole-mount preparations of the inner, intermediate and external submucous plexus (SMP) and the
myenteric plexus (MP) of ileum, ascending and sigmoid colon in man, as well as the corresponding
guinea pig plexus layers and regions were double labeled with anti-Sox8/9/10 and anti-NSE antibodies
and appropriate secondary antibodies coupled with Cy3 and Cy2, respectively. EGC and neurons were
counted and expressed per ganglion (A, B); the analyzed ganglionic area was multiplied by a factor of
x1000 and is given as area per mm? (C). The boxes represent the median (n=6 preparations) and
interquartile ranges. L Significant difference between plexus layers of the respective gut region of man or
guinea pig; p<0.001; R significant difference between gut regions of man and guinea pig; two-way
ANOVA using the Holm-Sidak method; p<0.01; S significant difference between the MP (Student’s t-test;
p<0.001, A; p<0.02, C) or SMP (one-way ANOVA with the Holm-Sidak method, testing all human SMP
against the guinea pig SMP; p<0.01, A,B; p<0.001, C) of man and guinea pig. Low case letters indicate
Mann-Whitney rank sum test (p<0.01) or Dunn’s method for ANOVA post-hoc tests (p<0.05).
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Figure 13. Glial and neuronal density and glia index in the human and guinea pig ENS. Whole-
mount preparations of the inner, intermediate and external submucous plexus (SMP) and the myenteric
plexus (MP) of ileum, ascending and sigmoid colon in man, as well as the corresponding guinea pig
plexus layers and regions were double labeled with anti-Sox8/9/10 and anti-NSE antibodies and
appropriate secondary antibodies coupled with the fluorophores Cy3 and Cy2, respectively. EGC and
neuronal cell density per ganglionic area (A, B) and the glia index (i.e. glia:neuron ratio) (C) were
computed for each tissue. The boxes represent the median (n=6 preparations) and interquartile ranges.
L Significant difference between plexus layers of the respective gut region of man or guinea pig; p<0.002
(A,B); p<0.001 (C); R significant difference between gut regions of man and guinea pig; two-way ANOVA
using the Holm-Sidak method; p<0.05 (A); p<0.01 (B); S significant difference between the MP (Student’s
t-test; p<0.001, A; p<0.01, B) or SMP (one-way ANOVA with the Holm-Sidak method, testing all human
SMP against the guinea pig SMP; p<0.001, A; p<0.05, B; p<0.002, C) of man and guinea pig. Low case
letters indicate Mann-Whitney rank sum test (p<0.002; A,C) or Dunn’s method for ANOVA post-hoc tests
(p<0.05).
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Figure 14. Immunohistochemical visualization of species-dependent differences in the enteric glia
index. Human (A) and guinea pig (B) distal colon MP whole-mount preparations were labeled with the
anti-Sox8/9/10 antibody. The arrowheads mark the position of a neuronal cell body encircled by glial cell
nuclei; the inserts depict the respective area at higher magnification. The human ENS exhibits a higher
glial cell density and a higher number of glial cells per neuron resulting in a substantially higher glia index
(cf. Fig.5). Original magnification: 10x, insert: 40x; scale bars = 50 um.
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Figure 15. Glial density in the ganglia and extraganglionic area of human and guinea pig
myenteric plexus. (A) MP whole-mounts from human and guinea pig intestinal tissues were
immunostained with anti-Sox8/9/10 and anti-NSE antibodies, and glial cells were counted both in the
ganglia and interganglionic nerve strands. Boxes represent the median (n=6 preparations) and
interquartile ranges of glial cell density. A Significant difference between ganglionic and extraganglionic
area of the respective gut region of man or guinea pig; p<0.001; R significant difference between gut
regions of guinea pig; two-way ANOVA with the Holm-Sidak method; p<0.02; S significant differences
between the ganglionic and extraganglionic area of man and guinea pig were analyzed using Student’s t-
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test (p<0.001) or Mann-Whitney rank sum test (p=0.002) for non-normally distributed mean scores
(indicated with low case letters). (B) Immunohistochemical visualization of representative ganglionic vs.
extraganglionic areas in whole-mount preparations of human (top) and guinea pig (bottom) ileum
myenteric plexus (MP). Tissues were double-labeled with anti-Sox8/9/10 and anti-NSE antibodies and

photomicrographed at identical magnification. Ganglionic (red) and extraganglionic (green) areas used for
quantification are highlighted.
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Figure 16. Nuclear area of human and guinea pig EGC stained with the anti-Sox8/9/10 antibody.
Whole-mount preparations from the inner submucous plexus (SMP) and SMP, respectively, and from the
myenteric plexus (MP) of human and guinea pig ileum were assessed, and 25 cells from 5 ganglia of
each preparation (n=3) were quantified. The boxes represent the median and interquartile ranges.
L Significant difference between plexus layers of man and guinea pig; p<0.001; S significant differences
between the respective plexus layers of man and guinea pig; two-way ANOVA with Holm-Sidak for
multiple comparison procedures; p<0.001.
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3.1.2. Quantitative description of the ENS in Crohn’s disease

Whole-mount preparations of the MP from the uninvolved proximal and distal resection
margin as well as from affected gut regions (ileum and colon) of patients with CD were
labeled with antibodies against Sox8/9/10 as the glial marker and neuron specific
antibodies against NSE (Figure 17). As in controls, Sox8/9/10 marked all EGC nuclei
within ganglia as well as glial nuclei associated with large nerve fiber tracts and
neuronal fibers ramifying into the muscle coat. NSE showed a similar cytoplasmic
staining pattern as in control tissues. It was noted, that labeling quality was similar in all
regions. Variability of staining intensity between CD tissues was comparable to control
tissues. Also, no conspicuous differences between affected and macroscopically un-
involved proximal and distal CD regions, and controls were detected. Dissection was
sometimes complicated by hyperplastic or fibrotic tissue areas so that the ENS could
not be totally freed from muscle fibers which interfered with staining quality. Antibodies
could not always fully penetrate the tissues. Whole-mount preparations of specimens
from inflamed regions of CD patients undergoing surgery because of fibrostenotic
strictures were technically not feasible and massive hyperplasia of the muscle layer
obscured the epitopes for the antibodies so that lack of immunoreactivity was the
consequence. Regarding the SMP, whole-mount preparations of this plexus layer from
patients with affected CD could not be obtained due to impaired tissue structure.

Therefore, only tissues containing the MP were analyzed.

Figure 17. Expression of Sox8/9/10 and neuron specific enolase (NSE) in the ENS of patients with
Crohn’s disease. Double-labeled whole-mount preparations of the myenteric plexus from unaffected
ileum (A), from an inflamed area of the ileum (B) and uninvolved region of the colon (C) showing ganglia
with enteric glial cell nuclei displayed as red dots. Neuronal structures are green colored. Original
magnification 20X, scale bar = 50 ym.

Quantitative assessment of tissues from CD patients showed that, glial density was
2940 — 4840 cells per mm? ganglionic area versus 2920 - 5240 in controls (Figure 18
A). These numbers were not significantly different. In contrast, statistically significant

differences were observed for neuronal density (p<0.001): The number of neurons per
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ganglionic area was increased in affected areas of CD patient tissues compared to

proximal and distal sampling sites, whereas there was no difference compared to
proximal and distal control tissues (Table 6; Figure 18 B). Dilatation of tissues sampled
proximal and distal to affected gut segments of CD patient was not observed. The
proximal resection margin of CD samples exhibited the lowest neuronal density. These
differences were independent of the glia index from the same region, because they
were not big enough to influence the glia index (Figure 18 C). Although the glia index
was 5.1 £ 0.8 (mean = SD; n=5) for the affected area of CD, the difference was not
significant compared to all other areas ranging from 5.9+ 0.9 (CD dist.; n=7) to
6.2 £ 0.6 (CD prox.; n=8) (; p=0.364; Table 6; Figure 18C). Most likely this was due to
the small sampling number available for analysis.

No differences were detected between ileum and ascending colon from control patients
for all variables assessed (glial and neuronal density, glia index, glial and neuronal cell
numbers and the ganglionic area). Therefore, data from ileal and colonic specimens of
affected CD areas were pooled for analysis.

Regarding absolute cell numbers, glial cells per ganglion and neurons per ganglion from
colon (control) were higher than those numbers from CD areas (p=0.001 and p=0.004,
respectively), but not ileum (control) (Figure 18 D,E). Also the control ileum did not differ
from CD areas. Ganglionic area was significantly smaller in affected CD regions
(p=0.005) and those distal to them (p=0.006) compared to ascending colon (Figure
18 F).

There was no significant correlation detected between age and any of the variables
analyzed. Also, gender did not influence any of the parameters measured in the ENS of

CD patients.

Table 6. EGC and neurons in the ENS of CD patients and controls.

n Glial cells  Neurons Glia Glial cellss/mm®  Neurons/mm®  Ganglionic
per per index ganglionic ganglionic area mm?
ganglion ganglion area area (x1000)
control ileum 6 315+160 53+25 5.9+0.8 38824308 668+83 80135
CD ileum 8 263150 43111 6.2+0.6 34424336 539+48 80117
unaffected
CD affected 5 218+44* 44+10*  5.110.8 39531573 782172 558
CD colon 7 208162 389 5.9+0.9 3587+382 617177 60112
unaffected
control 6 419162 70110 6.0+1.6 40791925 687195 100+13
ascending
colon

Data are presented as mean + standard deviation. *Not normally distributed data.
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Figure 18. Quantitative assessment of the ENS in Crohn’s disease (CD). Whole-mount preparations
of the myenteric plexus of ileum from controls (n=6), unaffected ileum from CD patients (CD prox.; n=8),
inflamed area (CD affected; n=5) from CD patients, uninvolved colon from CD patients (CD dist.; n=7)
and ascending colon of controls (n=6) were double labeled with anti-Sox8/9/10 and anti-NSE. EGC and
neuronal cell density per ganglionic area (A, B) and the glia index (i.e. glia:neuron ratio) (C) were
computed for each tissue. EGC and neurons were counted and expressed per ganglion (D, E); the

analyzed ganglionic area was multiplied by a factor of x1000 and is given as area per mm? (F).

*

Significant difference between groups; one-way ANOVA with the Holm-Sidak method. Bars represent the
mean + SD and boxes the median and interquartile ranges.
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3.2. Functional analyses (in vitro studies)

3.2.1. Isolation and characterization of EGC cultures

Enzymatic dissociation of human or rat longitudinal muscle-myenteric plexus
preparations or human submucous plexus preparations yielded primary tissue cultures
consisting of many different cell types amongst which fibroblasts, smooth muscle cells
and EGCs were most frequently seen. In these primary cultures, EGC were
morphologically characterized as small, bipolar or star shaped cells with a dense
cytoplasm extending two or more processes of variable length that are irregularly
branched, and a distinct centrally placed nucleus with one or several poorly defined
nucleoli. EGC were growing in an island-like manner but closely intermingled with other
cell populations. A minimum percentage of EGC had to be present in the mixed cell
culture to ensure appropriate glial proliferation which competed with fibroblasts on
growth area. Application of complement-mediated cell lysis using an antibody against
human CD90 (Thy-1.1), a cell surface marker exhibited by fibroblasts, hematopoietic
stem cells, neurons and some CD34+ cells could enrich the percentage of EGC in the
primary cultures by eliminating mainly fibroblasts. Up to ten complement-mediated cell
lyses were performed in order to obtain purified human EGC cultures from MP
preparations. After about 2-3 month in culture, the cells exhibited signs of degeneration.
Proliferation rates declined, vacuoles were seen in the cytoplasm and small granula
near the cell nuclei. Cell debris was present as dark particles by phase contrast
microscopy and cells began to detach from the bottom of the culture vessels. Primary
cultures from human SMP were challenged by bacterial overgrowth due to their
exposure to the microbiotia of the gut lumen at the time of the dissection process. This
could not be controlled by even the highest concentrations of antibiotic and antimycotic
agents. Further, due to the low percentage of EGC in the SMP, human SMP cultures
were regularly overgrown by fibroblasts. In contrast to these mixed primary cultures,
purified rat cultures consisted of homogeneous cell populations as evidenced by phase
contrast microscopy and immunohistochemistry. Rat EGC also grow in islands and,
thereafter, form honeycomb-like macro structures before becoming subconfluent. At
subconfluence, EGC typically showed a spindleshaped or stellate morphology.
Proliferation continued until stable flat monolayers were formed. At confluency the cells
were polygonal with indistinct or invisible intercellular borders (Ruhl et al 2001c).

Immunohistochemically, purified rat EGC cultures could be selectively labeled with anti-
Sox8/9/10, anti-GFAP and anti-S-100 (Figure 19 A-H). Immunostaining confirmed that
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purified rat cultures consisted of a homogeneous cell population which was free from

any contaminating cell types. All EGC exhibited strong immunoreactivity for Sox8/9/10
and GFAP and somewhat weaker staining for S100b (Figure 19). To confirm the
specificity of the monoclonal anti-Sox8/9/10 and the polyclonal anti-GFAP antibodies,
these were used in mixed cultures consisting of primary EGC and the intestinal
epithelial cell (IEC) line Caco-2 (Figure 19 I-L). The nuclear stain Hoechst 33258 was
used to identify all cells present in the cultures. Strong immunoreactivity (IR) for
Sox8/9/10 and GFAP was present in EGC exhibiting an exclusive nuclear and exclusive
cytoplasmic staining pattern, respectively. Caco-2 cells were not immunoreactive for
Sox8/9/10 and GFAP. Nuclei of both cell types were stained with Hoechst 33258, but
only EGC showed colabeling with Sox8/9/10 and Hoechst 33258, evidencing the
nuclear localization of Sox8/9/10-IR ( Flgure 19 L).

N K
A A :
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%

Figure 19. Verification of enteric glial cell (EGC) culture purity. Enzymatically dissociated
preparations from rat MP were purified by complement mediated cell lysis. EGC (A-H) or EGC and Caco-
2 cells (I-L) were seeded on cover slips and stained for S100b (A) or GFAP (E,I), Sox8/9/10 (B,F,J) and
Hoechst 33258 (C,G,K). Purified EGC cultures were triple labeled with either S100b (A) or GFAP (B),
Sox8/9/10 (B,F) and Hoechst 33258 (C,G) as seen in the overlay pictures (D,H). Caco-2 cells are
immunonegative for the glial markers GFAP (l) and Sox8/9/10 (J), but show nuclear Hoechst 33258
staining (K). (L) Overlay of the triple labeled coculture of Caco-2 and EGC. Arrowheads indicate GFAP
immunonegative and Sox8/9/10 immunonegative Caco-2 cells. Scale bars = 50 um.
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In agreement with the immunohistochemical detection of the classical glia marker GFAP

in vitro and in situ, mMRNA of this glial intermediate filament protein was found to be
constitutively expressed by EGC cultures (Figure 20). mRNA for the intermediate
filament protein nestin (NES) was also detected, indicating a certain degree of de-
differentiation of EGC in tissue culture.

Beside the glial marker GFAP, which is a glia-restricted intermediate filament protein,
some nestin expression was demonstrated in purified EGC cultures. Nestin is primarily
expressed in glial precursor cells that are not yet terminally differentiated (Chalazonitis
et al 1998a, Chalazonitis et al 1998b). The expression of this intermediate filament
species in cultured EGC thus indicates that cultured glial cells de-differentiate from a
terminally differentiated state to a somewhat de-differentiated state (Eaker & Sallustio
1998, Jaeger 1995).

GFAP NES
250 - 250-
200 - 200-
150 - LAY -161
1 2 3 4 1 2 3 4

Figure 20. Detection of glial fibrillary acidic protein (GFAP) and nestin (NES) mRNA in enteric glial
cell (EGC) cultures. mRNA expression was assessed by RT-PCR with specific primers. PCR products
were analyzed on an ethidium bromide-stained 2 %-agarose gel. Lane 1: Low molecular weight DNA
ladder (New England Biolabs, Frankfurt); lane 2: EGC; lane 3: rat brain total RNA (Ambion, Austin, TX,
USA); lane 4: no template. Results shown for each reaction are from a single representative experiment.
Predicted size of RT-PCR products are given on the right hand of each gel image.

Metaphase spreads

Metaphase spreads for karyotyping of rat EGC cultures were prepared to verify species
specificity and to exclude cross contamination. Under a phase contrast microscope, the
chromosomes could clearly be identified as fine blue filaments. Centromers are typically
located in the middle or near to one end of the chromosomes. A fluorescence image of

a metaphase spread is in shown in Figure 21.

Figure 21. Metaphase spread of enteric glial cell chromosomes. Rat EGC were treated with colcemid
to freeze highly condensed chromosomes in the metaphase. After isolation of metaphase nuclei, the
chromosomes were stained and spread on microscopy slides and subsequently evaluated by a geneticist.
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3.2.2. Coculture experiments — characterization of transepithelial resistance in

different cell lines with and without EGC

The influence of EGC on transepithelial electrical resistance (TER) of intestinal epithelial
cells (IEC) as represented by the cell lines T84, Caco-2, HT-29 and IEC-6 was
investigated at different stages of differentiation of the respective IECs. Epithelial cells
were cocultured at different time points after seeding with EGC that had been pre-grown
for 2 days. TER values were measured regularly and additionally, morphology and
growth characteristics were assessed with an inverted phase contrast microscope.

The Caco-2 cells showed good proliferation and formed a confluent monolayer after
about 1 week (Figure 22). TER values of control cultures increased continuously to a
maximum of 2570 + 63 Q x cm? (mean + SEM). On Day 2, TER values of the coculture
group (i.e. CaCo-2 plus EGC) were significantly higher compared to control (196 £ 8
Q x cm? vs. 155 + 10 Q x cm?; p=0.002). No difference was seen on Day 3. On Day 4
cocultured CaCo-2 cells had significantly lower TER values than the control. Caco-2
cells that had been cultured without EGC reached the highest TER values. On Day 9, a
second group of IEC was combined with EGC and also exhibited significantly lower
TER values two days later (coculture Day 9: 1512 + 36 Q x cm?; control: 1801 + 67
Q x cm?; p<0.05). TER values of the coculture group Day 9 subsequently declined to
the level of the coculture group “Day 1”7 at the end to the assessment period (Day 23).
T84 cells showed a slower proliferation rate compared to Caco-2 cells, whereas TER
values increased more quickly than those of Caco-2 monolayers. T84 cells reached
their maximum TER values after 10 days in culture (control: 2360 Q x cm?; T84 cells
cocultured with EGC from Day 8 on: 2900 Q x cm?) which constantly decreased
thereafter (Figure 24). T84 cells that had been in coculture since Day 1 showed higher
TER values between Day 5 and 9 compared to control. T84 cells that had been
cocultured since Day 8 exhibited higher TER values on Days 11 to 18. T84 cells
combined with EGC on Day 22 showed an increased TER value from Day 24 on.

Each time (Day 1, Day 8, and Day 22) when EGC were combined with T84 cells, an
increase in TER values was observed. Additionally, coculturing T84 cells with EGC
augmented the maximum TER values when compared to T84 cells without EGC in the
basolateral compartment of the coculture system.

The primary rat intestinal epithelial cell line IEC-6 showed a different morphology than
all other intestinal epithelial cell lines: After seeding, the cells displayed a cobblestone
pattern which changed after a couple of days when a three-dimensional structure was

formed. Contrary to Caco-2 and T84 cells which reached TER values of 2500 Q x cm?
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and more, TER values of IEC-6 cells did not exceed 30 Q x cm? (Figure 23). No

differences were detected between groups, and EGC showed no effect on IEC-6 TER
values.

HT-29 cells were also slower proliferating than Caco-2 cells. They did not reach TER
values above 30 Q x cm? as seen before for the IEC-6 cells (Figure 23). Again, EGC did

not affect TER values of this cell line. No significant differences were seen between

groups.
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Figure 22. Measurement of transepithelial electrical resistance (TER) of the intestinal epithelial cell
(IEC) lines Caco-2 and T84 cells. The Caco-2 (A) or T84 cells (B) were cultured in the apical
compartment of the Transwell® system at a density of 50,000 cells/well. At various time points enteric
glial cells (EGC; 20,000 cells/well) precultured for 2 days were added to the basolateral compartment of
the coculture system. Each data point represents the mean + SEM of 6 wells.* Significant difference
between control and coculture group Day 1 (red), Day 8 (blue) and Day 22 (dark pink); one-way ANOVA

or ANOVA on ranks, p<0.05.
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Figure 23. Measurement of transepithelial electrical resistance (TER) of the intestinal epithelial cell
(IEC) line HT-29 and IEC-6 cells. The IEC cell lines HT-29 (A) or IEC-6 (B) were cultured in the apical
compartment of the Transwell® system at a density of 50,000 cells/well. At Day 1, 8 or 22 enteric glial
cells (EGC; 20,000 cells/well) precultured for 2 days were put into coculture with IEC. Each data point
represents the mean + SEM of 6 wells. (A) * Significant difference between control and all other groups;
ANOVA on ranks. (B) * Significant difference between control and coculture group Day 8 (blue) and Day

22 (dark pink); one-way ANOVA with Holm-Sidak method, p<0.05.

Coculture experiments — Flux
Macromolecular flux did not differ from baseline at any time point with all used TNFa

concentrations. Relative fluorescence unit (RFU) was 6.2 + 1.2 for FSA and 0.7 = 0.1 for

FD (mean £ SEM).



Results 63

3.2.3. Coculture experiments — cytokine effects and EGC

A prerequisite to study the effects of cytokine treatment on IEC cocultured in the
presence or absence of EGC was expression of cytokine receptors on EGC. RT-PCR
revealed mRNA expression for receptors of all cytokines used in the coculture
experiments (Figure 24). Expression of the alpha subunit of the interleukin-1 receptor,
named IL-1 receptor type | (IL-1R1) was found. It binds IL-1 and transduces the signal
in cooperation with the IL-1 receptor accessory protein (IL-1RAP) that is also expressed
by EGC. IL-1 receptor type 2 (IL-1R2) is not expressed in EGC. That receptor is a
putative decoy for IL-1 to prevent it from binding to IL-1 receptor.

Receptor mRNA for the interferon-y receptor (IFNGR) as well as for the alpha chain of
the interleukin-13 receptor (IL13RA1) and for the TNF receptor 1 (TNFR1) was detected
in EGC (Figure 24).

IL1R1 IL1R2 IL1RAP

250 - 250 - 250-
200 - -208 200- - _
_188 200 199
150 - 150 -
IFNGR TNFR1
200 -

250 -
150 - -151 150- -163 150 -
1 2 3 4 1 2 3 4 1 2 3 4

Figure 24. Detection of cytokine receptor mRNA in cultured rat enteric glia cell (EGC). mRNA
expression was assessed by RT-PCR with specific primers for IL1R1, IL2R2, IL1RAP (top row), and
IFNGR, IL13RA1 and TNFR1 (bottom row). PCR products were analyzed on an ethidium bromide-stained
2 %-agarose gel. Lane 1: Low molecular weight DNA ladder (New England Biolabs, Frankfurt); lane 2:
EGC; lane 3: rat spleen total RNA (Ambion, Austin, TX, USA); lane 4: no template. Results shown for
each reaction are from a single representative experiment. Predicted size of RT-PCR products are given
on the right hand of each gel image. IFNGR1, interferon gamma receptor 1; IL13RA1, interleukin 13
receptor, alpha 1; IL1R1, interleukin 1 receptor, type I; IL1R2, interleukin 1 receptor, type IlI; IL1RAP,
interleukin 1 receptor accessory protein; TNFR1, tumor necrosis factor receptor superfamily, member 1A.

250-

Cytokine effects on transepithelial electrical resistance of T84 cells cocultured
with and without EGC

The impact of different cytokines on TER values of T84 cells cocultured with EGC in the
Transwell® system or T84 cells alone was explored in this experimental series. Both cell
types were treated with or without various cytokines and different combinations of
coculture schedules were employed. On the basis of previous reports suggesting that

GDNF is involved in the protective effects EGC exert on the epithelium in health and
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disease (Bar et al 1997, Steinkamp et al 2003, von Boyen et al 2006a), influences of

GDNF blocking on cytokine treatment of cocultures was also examined.

In each experiment, basal TER values were recorded before cytokine treatment was
introduced (baseline t=0 h). To exclude variation between experiments, relative TER
values (percental changes) were computed from these basal values for analyzes.

Absolute TER values of all experiments at baseline are given in Table 7.

Table 7. TER values of T84 cells measured at baseline in cytokine experiments.

Cytokine treatment TER (Q x cm?"
TNFa (1 ng/ml) 1757 — 2092
TNFa (10 ng/ml) 1243 — 1416
TNFa (100 ng/ml) 1930 — 2148
TNFa (10 ng/ml) + anti-GDNF 1039 — 1099
TNFa (10 ng/ml) control 902 - 1099
IL-1B (1 ng/ml) 1390 — 1627
IL-1B (10 ng/ml) 1779 - 1913
IL-1B (100 ng/ml) 1767 — 1896
IL-13 (10 ng/ml) 1063 — 1183
IFNy (100 ng/ml) 1083 — 1151

* Normalized TER values (mean of 6 wells).

Percent changes of the basal TER values of T84 cells alone or in coculture with EGC
after treatment with TNFa are given in Figure 25. Eight different groups were included in
this series with TNFa concentrations of 1 and 100 ng/ml, whereas in the series with
10 ng/ml of TNFa only 6 groups were assessed. Significant differences between groups
are given on the right hand of each panel for the respective time points (24 h, 48h, 72 h)
comprising the results of multiple comparison procedures using ANOVA and ANOVA on
ranks.

In the series with 1 ng/ml of TNFa (Figure 25 A), at t=24 h TER values of the untreated
coculture that has been grown together for 2 days prior the experiment (grey line)
differed from the rest. 24 h later, at t=48 h, all groups with EGC in the basolateral
compartment of the Transwell® system exhibited higher TER values than both untreated
and treated controls. This effect was also seen at t=72 h, when all groups were
significantly different from untreated control. At this time point (=72 h), all groups also
were significantly different from treated control (green line) except from the treated

coculture grown together for 2 days prior to the experiment (orange line).
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In the experimental series using 10 ng/ml of TNFa (Figure 25 B), the most prominent

effect was the increase of TER values in the coculture group in which both, EGC and
T84 cells, were independently expose to TNFa (orange graph). This effect became
more pronounced over time. At the end of the experiment (t=72h), all T84 cells
cocultured with EGC had increased TER values compared to baseline (t=0 h). TER
values of the treated control (treated T84 cells; green line) recovered till the end of the
experiment after a cytokine dependent decline (t=24 h and t=48 h).

In the experimental series using 100 ng/ml of TNFa (Figure 25 C), the cytokine
concentration had a significant effect. All groups that had been exposed to TNFa
showed decreased TER values after the treatment period (=24 h). The untreated group
cocultured 2 days prior to the experiment (T84 cells + EGC; grey graph) had increased
TER values at this time point (t=2 h). For this group (grey graph), the same effect was
also observed in the series with 1 ng/ml of TNFa . Within the next 24 hours (t=48 h), all
groups cocultured with EGC that had also been exposed to TNFa showed a positive
change of TER, whereas those without TNFa (blue graph) and control (black line) did
not. In the end, all groups cocultured with EGC exhibited a positive percentage change
in TER values compared to those without EGC independently of prior cytokine

treatment.
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Figure 25. Effects of tumor necrosis factor alpha (TNFa) treatment on intestinal epithelial cells
(EGC) cultured with or without enteric glial cells (EGC). Mature IEC monolayers and EGC were
grown in the Transwell® system and incubated for 24 h with different concentrations of TNFa.
Transepithelial electrical resistance (TER) was assessed before and after (24 h, 48 h, 72 h) the treatment
period and is given as % changes in TER. + and - indicate significant difference and no difference
between groups, respectively; one-way ANOVA. Blank fields in an upper triangle indicate that ANOVA on
ranks was used.

Exposure of T84 cells and EGC to IL-1 showed less clear effects than TNFa (Figure
26). At the lowest concentration of (1 ng/ml), IL-1p decreased TER values in all treated

groups (blue, pink, dark pink, green, orange) within 24 hours (Figure 26 A). While
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treated T84 cells further decreased with time, the other groups showed less pronounced

effect.

At the 10x fold concentration (10 ng/ml), IL-1B produced a decrease in TER values
which was most pronounced for the coculture group that had been separately treated
before being combined (t=24 h; green graph) (Figure 26 B). Both groups that had been
cocultured prior to the experiment (grey and orange line) showed TER values that were
above those of the control group (=48 h and t=72 h.

In the experimental series using a concentration of 100 ng/ml of IL-1B, 6 different
groups were included (Figure 26 C): Both groups in which T84 cells and EGC had been
simultaneously exposed to IL-13 differed from control (black line) and one another
(t=24 h). Over time, all groups cocultured with EGC showed increased TER values.
Lack of significance at t=72 h is due to a statistical problem because only 5 wells for the

treated IEC group (blue line) were compared to n=6 for all other groups.

IL-13 disrupted the epithelial barrier of T84 cells at a concentration of 10 ng/ml (Figure
27 A) (Sanders et al 1995). A huge decrease in TER was seen 24 hours after beginning
of the treatment. The groups with treated IEC (blue, pink, orange) slowly recovered
thereafter (t=48 h and t=72 h), but did not regain the basal value within 48 hours after
IL-13 treatment. IEC without IL-13 exposure that had been in coculture with EGC -
either treated (dark pink) or not (red) - showed significantly higher TER values than IEC
that had been treated (blue, pink, orange).

IFNy (100 ng/ml) showed similar effects as IL-13 (Figure 27 B). Concentration of IFNy
was chosen according to previous reports (Fish et al 1999, Sanders et al 1995). TER
values of treated T84 cells alone (blue) or in coculture with treated (orange) or untreated
(pink) EGC decreased significantly compared to the other groups and did not
regenerate to the basal value within the recording period. The group already grown
together prior to the experiment showed less pronounced effects of IFNy exposure,
which was particularly pronounced at t=48 h and t=72 h. Coculturing of untreated T84
cells in the presence of EGC that had or had not been exposed to IFNy also increased
TER values at t=72 h.

Application of an anti-GDNF antibody was used to investigate whether this soluble
factor is in part responsible for the effects that EGC exert on T84 cells under normal and
inflammatory conditions as mimicked by the treatment of TNFa in vitro. Eight groups
were compared with each other and with the corresponding group of the control

experiment using a two-way ANOVA (Figure 28).
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Figure 26. Effect of interleukin-1p (IL-1p) treatment on intestinal epithelial cells (EGC) cultured in
the presence or absence enteric glial cells (EGC). Mature IEC monolayers and EGC were grown in
the Transwell® system and incubated for 24 h with different concentrations of IL-1B. Transepithelial
electrical resistance (TER) was assessed before and after (24 h, 48 h, 72 h) the treatment period and is
given as % changes in TER. + and - indicate significant difference and no difference between groups,
respectively; one-way ANOVA. Blank fields in an upper triangle indicate that ANOVA on ranks was used.
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Figure 27. Effect of interleukin-13 (IL-13) and interferon-y (IFNy) treatment on intestinal epithelial
cells (T84 cells) cocultured with or without enteric glial cells (EGC). Mature IEC monolayers and
EGC were grown in the Transwell® system and incubated for 24 h with IL-13 (A) or IFNy (B).
Transepithelial electrical resistance (TER) was assessed before and after (24 h, 48 h, 72 h) the treatment
period and is displayed as % changes in TER. + and - indicate significant difference and no difference
between groups, respectively; one-way ANOVA. Blank fields in an upper triangle indicate that ANOVA on
ranks was used.

At t=24 h, significant differences existed between the anti-GDNF application groups and
those without anti-GDNF in the parallel control experiment. T84 cells that had been
combined with EGC exposed to anti-GDNF and TNFa (dark pink) showed decreased
TER values compared to the corresponding group of the control experiment. This group
(dark pink) also differed significantly within the anti-GDNF experiment to T84 cells
(control; black line) and T84 cells cocultured with EGC (red line), but not within the
control experiment. Another effect of anti-GDNF application was detected comparing
the TNFa treated group cocultured prior to the experiment (orange graphs). Although
there was an increase in TER values in both groups, the one where anti-GDNF was
added was less pronounced. Cells that had been cocultured prior to the experiment and

were never exposed to TNFa (grey line) exhibited the highest positive changes in TER
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values compared to all other groups. Anti-GDNF exposure did not affect the control
group (Figure 28 A). No differences for anti-GDNF application were tested at the two
following measurements (=48 h and t=72 h) due to lack of statistical significance.

At the subsequent time point (=48 h), the coculture groups grown for 2 days before the
experiment (grey and orange graphs) had the highest percentage change in TER
compared to all other groups. In the control experiment at t=72 hours, all groups
cocultured with EGC had an increased TER value compared to those grown without
EGC in the system (Figure 28 B). Similar effects could also be observed in the anti-
GDNF experiment (Figure 28 A).
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Figure 28. Application of an anti-glial cell line-derived neurotrophic factor (anti-GDNF) antibody
affects intestinal integrity assessed by transepithelial electrical resistance (TER). Mature IEC
monolayers in the presence or absence of EGC were grown in the Transwell® system and incubated for
24 h with TNFa (10 ng/ml) and anti-GDNF (0.05 pg/ml) or medium as the control. TER was assessed
before and after (24 h, 48 h, 72 h) the treatment period and is given as % changes in TER. + and -
indicate significant difference and no difference between groups, respectively; one-way ANOVA. Blank
fields in an upper triangle indicate that ANOVA on ranks was used. Note: Anti-GDNF was added to the
medium when IEC were combined with EGC. This was at t=0 for all groups except those two that where
cocultured for 2 days prior to the experiment, i.e. (T+G) and (TT+TG).
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Cultured EGC express neurotrophins and neurotrophin receptors

Nerve growth factor (NGF) mRNA and neurotrophin-3 (NT-3) mRNA expression was
found in EGC cultures (Figure 15). The specific primers and the used real-time RT-PCR
protocol yielded DNA amplification products with bands of predicted size on agarose
gels. Both NGF and NT-3 belong to the family of neurotrophins and signal through
binding to neurotrophin receptors. A receptor that all neurotrophins share is the low-
affinity nerve growth factor receptor p75 (p75NGFR or NGFR). NGFR mRNA
expression was clearly detected in EGC as bright bands visualized by ethidium bromide
on a DNA gel (Figure 15). mRNA for neurotrophic tyrosine kinase receptor type 1
(NTRK1 or TrkA) and type 2 (NTRK2 or TrkB) was not expressed by EGC, whereas
NTRK3 (or TrkC) was expressed (Figure 15). Total RNA from rat brain served as
positive control and mRNA for all studied molecules was easily detected in cerebral
RNA. Of note, gel electrophoresis and image editing was for qualitative analysis and

band intensity merely reflects gel loading.
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Figure 29. Detection of neurotrophin-3 (NT-3), nerve growth factor (NGF) and their receptor mRNA
in cultured enteric glial cells (EGC). mRNA expression was assessed by RT-PCR and PCR products
were resolved on 2 % agarose gels using primers specific for NT-3, NGF, NGF receptor (NGFR) (top
row), and neurotrophic tyrosine kinase receptor, type 1 (NTRK1), type 2 (NTRK2) and type 3 (NTRK3)
(bottom row). Lane 1: Low molecular weight DNA ladder (New England Biolabs, Frankfurt); lane 2: EGC;
lane 3: rat brain total RNA (Ambion, Austin, TX, USA); lane 4: no template. Results shown for each
reaction are from a single representative experiment. Predicted size of RT-PCR products are given on the
right hand of each gel image.

Cultured EGC express GDNF and receptors for neurotrophic factors

Glial cell line-derived neurotrophic factor (GDNF) mRNA was found to be expressed in
EGC cultures. The commonly used reference genes, actin beta (ACTB) and histone 3
H3 (HIST3H3) were reliably detected in all experiments (Figure 31 B).

To address the issue of cytokine mediated regulation of GDNF expression by EGC
cultured alone or in combination with IEC, mRNA expression of GDNF was
quantitatively assessed by real time RT-PCR (Figure 30). Application of TNFa (Figure
30 A,B) or IL-1B (Figure 30 C,D) in concentrations ranging from 1 — 100 ng/ml for 24 h
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to EGC cultured alone (Figure 30 A,C) or in combination with IEC (T84 cells) (Figure 30
B,D) did not significantly change GDNF expression levels. In more detail, EGC

cocultured with T84 cells treated with TNFa at a concentration of 100 ng/ml was not
significantly different from the other concentrations due to relatively high SEM values
(Figure 30 B; p=0.227). RT-PCR amplification efficiencies (mean + SD) of experiments
with TNFa treatment were 1.72 £ 0.03, 1.75 £ 0.03 and 1.71 + 0.04, for ACTB, HIST3H3

and GDNF, respectively. In the experimental series with IL-1p treatment, PCR
efficiencies of ACTB, HIST3H3 and GDNF were 1.72+0.03, 1.65+0.07 and
1.60 = 0.10, respectively. In both series, the reference genes ACTB and HIST3H3 were
not regulated as validated by linear regression analyses and, thus, were qualified for
quantitative analysis of GDNF gene expression (data not shown).

GDNF family receptor 1 (GFRA1) and GFRA2 mRNA were detected in EGC, whereas
RET tyrosine kinase mRNA was not expressed by cultured EGC (Figure 31 A). mMRNA
for fibroblast growth factor 2 (FGF2) was also detected (Figure 31 C).
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Figure 30. Effects of cytokine treatment (TNFa or IL-1B8) on glial cell line-derived neurotrophic
factor (GDNF) mRNA expression of cultured enteric glial cells (EGC). EGC alone (A,C) or in
coculture with T84 cells (B,D) were incubated for 24 h with 0, 1, 10 and 100 ng of TNFa or IL-13 per ml of
medium. mRNA expression was quantified with RT-PCR and standardized with the reference genes
ACTB and HIST3H3 and with the mean of the group without TNFa or IL-1B (n = 6-7; mean + SEM).
®Positive values indicate a down-regulation and negative values an up-regulation. One-way ANOVA or
ANOVA on ranks. No significant difference between treatment and control for all data points. The x-axis is
log-scaled.
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Figure 31. Detection of mMRNA expression of growth factors, growth factor receptors and reference
genes by cultured enteric glial cells (EGC). mRNA expression was assessed by RT-PCR using
specific primers and PCR products were resolved on 2 % agarose gels. Panel A includes RET tyrosine
kinase, GDNF family receptor 1 (GFRA1) and GDNF family receptor 2 (GFRAZ2). Panel B includes GDNF,
actin beta (ACTB) and histone 3, H3 (HIST3H3). Panel C includes Fibroblast growth factor 2 (FGF2) and
IL-10. Lane 1: Low molecular weight DNA ladder (New England Biolabs, Frankfurt); lane 2: EGC; lane 3:
rat brain total RNA or rat spleen total RNA (only for ACTB) (Ambion, Austin, TX, USA); lane 4: no
template. Results shown for each reaction are from a single representative experiment. Predicted size of
RT-PCR products are given on the right hand of each gel image.
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4. Discussion

Morphological analysis (ex vivo studies)

This study aimed to provide a comprehensive set of quantitative data on enteric glia in
the normal human and guinea pig ENS. To achieve this, the available glial markers
were reassessed in the human and guinea pig ENS, and concurrently, an antibody
against the transcription factors Sox8/9/10 that selectively and completely labels glial
nuclei was employed. Based on the findings reported here, the anti-Sox8/9/10 antibody
is proposed as a novel staining tool that allows for accurate quantification of EGC in the
mature human and guinea pig ENS.

Sox8, Sox9 and Sox10 are closely related to each other and, together, constitute group
E of the transcription factor family of Sox proteins which are characterized by a highly
conserved SRY-related high-mobility-group DNA-binding domain (Wegner 1999). Sox8
expression has been demonstrated in neural crest cells and early glial cells of the
developing mouse ENS, but not in the adult mouse gut (Maka et al 2005, Sock et al
2001). Sox9 expression precedes that of Sox8 and Sox10 in neural crest cells and the
embryonic spinal cord (Cheung & Briscoe 2003, Stolt et al 2005, Stolt et al 2003) and
has been detected in immature glial cells of the central nervous system (Stolt et al
2003). In the ENS, Sox9 is not expressed, neither during development nor in adults
(M.W., unpublished data). In contrast, Sox10 has been shown to be present in
undifferentiated enteric neural crest cells and to be down-regulated in cells acquiring a
neuronal fate while it persists in cells which differentiate into EGC, indicating that Sox10
plays a crucial role in the differentiation of peripheral glia (Britsch et al 2001). Northern
blot analysis revealed significant expression of Sox10 in human adult small intestine
and colon (Bondurand et al 1998, Pusch et al 1998). Consequently, Sox10 expression
appears to be restricted to EGC in the mature ENS (Britsch et al 2001, Paratore et al
2001, Young et al 2003). This was also corroborated by the fact that Sox8/9/10-IR in
glial cells could specifically be abolished by pre-incubation of the Sox8/9/10 anti-serum
with a Sox10 fusion protein. Based on this evidence, it can be proposed that the positive
immunolabeling obtained with the polyvalent monoclonal anti-Sox8/9/10 antibody used
in this study represents Sox10 expression in structures of the mature ENS.

In the systematic evaluation of established immunohistochemical glial markers, it was
confirmed that antibodies against the calcium binding protein S100b (Ferri et al 1982),
GFAP (Jessen & Mirsky 1980) and p75NGFR (Young et al 2003) cannot be used to

reliably identify and quantify enteric glia in human whole-mount preparations, because
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(a) their cytoplasmatic staining pattern does not allow to distinguish individual cells, and
(b) the irregular and patchy nature of S100b and GFAP immunoreactivity in human
intestinal tissues does not permit consistent quantitative immunohistochemical studies.
In contrast, the presented data evidence that robust quantification of EGC can be
achieved with an anti-Sox8/9/10 antibody, both in man and in guinea pig: In this study,
S100b and GFAP were fully co-localized with Sox8/9/10, and the cellular localization of
the reporter peptide Ala-Lys-AMCA that has previously been established as a pan-glial
marker in vital gut tissue (Ruhl et al 2005) displayed a total overlap with Sox8/9/10
immunolabeling in all glial cell bodies of the ENS. In addition, the fact that Sox8/9/10
immunopositivity is entirely restricted to glial cell nuclei allows to clearly and
unequivocally discern individual cells which can consequently be easily and reliably
quantified.

Earlier reports have claimed that EGC can be indirectly quantified with hematoxylin
counterstained PGP 9.5 labeled tissue sections (Wedel et al 2002). However, this
method cannot be readily used in whole-mount preparations due to the mass of nuclei
from multitudinous other cell types residing in the tissue layers adjacent to the enteric
plexuses. Particularly, this holds true in inflamed tissues in which accumulation of
mononuclear cells infiltrating the ENS may occur and thus interfere with a hematoxylin-
based indirect glial cell quantification method.

There were several pan-neuronal markers available to label enteric neurons when the
study was set up, such as NADH (Gabella 1987), PGP (Krammer et al 1993, Wilkinson
et al 1992), HUC/D (Lin et al 2002) and NSE (Bishop et al 1982). Although HuC/D
seems to label a little more neurons in the ENS than NSE does (Murphy et al 2007), the
last one was chosen out of the pool of neuron markers, because (a) it does stain cell
bodies and nerve fibers and, thus, allows for the quantification of the ganglionic area
and (b) the antiserum was not raised in the same species as the Sox8/9/10 antibody.
Furthermore, NSE has previously been used in human (Neunlist et al 2003a, Schneider
et al 2001) and guinea pig (Parr & Sharkey 1994) whole mount preparations to label
enteric neurons.

A laminar preparation technique was used in this study because laminar whole-mount
preparations are best suited to provide a comprehensive view of the entire two-
dimensional architecture of the ENS network so that differences in topography,
architecture and morphology are clearly better discernible than in tissue sections
(Wedel et al 1999). On the other hand, preparing laminar whole-mounts is tedious and

time-consuming, as well as technically limited in thick (e.g. fibrotic) human tissues.
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Further, whole-mount preparations may sometimes be too thick to allow antibodies to
penetrate the tissues and quantitatively reach their epitopes.

To facilitate glial quantification in clinical routine histopathology studies it will, therefore,
be necessary to advance the current methodology: Anti-Sox10 immunostaining can be
useful to directly depict EGC in tissue sections of human intestinal tissues which are
much easier to obtain, but, by definition, reveal only a limited portion of the ENS and not
its entire meshwork. Hence, a novel read-out is desirable to allow for glial quantification

even if only small tissue sections are accessible.

In this study, glial and neuronal cells per ganglion were counted, and ganglionic areas
for each plexus in all studied regions and species were measured. In this set of
analyses it was found that, overall, there are substantially more EGC in the MP than in
the SMP, both in man and guinea pig. In addition, it became evident that EGC are
significantly more numerous in the human than the guinea pig ENS. It may be argued
that these observations merely reflect the well-known fact that ganglia are larger in the
MP than in the SMP, and, likewise, larger in bigger than in smaller mammals (Gabella &
Trigg 1984). However, neuronal cell counts were identical between human and guinea
pig tissues, and at least in human ileum and sigmoid colon, all SMP ganglia were
smaller than in the corresponding guinea pig regions.

Strikingly, the neuronal numbers per ganglion were quite similar between man and
guinea pig, varying by a factor of 0.3-1.1, whereas the glial cell number per ganglion
differed by a factor of 1.5-3.8. This resulted in a significant difference in the glia index
which describes the ratio of glial cells to neurons: The glia index was about 3.5-4 times
higher in human MP and twice as high in the guinea pig MP compared to the SMP.
Between species, the glia index was approximately 2 times higher in the SMP and 3.5
times in the MP of the human as compared to the guinea pig ENS. The glia index would
have risen substantially if glial cells from nerve fiber strands (extraganglionic area) had
been included in the quantitation, but the present analysis comprised only primary and
secondary nerve strands and ignored all small fibers. Since there were just some single
nerve cells located in nerve fiber strands, all other cells are glia (Gabella 1981), so that
the glia index is huge in the extraganglionic compartments of the ENS. These data
illustrate that the majority of glial cells are associated with nerve fiber strands, thus
extending the knowledge about the localization of glial cells in the human ENS (Ruhl
2005).
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The human gastrointestinal tract contains the largest number of nerve cells outside the
CNS with an estimated number of 100 million neurons (Furness & Costa 1987). Based
on the glia index, it can be calculated that the ENS contains several hundred million glial
cells. This is reminiscent of the human brain which also contains much more glial cells
than neurons.

It has been previously demonstrated that the glia index of various mammals is positively
correlated with body size (Gabella & Trigg 1984, Komuro et al 1982, Phillips et al
2004b, Wedel et al 2002), and the observation that the glia index is higher in man than
in guinea pig, and in the MP — which exhibits a more complex neurochemical code than
the SMP (Schemann & Neunlist 2004) — supports the notion that the glia index may
indeed reflect the functional complexity of the associated neuronal structures as
previously suggested for different CNS regions (Reichenbach 1989).

In addition, the finding that myenteric glial nuclei are consistently twice as large as their
submucous counterparts points to differences in the complexity of the various ENS
compartments and confirm earlier reports on differences in glial nuclear size between
the SMP and MP (Gabella & Trigg 1984).

As a read-out for glial quantification, the glia index appears to be very consistent across
gut regions in the human ENS, particularly when compared to much more variable
parameters like cell numbers and cell densities. In addition, neuronal cell numbers in
tissue sections from a control group in a previously published study on idiopathic slow-
transit constipation showed substantial variation from the presented results, whereas
the glia index was well comparable with what was presently reported from whole-mount
preparations (Wedel et al 2002). Based on these findings, the assessment of the glia
index as a well suited investigative and clinical tool would be suggested. It can be
applied to sections of diseased tissues from which whole-mounts cannot be obtained
e.g. due to tissue hypertrophy or sample size, as well as whole-mount preparations.
Further, glial density from cell counts and planimetric data were calculated which
revealed that not only absolute numbers, but also glial density was higher in all plexus
layers and gut regions of the human as compared to the guinea pig ENS. Interestingly,
glial density was significantly higher in the ganglionic vs. extraganglionic areas in the
guinea pig, but not in the human ENS. This finding reflects a major architectural
difference between the human and guinea pig ENS, namely the apparent difference in
size between human and guinea pig interganglionic nerve strands that primarily

constitute the extraganglionic areas of the ENS.
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Morphological (Hanani & Reichenbach 1994, Komuro et al 1982) and functional data
(von Boyen et al 2004, Tjwa et al 2003) and data from developmental studies (Rothman
et al 1986) indicate that EGC are not a homogenous cell population, but different glial
cell types exist like in the CNS also in the ENS. Nevertheless, this topic will remain
controversial until a marker is available to precisely discern glial subpopulations in the
gut (Ruhl 2005).

The neuronal counts that were obtained are largely in accordance with previously
published data (Ruhl et al 2005, Schneider et al 2001), whereas a comparable EGC
data set has not yet been available. With respect to neuronal cell counts, there are
some disparities in the MP for which higher numbers in human, and lower numbers in
guinea pig preparations were counted in this study than previously published (Neunlist
et al 2003a, Ruhl et al 2005, Young et al 1993), which may be explained by variable
definitions of ganglia and ganglionic borders. In the present study, rigid definitions for
ganglionic borders were used based on the presence of neuronal cell bodies. This is
particularly crucial in the human ENS because regions that appear to belong to a
ganglion may lack neuronal cell bodies (cf. Fig.8A and Fig.15B), whereas in the guinea-
pig ENS, neuronal cell bodies are densely packed within a ganglion.

Another well established aspect that has an important impact on the ENS is ageing, as
gastrointestinal motility dysfunctions are increased in the elderly. A decrease in
neuronal density with age has been consistently reported (for review see (Saffrey
2004)), and there is evidence for a selective neurodegeneration occurring in the ageing
ENS (Cowen et al 2000, Phillips et al 2003). In contrast, evidence for glial loss in the
ageing gut is scarce (Phillips et al 2004b). It is not known if neurons and glia disappear
synchronously or rather, which occurs first. In contrast to data reported from animal
models, no age-related effects on glial cell numbers in the ENS were observed, which
may be due to the limited age range that was studied.

Also, gender was no confounding parameter of the ENS data. Since just one single out
of a huge number of comparisons showed a difference, this result may be due to
chance, although this issue has to be further observed in future studies. Further, this
result may be explained by the limited number of tissues per group that were assessed
and the consequential low statistical power.

Doubts could be raised about quantification bias due to difficulties in tissue preparation
and limited penetration of the antibodies and subsequently a subjective tendency to
select smaller ganglia which showed better immunoreactivity in affected CD tissues.

This argument can be countered with the observation of also lower cell numbers (glia
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and neurons) per ganglia in the proximal and distal resection margins of CD were
observed which showed homogeneity in immunoreactivity.

The importance of enteric glia for normal gastrointestinal function is becoming
increasingly clear (Ruhl 2005), and the concept that abnormalities in glial numbers may
reflect certain, still to be defined, disturbances in gastrointestinal physiology opens an
extremely exciting area of research which may ultimately lead to novel approaches in
the treatment of both functional and inflammatory bowel diseases (Ferrante et al 2006,
Bassotti et al 2006a, Bassotti et al 2005).

To gain further insights into glial roles in human gastrointestinal disorders, any
histopathological investigation of intestinal full thickness biopsies should not only assess
enteric neurons but start searching for abnormalities of the glial network. In the recent
past, histopathological studies on glial changes in slow transit constipation and
diverticulitis have been published (Bassotti et al 2005, Bassotti et al 2006a). Further, a
highly exciting recent publication has suggested that in Crohn’s disease resectates,
inflammatory infiltrates at the level of the MP may predict endoscopic disease
recurrence (Ferrante et al 2006).

In conclusion, an antibody against the transcription factors Sox8/9/10 was established
as a reliable and specific marker to label all EGC, with whole-mount preparations being
the method of choice. By this, marked differences between EGC and neuron numbers,
plexus layers and species and the glia index, which reflects the glia:neuron ratio, were
revealed. Since there are hundred million neurons in the ENS, the glia index leads to
the conclusion that there must be several hundred million EGC in the human ENS
(Furness and Costa, 1980). This data constitutes the first comprehensive data set on
human EGC numbers and density, providing a basis for pathological assessment of glial

proliferation or degeneration in the diseased human gut.

Subsequently, the nuclear staining pattern of the Sox8/9/10 antibody in EGC and the
ability to quantify them in whole-mount preparations was used as a novel tool to
investigate EGC numbers in the diseased gut of patients with Crohn’s disease (CD).
Uninvolved distal and proximal margins of the resected specimen of CD patients were
compared to the affected areas sampled as well as to ileal and colonic tissue
specimens from patients undergoing surgery for colorectal cancers which served as
controls. MP was used in this experimental series, while SMP could not be assessed
due to the following technical reasons: hyperplastic and fibrotic tissue areas or

damaged tissue structure and integrity due to inflammation. Tissues from CD patients
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used in this study were classified as B2 and B3 according to Vienna classification
(please see below), thus having the MP being potentially affected (Table 2). Second
variable used for grouping of tissues for statistical analyses was based on anatomical
location of CD. Inflammation was not graded microscopically and an inflammation score
such as Crohn’s disease activity index (CDAI) could not be completed, because all
patients underwent acute surgery.

Overall, a major finding of the present study was that there is a difference between cell
counts per ganglion (neurons and glia) and ganglionic area obtained from colonic CD
tissues and affected CD tissues when compared to colonic samples from controls,
whereas no differences were observed between ileal CD and control tissues. Also, no
difference between both control regions was observed.

The concomitantly reduced glial cell numbers and ganglionic area of the distal resection
margin and the affected region from CD patients compared to colonic tissues from
controls may most likely account for the lack of difference seen in the glial density in
myenteric ganglia of these groups. If this would have been an effect of tissue fibrosis
and, therefore, the tissue could not be adequately stretched, the neuron number would
rise when ganglia size decreases, but this is not the case. For a stretch effect both
parameters (neuron number and ganglion size) would have to be inversely.

The glia index as the most robust parameter was not altered in unaffected or affected
CD tissues and controls, but there was a tendency observed towards a decrease of the
glia index in tissues from the affected gut regions of CD patients. This was not
significant due to the small number of samples used. Alternative statistical approaches
were rejected, because splitting of dataset into 3 groups (prox. control, prox. unaffected
and affected) vs. 2 groups (dist. unaffected, distal control) would lead to a limitation of
the results’ scientific significance. In order to compare all regions sampled in one test
and to validate conclusions to be drawn, ANOVA with Holm-Sidak post hoc testing was
chosen, instead of comparing only two groups using e.g. Student’s t-test. The last would
have revealed more significant differences, but lacking the ability to compare all groups.
Further studies with higher sample numbers are needed to elucidate alterations of the

glia index in inflammation states of the gut.

It has been suggested that EGC are altered in intestinal inflammation, with the
inflammatory environment potentially inducing either glial proliferation or degeneration.
Several reports are providing evidence for glial proliferation in IBD, at least in various
animal models (Bradley, Jr. et al 1997, Bush et al 1998, Ho et al 2003), and mostly
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assessed in whole-mount preparations of the enteric plexuses. Enteric glial cell
proliferation in vitro displays a bimodal behaviour with IL-13 dose-dependently
suppressing EGC proliferation, whereas IL-10 at low concentrations also suppresses
proliferation, but at higher concentrations enhances EGC growth (Ruhl et al 2001b). In
humans, mucosal upregulation of GFAP expression — which the authors are proposing
as a surrogate marker of EGC proliferation — has been observed in the colon of CD
patients (von Boyen et al 2006a). Histopathological observations describing structural
ENS abnormalities in CD have also added to the evidence that enteric glia proliferate in
an inflamed intestine (Geboes & Collins 1998).

Recently the presence of myenteric plexitis in the proximal margins of ileocolonic
resection specimen was described as a predictor of endoscopic recurrence of CD
(Ferrante et al 2006). In the absence of surrounding inflammation only about half of the
patients showed myenteric plexitis, which is defined as the presence of inflammatory
cells appositioned to or within enteric neuronal structures. One might suggest that an
increased EGC number may also be included in the higher cell density observed by the
authors, but this is tentative and could not confirmed with the herein presented
approach, although inflammatory cells were not assessed. Compared to the cited
reference (Ferrante et al 2006), it has to be distinguished between patients undergoing
surgery for the first time due to CD complications or those resected due to reoccurring
disease.

In contrast to this vast body of evidence, a recent study has asserted that CD is indeed
associated with a diminished glial network (Cornet et al 2001): The authors of this study
described a reduction in glial cell density in both non-involved and involved mucosal and
submucosal tissues specimens from CD patients which were immunohistochemically
assessed using anti-GFAP and anti-S100b antibodies. The immunohistochemical
findings were subsequently confirmed with western blotting and ELISA (Enzyme-Linked
ImmunoSorbent Assay).

Such a loss of glial cell numbers in CD — if confirmed — could actually point to a
pathogenetic role of enteric glia in CD, although there is currently no data support for
the contention that glial loss actually precedes intestinal inflammation, rather than being
secondary to pre-existing intestinal inflammation.

A possible explanation for the discrepancy between the cited reports could be the
different methods used. Further, CD is not a single disease entity, but rather comprises
a genetic heterogeneous group of disorders which share some clinical characteristics.

Efforts have been made to overcome this problem and to better define phenotypes.
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Since CD displays a broad spectrum of anatomic and disease behavior characteristics,
the Vienna classification, has recently been introduced. This classification solely relies
on disease phenotype, using three different variables — namely age at diagnosis (A1
<40y; A2 240y), location (L1 terminal ileum; L2 colon; L3 ileocolon; L4 upper Gl) and
disease behavior (B1 non-stricturing non-penetrating; B2 stricturing; B3 penetrating) —
to define a total of 24 subcategories (Gasche et al 2000). The Vienna classification is
becoming more widely accepted over the last years, although some criticism has been
also been voiced (Gasche & Grundtner 2005).

Unfortunately, no age matched controls were available for the present study. This is a
common problem because of the early onset of CD (Loftus 2004), whereas unaffected
control specimens often originate from healthy segments of patients undergoing surgery
for gastrointestinal cancer diseases which mainly occur in an older age group (see
Material and methods). In subgroup analyses, age could not be identified as an
independent factor influencing any variable assessed in CD or control tissues, but due
to the small sample size of the current study, age-related results should be interpreted
with care. A direct comparison of age-matched tissues would be desirable to support
this interpretation.

Location is the second criterion used to classify CD based on the Vienna classification.
Location has been shown to be useful because it is relatively stable over time (Louis et
al 2001). The first described genetic defect linked to CD was NOD2/CARD15, which
provided some insight into disease pathogenesis. NOD2/CARD15 appears to be related
to ileal disease location which may be mechanistically explained because
NOD2/CARD15 is selectively expressed in ileal Paneth cells and regulates antibacterial
host defense (Gasche & Grundtner 2005). Reduced Paneth cell a-defensins were
observed in ileal CD, whereas there was no change in colonic CD (Wehkamp et al
2005b). In contrast, attenuated induction of 3-defensins has been described in colonic
CD (Wehkamp et al 2005a). Location of disease and potentially different pathogenetic
mechanisms for disease should be kept in mind when assessing EGC in CD. Thus,
elevated levels of GFAP positive EGC were observed in colonic mucosa (von Boyen et
al 2006a), whereas the tissue samples used by Cornet and co-workers who apparently
came to an opposing conclusion where not grouped based on ileal versus colonic origin
of the tissue samples (Cornet et al 2001).

Disease behavior is also an important factor. For example, a penetrating behavior will
affect the neuro-muscular compartment of the gastrointestinal wall and thus the MP,

whereas a more superficial disease phenotype may primarily involve mucosal and
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submucosal ENS structures. In addition, behavior is correlated with age, with a
penetrating behavior being more prominent with duration of disease (Louis et al 2001).
Larger numbers of samples from well-defined disease phenotypes according to the
Vienna classification will have to be selected and studied in order to assess whether
EGC alterations are linked to a specific CD phenotype. In addition, inflammatory cell
accumulation in the ENS — particularly the MP (Ferrante et al 2006) — should also be
assessed to grade inflammation and to better characterize the role of EGC in CD.

Functional analysis (in vitro studies)

EGC have been shown to play a pivotal role in gut homeostasis (Bush et al 1998,
Cornet et al 2001). Disturbance of the epithelial lining is an initial event in CD
pathogenesis (Podolsky 2002). Invasion of intestinal bacterial antigens trigger an
(atypical) stimulation of the mucosal immune system which may lead into a self-
sustaining cycle of immune activation (Podolsky 2002). EGC can influence epithelial
barrier function (Bush et al 1998, Cornet et al 2001), but the underlying mechanisms yet
have to be elucidated (Neunlist et al 2007, Savidge et al 2007). Recently, it has been
shown that TGF-b1 secretion by EGC exerts anti-proliferative effects upon intestinal
epithelial cells (Neunlist et al 2007). Therefore, alterations of EGC functions may modify
mucosal barrier functions and be involved in disease pathogenesis. Glial-derived
s-nitrosoglutathione was also identified as an potent agent to modify intestinal barrier
function (Savidge et al 2007). In vitro and in vivo experiments showed an increase of
mucosal barrier function by glial-derived s-nitrosoglutathione, which also attenuated
tissue inflammation after ablation of EGC in a transgenic mouse model (Savidge et al
2007). Functional studies may serve as tools to study mechanisms and mediators by
which EGC regulate epithelial barrier function.

A prerequisite basis for (1) the molecular assessment of EGC in vitro and (2) the
analysis of interactions between EGC and IEC in a novel coculture system was the
availability of isolated purified EGC cultures. For the current experiments, EGC from rat
intestine have been generated according to a previously published protocol (Ruhl et al
2001c). This method is an adaptation from protocols used for the establishment of
purified Schwann cell cultures (Assouline et al 1983, Brockes et al 1979, Raff et al
1978) and allows to generate pure cultures of EGC. Apart from several descriptions
regarding the establishment of mixed neuronal-glial ganglia cultures (Baluk et al 1983,
Bannerman et al 1988, Hanani 1993, Jessen et al 1983, Schafer & Mestres 1997), only
two other reports in the literature describe an isolation culture of purified EGC (Schafer
et al 1997, Bernstein & Vidrich 1994). In one of those, EGC were isolated from the
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mucosa of murine colon (Bernstein & Vidrich 1994). The other uses enzymatic digestion
and mechanical agitation to isolate EGC from rat myenteric plexus (Schafer et al 1997)
and has been recently utilized to analyze enteric glial cell functions (von Boyen et al
2006b, von Boyen et al 2006a, von Boyen et al 2004).

The method established by Rihl (Ruhl et al 2001c) was used and adapted to human
EGC in pursuit of and continued a previously started attempt of this approach (Boguth
et al 2003). In the human gut wall EGC are tightly intermingled with several other cell
types. This network is more complex and also more difficult to dissect, because it has
less tissue homogeneity as compared to those of small animal species (e.g. mouse, rat,
guinea pig). Enzyme digestion was used to isolate EGC from human MP and some
SMP preparations, and it was planned to purify primary cultures by complement-
mediated cytolysis of contaminating fibroblasts similar to the rat cultures. Several
consecutive complement lyses were used, but no pure human EGC cultures were
obtained, because, overall, human fibroblasts divide much more quickly than the glial
cells which ultimately showed first signs of degenerations after multiple passages.
Addition of forskolin to elevate cellular cAMP levels — what is a mitotic signal in glial
cells - as well as the mitogenic activity of pituitary extracts (BPE) (Jessen & Mirsky
1991, Raff et al 1978) was not sufficient to change the balance between EGC and
fibroblast growth in favor of the EGC. A further attempt was addition of the cytostatic
agent cytosine [(-D-arabinofuranoside to hamper fibroblast growth and subsequently
accelerate glial growth with forskolin and BPE, but unfortunately this was also not
successful.

Another novel approach, which has been successfully employed for Schwann cell
purification, is the isolation of glial cells by cell sorting (Vroemen & Weidner 2003). It
was tried to use the glial cell surface marker p75NGFR to retain cells from the mixture
of different cell types which constitute the primary MP/SMP cultures, but it was not
feasible to identify an appropriate antibody to p75NGFR in a series of preliminary
experiments. Nevertheless, this method could be a potential tool for future EGC
purification once a proper cell surface marker for human EGC becomes available.

Due to the unavailability of purified human EGC, primary rat EGC cultures were used to
analyze glial-epithelial interactions and to conduct gene expression analyses.

The established glial markers GFAP (Jessen & Mirsky 1980) and the calcium binding
protein S100b (Ferri et al 1982) were used to confirm purity of EGC cultures by
immunohistochemical and gene expression analyses. Further, Sox8/9/10 was also

shown to be expressed in EGC in vitro. The anti-Sox8/9/10 was restricted to the cell
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nuclei of cultured rat EGC, showing the same staining pattern as in situ which was
evidenced by immunohistochemistry and discussed above.

It is important to note that the Sox8/9/10 antibody stained human, guinea pig and rat
EGC in whole-mount preparations and human and rat EGCs in vitro. EGC from murine
whole-mounts could not be labeled with this Sox antibody because it was raised in the
species mouse.

A striking finding in the purified rat EGC cultures was the simultaneous expression of
GFAP and nestin. The name of the intermediate filament nestin is derived from
neuroepithelial stem cell specific protein (Lendahl et al 1990). Nestin is a marker of the
common neuronal and glial precursor cells and is predominantly expressed in stem cells
of the central nervous system in the neural tube during early development and is
downregulated and replaced by glial specific or neuron specific intermediate filaments
upon terminal neuronal differentiation. In accordance with observations in this study,
earlier reports have demonstrated that EGC express immunocyotchemical reactivity for
nestin in culture (Eaker & Sallustio 1998, Jaeger 1995). Reactive gliosis may in part be
responsible for modification of intermediate filaments with an upregulation of GFAP
being is the most prominent feature observed in reactive astrocytes as well as in EGC
(Eddleston & Mucke 1993, Laping et al 1994, von Boyen et al 2004). In the CNS,
astrocytes re-express nestin in response to a variety of CNS lesions (Lin et al 1995) and
may play a major role in the healing process, which is inevitably associated with glial
proliferation. These findings suggest that nestin expression inevitably occurs in
proliferating glial cells, EGC included. This result could be a hint towards EGC that
revert to a more immature phenotype in culture. Reactive astrocytes have also been
shown to simultaneously coexpress neuronal and glial markers (Geisert, Jr. et al 1990,
Lin & Matesic 1994, Vinores & Rubinstein 1985) which may be an explanation for the
small amount of EGC see in some studies simultaneously expressing glial and neuronal
markers (Phillips et al 2004b, Phillips et al 2004a). It can be speculated that EGC
constitute a reservoir or include a portion of potential progenitors that can differentiate
upon stimulation or that mature EGC can be activated and may be involved in
inflammation and regeneration, which opens a wide and novel field of research
(Estrada-Mondaca et al 2007, Steindler & Laywell 2003).

Coculturing EGC with intestinal epithelial cells alters transepithelial electrical
resistance
Recently, it has been reported that coculturing EGC and Caco-2 cells enhances TER

values (Neunlist et al 2007). This effect was described to be sustained for at least 6
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days of coculture. Such a sustained effect could not be replicated, but more acute glia-
induced changes were seen in TER kinetics in Caco-2 cells with a shortening of the
time period to reach maximal TER values to 3 days. After 3 days, EGC appeared to
inhibit rather than augment Caco-2 TER.

EGC have been shown to exert profound anti-proliferative effects upon IEC proliferation,
which may contribute to glial modification of intestinal barrier function (Neunlist et al
2007). In parallel to reducing Caco-2 proliferation, EGC induced cytoskeletal changes in
the IEC which resulted in enhanced IEC surface areas and which may also have directly
affected high junction formation since tight junctions are intimately connected to the
cytoskeleton (Fanning et al 1998, Furuse et al 1994).

Such a glia-induced increase in cell surface area could explain the acute effects of EGC
on Caco-2 TER values of glial-epithelial cocultures in the first 3 days, irrespective of the
time when coculturing was started: similar effects did occur both in the 1% and 3™ week
of Caco-2 cultures. The reversal of the EGC effects on Caco-2 TER could also be due
the decreased IEC proliferation, which could affect a net loss of cultured IEC over time
with consecutive loss of the monolayer tightness that was observed in the presented
experiments.

Caco-2 cells reach their maximum in TER and tight junction tightness, about three
weeks after seeding, which is an argument against the use of Caco-2 in the
experimental design of the present study. Possibility of contaminating the cultures
increases with time after seeding. Additional methodological issues concerning
coculture experiments and TER relate to the support on which cells are grown, the
passage number, cell density, conditions at the time of measurement (Delie & Rubas
1997). TER is usually higher for older passage numbers in Caco-2 cells, which have
been related to the fact that cells may grow as multilayers instead of monolayers. Thus,
IEC within a narrow range of passage numbers were used. A low cell density means
fewer paracellular spaces and therefore a higher TER. Bias was excluded by using
always the same cell density. Furthermore, at the time of TER measurement if
temperature decreases TER increases. Conditions were kept constant by using a
thermal plate to eliminate this factor.

T84 were chosen for the coculture experiments because they are fully differentiated,
polarized cells after two weeks in culture and show higher TER values than any other
cell line tested. This made it easier to reliably detect cytokine induced effects on TER. In
contrast to Caco-2 cells, T84 cells reach (1) higher TER values and (2) maximum TER

values within a shorter time-frame. The present studies showed, that each time EGC
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were added to T84 cells an increase in TER values was observed. This increase in
epithelial resistance by addition of EGC to intestinal epithelial cells has been previously
reported (Neunlist et al 2007). Very low TER values were observed for the primary IEC
line IEC-6 and HT-29 as well as no effect of coculturing with EGC and, thus, they were
not useful for the intended experiments. HT-29 cells are undifferentiated in standard
culture conditions and the mucin-secreting subclone HT29-CI.19A or HT29-Cl.16E
(Augeron & Laboisse 1984) was not available in this study, but the latter can be used as
a model system to study the interactions between the ENS and the epithelium as

demonstrated by another group (Neunlist et al 2003b, Neunlist et al 2007).

Cytokine treatment of intestinal epithelial cells and enteric glial cells

Luminal substances can cross the epithelium via two routes: the transcellular or the
paracellular pathway. Tight junctions are the rate limiting factor that regulate
paracellular permeability by forming a circumferential seal at the luminal pole of
adjacent epithelial cells (Anderson & Van ltallie 1995). There is accumulating evidence
that such junctions express a high degree of plasticity and may be impaired in disease
states (Madara et al 1992).

Intestinal permeability is a clinically useful term to describe the integrity of the epithelial
barrier in vivo which has been repeatedly shown to be compromised in pathological
conditions such as IBD (Buhner et al 2006, Fries et al 2005, Suenaert et al 2005).
Transepithelial electrical resistance (TER) is determined by the Ohmic relation and has
been used as an index of barrier permeability (McKay & Baird 1999). Permeability to
macromolecules can also be determined quantitatively in vitro to study modulation of
permeability of the intestinal lining by extracellular macromolecules including cytokines
(Sanders et al 1995). However, there is not always a direct correlation between both
methods (TER and permeability to marker molecules) (Balda et al 1996).

The human colonic cancer cell line T84 was chosen as model epithelium to examine
direct actions of cytokines on IEC and on IEC in coculture with EGC as well as their
mutual effects. Exogenous addition of various cytokines has been shown to influence
TER. Most studies implicated proinflammatory cytokines such as TNFa, IFNy, IL-13, IL-
6, and IL-13 as agents which decreases barrier integrity, whereas some anti-
inflammatory substances like IL-10 and TGFp appear to play a protective role in
maintaining the intestinal tight junctional barrier function

Since the first report in 1989 (Madara & Stafford 1989), findings from numerous
laboratories have demonstrated that addition of IFNy substantially diminishes

transepithelial resistance of monolayer using model intestinal epithelial cell lines such
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as T84 (Adams et al 1993, Bruewer et al 2003, Madara & Stafford 1989) and Caco-2
(Wang et al 2005). It has been shown that an initial decrease of TER by addition of IFNy

to T84 cell monolayers returned to nearly baseline after 8 days (Adams et al 1993). In

the present experiments similar effects were demonstrated, however also different
which can be explained by the time-course (only 3 days monitoring) that was chosen for
the experiments and, therefore, full reversibility could not be shown. Moreover, the
disruption comes along with a prolonged alteration in TER, even after limited time (24 h)
of IFNy exposure as demonstrated before (Adams et al 1993). Interaction of IFNy with a
cell surface receptor linked to the basolateral side of intestinal epithelial cells has been
identified as one mechanism of action (Adams et al 1993). This receptor-ligand
mediated effect was attenuated if treated or non-treated EGC were cocultured with T84.
In contrast, there was no difference of the effect that EGC exhibited on T84 cells, if they
had been exposed to IFNy before or not. Expression of the IFNy receptor was found at
the RNA level, but protein expression was not assessed. The question if IFNy could
influence EGC directly and thereby interfere in the glia-mediated attenuation of epithelial
disruption or not needs to be further investigated. Alterations in tight junction function
seems to responsible for the IFNy-induced monolayer dysfunction rather than cell death
(Adams et al 1993, Bruewer et al 2003, Fish et al 1999) or a paracellular pathway
(Adams et al 1993).

TNFo plays a central role in Crohn’s disease and other inflammatory conditions.
Elevated levels of TNFa have been measured in a intestinal inflammatory disorders,
and the use of neutralizing antibodies to TNFa has been found to be an effective
therapeutic strategy in patients suffering from Crohn’s disease (Stack et al 1997, Targan
et al 1997). TNFa induced increase in intestinal TJ permeability has been proposed as
an important proinflammatory mechanism (Hollander 2002, Ma et al 2004, Sands 2000,
Suenaert et al 2002). In the present study, the effects of TNFa on T84 permeability
were less consistent than those for IFNy. Observations from several independent
research groups have shown that low dose TNFa (<10 ng/ml) has no effect on T84
permeability assessed with a transwell system (Taylor et al 1997) and Ussing chambers
(Madara & Stafford 1989, McKay et al 1996, Zareie et al 1998), whereas other reports
using the renal cell line LLC-PK1 (Mullin & Snock 1990) or Caco-2 cells (Ma et al 2004)
suggest that epithelial barrier function is reduced by TNFa. Moreover, the effect induced

by IFNy is potentiated by TNFa in T84 cell monolayers (Bruewer et al 2003).
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In the present study TNFa could not decrease TER at concentrations up to 10 ng/ml,
but at a concentration of 100 ng/ml of TNFa a significant drop in TER was observed
compared to control. Nevertheless, the effects of coculturing EGC with T84 and how
TER was influenced in the context of an inflammatory environment created by TNFa
were much more interesting and novel. While there were little effects seen at the lowest
TNFa concentration used, 10 ng/ml showed more prominent effects as well as 100
ng/ml of TNF did. After an initial drop in TER the monolayer integrity recovered and,
moreover, increased thereafter. This biphasic response of epithelial monolayers to TNF
has also been reported in a porcine renal epithelial cell line (LLC-PK1) (Marano et al
1993). The authors suggest a compensatory mechanism of the epithelial cells to re-
establish its effectiveness as a physiological barrier following acute inflammatory insults
by TNFa. Results from the present study showed that treatment of T84 cells with TNFa
decreased barrier function as assessed by TER, and EGC can modulate this effect.
Another cytokine investigated was IL-1p which has also been shown to be elevated in
patients with IBD (Podolsky 2002). In these experiments, IL-1p affected TER of T84
cells alone or in coculture with EGC, and this effect was seen most clearly in
concentrations as high as 100 ng/ml. A uniform effect was observed for the group with
both T84 cells and EGC separately treated with IL-13 before cocultured, which had the
lowest TER values after 24 h of cytokine exposure, but recovered to baseline over time.
IL-1B can stimulate IL-6 expression by EGC (Ruhl et al 2001a) and IEC (McGee et al
1995) and receptors for IL-1p are readily detectable on IEC (Panja et al 1998). Thereby,
EGC might indirectly affect IEC and this might be a reasonable explanation for this
observed high decrease in TER compared to the other groups.

IL-13 has also been reported to disrupt epithelial barrier in vitro (Ceponis et al 2000,
Heller et al 2005, Sanders et al 1995). This was also the case in this study, where IL-13
significantly disrupted the epithelial barrier of T84 cells. IL-13 had a profound effect and
TER did not reach pre-treatment values within the monitoring period of 72 h. Whether
this effect is reversible or the slow increase in TER after treatment constitutes a normal
healing process is not known. Nevertheless, addition of EGC reduced the harmful action
of IL-13. Receptors for IL-13 have been demonstrated in a human colonic epithelial cell
line (Blanchard et al 2004) and on colonic enterocytes (Heller et al 2005). RT-PCR
revealed mRNA expression of the IL-13 receptor alpha 1 also in EGC. It needs to be

further investigated, if the positive actions of EGC on IEC may be activated by IL-13. IL-
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13 induced decrease in TER was not due to cell necrosis as shown in another IEC line
(Heller et al 2005).

In summary, the present observation with all tested cytokines indicate that coculturing of
EGC attenuates detrimental effects of cytokines as inflammatory mediators on epithelial
tightness, suggesting that EGC play an important role to maintain intestinal epithelial
tightness and hence gut homeostasis. Despite all cytokines used having the ability to
disrupt the epithelial barrier, it has to be distinguished between the type of cytokine such
as IFNy, TNFo, IL-1B and IL-13, and the concentration of cytokine, which also did
influenced the effects.

This adds further evidence to the hypothesis, that soluble factors released from EGC
into the culture medium are responsible for the effects of EGC on IEC and that those
modulate the tight junctional barrier. GDNF is a key candidate to be responsible for
those kind of interactions (von Boyen et al 2006a, Steinkamp et al 2003).

The idea of application of an antibody against GDNF was to block the positive effects
EGC exert on epithelial barrier function suggesting GDNF to being of special
importance. Especially in those groups, in which the cells had been cocultured prior to
the experiment anti-GDNF treatment alleviated positive EGC effects on IEC. The effects
could not be fully reversed, but this would fit with the observation of a constitutive
expression of GDNF in EGC. In contrast to previous findings (von Boyen et al 2006a),
GDNF expression levels was not modulated by TNFa in this study.

A newly published paper (Savidge et al 2007) demonstrated that another glial derived
factor (s-nitrosoglutathione) was identified as a potent protective agent who could
attenuate tissue inflammation and induce epithelial barrier function in vitro and in vivo.
In a coculture model consisting of EGC and Caco-2 cells, EGC increased Caco-2 cell
surface area while reducing cell density (Neunlist et al 2007). This effect could be partly
reproduced by addition of TGF-B1 which has been identified to be also produced by
EGC (Neunlist et al 2007). Both studies underline that EGC are a source of a variety of
soluble factors interacting with epithelial cells. This leads to the conclusion that a
number of substances released by EGC may contribute to epithelial barrier homeostasis

and GDNF being one of them.

EGC express NGF, NT-3, GDNF and related receptors
Neuronal growth factors generally belong to one of 2 major families: the neurotrophins

and the neurotrophic factors.
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Neurotrophins are target-derived soluble growth factors essential for the development,
maintenance and survival of central and peripheral neurons (Thoenen 2000). Besides
these well-known functions, neurotrophins influence neurotransmitter and neuropeptide
synthesis and release (Thoenen 2000). In mammals, the neurotrophin family includes
the four growth factors nerve growth factor (NGF), which was the first neurotrophin to be
discovered (Levi-Montalcini 1987), brain-derived neurotrophic factor (BDNF),
neurotrophin-3 (NT-3) and neurotrophin-4/5 (NT-4/5). Two other members of this protein
family, neurotrophin-6 (Gotz et al 1994) and neurotrophin-7(Lai et al 1998) have been
identified in different fish species, but not yet in humans.

Neurotrophins bind to two classes of cell surface receptors, p75NGFR and the
neurotrophic tyrosine kinase receptor or “Trk” family. Nerve growth factor receptor p75
(p75NGFR or NTRK) is a low-affinity receptor that all neurotrophins can bind to. The Trk
family comprises the high-affinity receptors TrkA (or NTRK1), TrkB (or NTRK2) and
TrkC (or NTRK3) all of which will specifically bind a single neurotrophin ligand: TrkA is
the high-affinity receptor for NGF, TrkB transduces signals after binding with BDNF or
NT-4/5 and TrkC is the specific high-affinity receptor for NT-3, but it can also activate
each of the other Trk receptors with less efficiency (Bothwell 1995).

Neurotrophins have been implicated in the development of neurons and glia in the ENS
(Chalazonitis et al 1994, Chalazonitis 2004), which are derived from neural crest
progenitor cells (Gershon & Rothman 1991).

In the adult human ENS, NT-3 immunoreactivity, as well as TrkA and TrkB receptor
immunoreactivity has been localized to EGC, neurons and neuronal fiber bundles in the
MP and SMP, whereas TrkC appears to be exclusively localized to enteric neurons
(Hoehner et al 1996). Another study has demonstrated TrkA and TrkC immunoreactivity
to be confined to human enteric neurons of the SMP and MP in oesophagus, stomach,
duodenum, jejunum, ileum, colon, sigmoideum and rectum, and to the SMP and MP in
the jejunum and ileum of several other species including rat (Esteban et al 1998).

In contrast, TrkB immunoreactivity is restricted to EGC, with the exception of humans
where mainly EGC and also a small percentage of neurons have been demonstrated to
be immunopositive for TrkB (Esteban et al 1998). In situ hybridization has revealed
TrkC mRNA only in enteric neurons of the adult rat gut, but not TrkA or TrkB mRNA
(Sternini et al 1996). The TrkC ligand NT-3 appears to also be localized to rat enteric
neurons (De Giorgio et al 2000). The pan-neurotrophin receptor p75SNGFR has been

found in EGC, enteric neurons and nerve fiber bundles of man (Esteban et al 1998) and
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rat (Baetge et al 1990, Esteban et al 1998). An overview of immunoreactivity of

neurotrophins and their receptors in the ENS is given below:

Table 8. Immunoreactivity of neurotrophins and their receptors in the ENS

EGC Neurons Nerve bundles
TrkA 4 15 + 1425 +1.5
TrkB + 14 4+ 124 + 14
TrkC - + 124 1
NT-3 41 413 + 13
p75NGFR +4 +* +4
NGF -° +9 +5

"(Hoehner et al 1996); *(Sternini et al 1996); °(De Giorgio et al 2000); *(Esteban et al 1998); °(Di Mola et
al 2000).

Functional effects of neurotrophins in the gut

In the ENS prokinetic functions of the neurotrophins BDNF and NT-3 have been
demonstrated. Administration of recombinant human BDNF and NT-3 in healthy
subjects and patients with constipation stimulates gut motility (Coulie et al 2000). This
was corroborated in a phase Il trial in patients with functional constipation (Parkman et
al 2003). Injections of NT-3 enhanced colon transit, and improved symptoms of chronic
constipation (Parkman et al 2003).

Besides involvement of neurotrophins in functional disease, NGF and TrkA have been
shown to be elevated in tissue sample from patients with Crohn’s disease (Di Mola et al
2000). Using in situ hybridization, NGF expression was found in SMP and MP neurons,
lamina  propria  cells  (polymorphonuclear-like  cells) and mast  cells.
Immunohistochemistry revealed intense NGF and TrkA immunoreactivity
polymorphonuclear-like cell in lamina propria cells and many mast cells. NGF was also
found in SMP and MP neurons and additionally TrkA was found in EGC (Di Mola et al
2000).

The presence of NGF and its high affinity receptor TrkA in both neuronal and non-
neuronal cells suggests neuroimmune interactions in chronic inflammation: Mast cells
are closely apposed to nerves in the mucosa of the human gut, which demonstrates the
anatomical connection between enteric nerves and inflammatory cells and lead to this
hypothesis of neuroimmune interactions (Stead et al 1989). There are more studies
showing NGF and NT-3 involvement in inflammatory processes and visceral sensitivity.

Immunoneutralization of both NGF and NT-3 worsens TNBS-induced experimental
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colitis in rat, which suggests a regulatory and protective role of these neurotrophic
factors in inflammation and gut integrity (Reinshagen et al 2000). NGF is also involved
in the maintenance of colonic sensitivity and mucosal integrity of the gut (Barreau et al
2004).

The results obtained in the present study show NGF and NT-3 expression in EGC
cultures, which is consistent with immunohistochemical data from an earlier study.
(Hoehner et al 1996) and a recently published paper also demonstrating NGF
expression in EGC cultures from rat MP (von Boyen et al 2006b). Proinflammatory
cytokines like IL-1, TNFa and lipopolysaccharides, found in the bacterial wall increased
NGF secretion, while the anti-inflammatory cytokine IL-4 had no effect. IL-1 and TNFa
effects could be blocked with receptor agonists, although presence of receptors was not
tested (von Boyen et al 2006b); NGF and TrkA mRNA were also found to be increased
after cytokine treatment (von Boyen et al 2006b). In the CNS, there is extensive
evidence that proinflammatory cytokines, like IL-1B, IL-6, TGFB1, TNFa and IFNy as
well as the anti-inflammatory cytokine IL-10 are capable of regulating NGF secretion in
astrocytes (Brodie 1996, Juric & Carman-Krzan 2000, Kuno et al 2006).

In contrast to some other studies (Di Mola et al 2000, Esteban et al 1998, Hoehner et al
1996, Sternini et al 1996, von Boyen et al 2006b), TrkC expression was detected in
EGC, but TrkA and TrkB mRNA was not found to be present in EGC cultures used. This
is consistent with an immunohistochemical study which showed TrkA immunoreactivity
was restricted to neurons and did not label rat EGC (Lin et al 2005).

One could speculate that different results obtained in this study are due to
contamination of EGC cultures with other cell types, a cause which could be excluded
because of verification of EGC culture purity (see above); another cause of discrepancy
could be due to different methods for EGC isolation and purification used to obtain EGC
in vitro (Ruhl et al 2001c, Schafer et al 1997). There were also different antibodies used
and different species investigated. Despite this facts, there is agreement of
neurotrophins and neurotrophin receptors to be involved in the regulation of gut
inflammation (Di Mola et al 1999, Reinshagen et al 2000).

Expression of the pan-neurotrophin receptor p75NGFR was easily detected in EGC in
vitro by RT-PCR and by immunohistochemistry. The same p75NGFR antibody used in
EGC cultures also stained EGC in whole-mount preparations from the human ENS. This
has been shown before (Lin et al 2005).

The expression of NGF, NT-3, the NT-3 high affinity receptor TrkC and the low-affinity

receptor p75NGFR suggest EGC to be a source of these substances and a central role
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in inflammation of the intestines. EGC are closely apposed to the epithelium in the
intestinal mucosa (Neunlist et al 2007) and, thus, secretion of neurotrophic factors
during inflammation of the gut could be one of the important functions of EGCs to
maintain gut integrity.

It is believed that the intestinal mucosa is in homeostatic state of controlled
inflammation, although the responsible processes are poorly understood (Fiocchi 2005).
NGF is secreted by epithelial cells, fibroblasts, a number of immune cells, such as
activated T cells, mast cells, and dendritic cells and glial cells (Levi-Montalcini et al
1996). This is supported by the herein presented data that NGF was also expressed by
EGC. NGF causes dose-depended upregulation of IL-10 secretion in the epithelium,
and, reciprocally, IL-10 causes an increase of NGF in intestinal epithelial cells (IEC) (Ma
et al 2003). IL-10 receptors are expressed on IEC from the murine small and large
intestine (Denning et al 2000). Binding of IL-10 to its receptor could block the effects of
IFNy on interruption of epithelial barrier integrity (Madsen et al 1997). IL-10 is a potent
anti-inflammatory agent that inhibits the expression of genes encoding proinflammatory
cytokines (Stordeur & Goldman 1998). An induction of IL-10 expression by NGF
secreted from EGC could therefore be one possible way to indirectly downregulate
immune function in the epithelium and maintain gut integrity. Additionally, the fact that

EGC do not express IL-10 itself does confirm this argument.

Neurotrophic factors have been implicated in gut homeostasis

The second family of proteins, which have been implicated in the mediation of gut
inflammation and integrity, are the neurotrophic factors. The glial cell line-derived
neurotrophic factor (GDNF) family in a member of the superfamily of transforming
growth factors and comprises four molecules to date, which are GDNF, neurturin,
artemin and persephin (Sariola & Saarma 2003). GDNF was the first of this group to be
discovered in 1993 as a growth factor promoting the survival of midbrain dopaminergic
neurons (Lin et al 1993). The GDNF ligands bind to a multicomponent receptor
complex, with the receptor tyrosine kinase RET as the central receptor and glycosyl-
phosphatidyl inositol (GPIl)-anchored ligand-binding coreceptor protein named GDNF
family receptor a (GFRa) (Sariola & Saarma 2003). GDNF, neurturin, artemin and
persephin specifically bind to GFRa1, GRFa2, GFRa3 and GFRa4, respectively. New
findings also suggest the GNDF family members also signal independently of RET
(Sariola & Saarma 2003).

During development GNDF and neurturin are expressed in many areas of the central

and peripheral nervous system. By this they have neurotrophic functions on
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dopaminergic and noradrenergic CNS neurons and spinal motorneurons and are crucial
for ENS development. Artemin and persephin seem not to be important for development
of the ENS (Durbec et al 1996, Heuckeroth et al 1999, Moore et al 1996, Nishino et al
1999, Sanchez et al 1996, Schuchardt et al 1994, Tomac et al 2000). GDNF and
neurturin have been shown to be important factors for the survival and proliferation of
enteric neurons (Heuckeroth et al 1998).

In the inflamed gastrointestinal tract, expression of GDNF, RET, GFRa1 and GFRa2
could be induced in a model of experimental colitis in rat; but cellular localization of
these molecules was not determined (Reinshagen et al 1999). An earlier study which
was the first to investigate GDNF in the gastrointestinal tract, detected GDNF in EGC of
the adult and the developing human gut (Bar et al 1997). Immunoreactivity for the
receptor component RET was only found in neuronal cell bodies of the SMP and MP
(Bar et al 1997). GDNF expression to be confined to EGC structures was confirmed by
another study (Steinkamp et al 2003).

Results obtained from gene expression analysis using RT-PCR showed GDNF in EGC
cultures which confirm EGC as one source of this neurotrophic factor in the gut. Also,
the investigated cultures did not express RET tyrosine kinase, which is consistent with
the results cited above. Additionally GFRa1 and GFRa2 expression was found in EGC.
In IBD and experimental rat colitis, GDNF was specifically upregulated, whereas
GFRa1 was expressed at a constant level in human and rat colonic epithelium
(Steinkamp et al 2003). GDNF was restricted to the SMP and MP, whereas there was
strong immunoreactivity seen at the top of the crypts in Crohn’s disease. GFRa1 and
RET receptor expression was also shown in epithelial cells in vitro (Steinkamp et al
2003). The data showed strong anti-apoptotic effects of GDNF on colonic epithelial cells
through activation of mitogen-activated protein kinase (MAPK) and phosphatidylinositol
3-kinase/Akt (PKB) pathways (Steinkamp et al 2003). Since subepithelial myofibroblasts
were excluded as a possible source of GDNF (Steinkamp et al 2003) and EGC are
capable of providing neurotrophins and neurotrophic factors in the gut, EGC might
regulate IEC apoptosis and tissue integrity by secretion of GDNF (Steinkamp et al 2003,
von Boyen et al 2006a). It sounds conceivable that GDNF secretion by EGC might act
in a protective way, because GDNF upregulation took place after initiation of
experimental inflammation and therefore it may play a role in limiting epithelial
impairment and promoting epithelial restitution (Steinkamp et al 2003). Evidence for
EGC to be a major source of GDNF in CD was added by confirming GDNF expression
in EGC and not in subepithelial myofibroblasts (von Boyen et al 2006a). Synthesis and
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secretion of this neurotrophic factor could be stimulated by IL-1, TNFa and
lipopolysaccharides (LPS) in vitro. An interesting fact is the speculation on how LPS
might directly activate EGC. Toll-like receptor 2 (TLR2) which recognizes the bacterial
cell wall product peptidoglycan and TRL4 which is a specific receptor for LPS recently
have been demonstrated in astrocytes (Bowman et al 2003, Esen et al 2004) and it can
be speculated that mucosal EGC act in a similar way.

Expression of the neurotrophic factor fibroblast growth factor 2 (FGF2; also known as
basic FGF or bFGF) in EGC has been detected by gene expression analysis. Just
recently, this finding has been reported using immunohistochemistry showing for the
first time FGF2 localized to enteric neurons and EGC nuclei (Chadi et al 2004).
Paracrine actions of EGC on enteric neurons and an autocrine effect of FGF2 on
neurons are discussed (Chadi et al 2004), but FGF2 may also act on other cell types
and, thus, is additional promising target of further research into EGC effects mediating
IEC permeability.

Based on these observations, it can be concluded that enteric glia have the potential to
interact with the gut epithelium and are the source of mucosa-protective factors.
Protective mucosal factors belonging to the GDNF family and the family of
neurotrophins and other growth factors seem to be involved. This contention is
supported by previous reports which have demonstrated that neuroglia is capable of
synthesizing neurotrophins and members of the GDNF family which in turn have been
shown to be capable of down-regulating inflammatory processes of the central nervous
system and be cyto-protective (Appel et al 1997, Bar et al 1997, Stanisz & Stanisz
2000). Evidence that a similar mechanism may be effective in the gut was provided by
earlier reports of an involvement of neurotrophins and neurotrophic factors in the
regulation of intestinal inflammation (Bar et al 1997, Reinshagen et al 1999, Reinshagen
et al 2002). Furthermore, evidence was published indicating that members of the
GDNF-family may be directly involved in the preservation of the intestinal mucosal
barrier (Steinkamp et al 2003). Together with the findings that ablation of the enteric glia
results in fulminant intestinal inflammation (Marano et al 1993, Bush et al 1998, Cornet
et al 2001, Savidge et al 2007), these data strongly support the conjecture that enteric
glia may release and control a complex network of neurotrophins, neurotrophic factors

and additional growth factors to maintain mucosal integrity.
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Summary

The Sox8/9/10 antibody is an excellent investigative tool to assess the glial cells in the
enteric nervous system. In this study, conspicuous structural differences were described
between various ENS plexus layers and species, and the glia index as the most robust
quantitative descriptor within a species was identified.

Using the Sox8/9/10 antibody, this work provides a comprehensive set of quantitative
EGC data which can be used as a basis for pathological assessments of glial
proliferation and/or degeneration in the diseased gut. Data from this study was
employed to compare EGC numbers in the healthy and chronically inflamed human
intestine. The observed differences in Crohn’s disease are promising and underline the
involvement of the ENS in chronic inflammation. The great potential of the presented
methodology should be further used to assess gastrointestinal diseases which may
affect the ENS.

The presented functional studies support the thesis that EGC have the potential to
maintain epithelial barrier function and protect the gut epithelium from inflammatory
insults. These effects were dependent on the involved cytokine, suggesting that glial
responses vary in different inflammatory settings (e.g. Th1 vs. Th2 etc.). Although the
regulatory mechanisms underlying these processes were not identified, the expression
of GDNF, NGF, NT-3 and their receptors are promising targets of further research to
elucidate the exact nature of glial-derived mucosa-protective factors.

Overall, more attention should be paid to enteric glial cells in order to elucidate the
multiple functions of this fascinating cell type in the ENS in health and disease, since
this could identify new pharmacological targets and in turn open new avenues for the

treatment of gastrointestinal diseases in the future.
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5. Abstract — Kurzfassung

Abstract

Plasticity of glial cells in the enteric nervous system during intestinal
inflammation

Quantitative changes of enteric glia (EGC) have been implicated in gastrointestinal
disorders. To facilitate future studies of EGC in human pathology, glial markers in the
human enteric nervous system (ENS) were thoroughly characterized and glial cell
numbers were compared in man and guinea pig: Whole-mount preparations of the
enteric nerve plexuses from human and guinea pig ileum and colon were labeled with
antibodies against S100b, GFAP, p75NGFR, and the transcription factors Sox8/9/10
and neuronally counterstained. As a result, the Sox8/9/10 antibody was shown to be an
excellent investigative tool to assess the glial cells in the enteric nervous system.
Conspicuous structural differences were described between various ENS plexus layers
and species, and the glia index was identified as the most robust quantitative descriptor
within a species.

Overall, a comprehensive set of quantitative EGC measures in man and guinea pig is
provided which may serve as a basis for future pathological assessment of glial
proliferation and/or degeneration in the diseased gut. Subsequently, this Sox8/9/10 was
used in Crohn’s disease (CD) specimens to quantify enteric glia, because CD has been
previously shown to affect the neuromuscular compartment of the gastrointestinal wall.
CD resectates from a highly inflamed area and 1 or 2 specimens from the resection
margins were studied in order to compare affected and non-affected areas. This
assessment was restricted to myenteric plexus (MP) samples only, because dissection
of submucous plexus (SMP) was technically not feasible in CD tissues. As in controls,
Sox8/9/10 labeled all EGC nuclei within ganglia as well as glial nuclei associated with
large nerve fiber tracts and neuronal fibers ramifying into the muscle coat. Marked
differences were detected in absolute cell numbers (glial cells and neurons) per
ganglion between colonic control tissues and affected and unaffected CD regions. In
CD, the glia index tends to be reduced in affected tissues compared to all other regions,
which should be confirmed in a larger study.

The observed differences in glial cell numbers in CD underscore the involvement of the
ENS in chronic intestinal inflammation. The potential of the presented methodology

should be further used to assess gastrointestinal diseases which may affect the ENS.
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In a parallel approach the potential contribution of enteric glia to intestinal inflammation
was investigated as loss of EGC is accompanied by a breakdown of epithelial integrity
and subsequent intestinal inflammation. Interactions between EGC and the intestinal
epithelial barrier were analyzed in experimental conditions mimicking in un-inflamed and
inflamed conditions: For these experiments, the intestinal epithelial cell (IEC) line T84
was selected as the most appropriate cell line from a range of different cell lines
(Caco-2, HT-29, IEC-6) and T84 cells were grown on filter supports in the apical
compartment of a transwell co-culture system in the presence or absence of EGC in the
basolateral compartment. Mature T84 cells were stimulated with human recombinant
tumor necrosis factor (TNF)a, interleukin (IL)-1pB, IL-13 or interferon (IFN)y for 24hrs.
Subsequently, the integrity of T84 monolayers was determined by assessing the
transepithelial electrical resistance (TER) over a period of 48hrs. To detect cytokine-
induced defects in the epithelial monolayers, macromolecular permeability was
measured. While inflammatory mediators like TNFa., IL-1B, IFNy, and IL-13 diminish the
tightness of IEC, most likely via alterations of epithelial tight junctions, these effects
were abolished or reduced in the presence of EGC. This observation indicates a
protective effect of EGCs on the intestinal epithelial barrier in intestinal inflammation
which seems to be determined by the immunological profile of the inflammatory
response.

Overall, the presented functional studies support the thesis that EGC have the potential
to maintain epithelial barrier function and protect the gut epithelium from inflammatory
insults. The oberserved effects were dependent on the involved cytokines, suggesting
that glial responses may vary in different inflammatory settings (e.g. Th1 vs. Th2 etc.).
Although the underlying regulatory mechanisms were not identified in this work, the
observed expression of GDNF, NGF, NT-3 and their receptors by EGC points to
promising targets for further research to elucidate the exact nature of glial-derived
mucosa-protective factors.

In summary, more scientific attention should be paid to EGC in order to elucidate the
multiple functions of this fascinating cell type in the ENS in health and disease, which
could lead to the identification of new pharmacological targets and in turn open new

avenues for the treatment of gastrointestinal diseases in the future.
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Kurzfassung

Plasticity of glial cells in the enteric nervous system during intestinal
inflammation

Strukturelle Veranderungen enterischer Gliazellen (EGZ) wurden mit gastrointestinalen
Erkrankungen in Zusammenhang gebracht. Um enterische Gliazellen im Bereich der
Humanpathologie besser untersuchen zu koénnen, wurden Gliamarker im human
enterischen Nervensystem (ENS) umfassend charakterisiert und die Zellzahlen
enterischer Gliazellen von Mensch und Meerschweinchen verglichen. Dazu wurden
Hautchenpraparate der enterischen Nervengeflechte aus lleum und Kolon von Mensch
und Meerschweinchen angefertigt und mit Antikérpern gegen S100b, GFAP, p75NGFR
sowie die Transkriptionsfaktoren Sox8/9/10 markiert und mit neuronalen AntikGrpern
gegengefarbt.

Es stellte sich heraus, dass der Sox8/9/10 Antikoérper ein hervorragend innovatives
Arbeitsmittel ist, um EGZ im ENS zu quantifizieren. Deutliche strukturelle Unterschiede
zeigten sich sowohl zwischen den verschiedenen Plexusschichten des ENS als auch
zwischen den Spezies. Dabei stellte sich der Gliaindex als widerstandsfahigsten
Parameter innerhalb einer Spezies dar.

Insgesamt wurde ein umfassender Datensatz quantitativer EGZ Messwerte bei Mensch
und Meerscheinchen erstellt, der als Basis zukunftiger pathologischer
Bewertungsmerkmale von Proliferation und/oder Degeneration enterischer Gliazellen im
erkrankten Darm dienen konnte. Folglich wurde der Sox8/9/10-Antikdrper bei
Gewebeproben von Morbus Crohn (MC) Patienten verwendet, um EGZ zu
quantifizieren, da vorhergehende Arbeiten zeigten, dass bei MC der neuromuskulare
Bereich der Darmwand betroffen ist.

Es wurden Darmresektate von MC Patienten aus einem stark entzindeten Bereich
sowie 1 bis 2 Proben der Resektionsrandern untersucht, um betroffene mit nicht
betroffene Bereichen vergleichen zu kénnen. Diese Untersuchungen beschrankten sich
auf Proben des myenterischen Plexus (MP), da eine Praparation des submukdsen
Plexus von MC Geweben technisch nicht moglich war. Wie in den Kontrollgeweben,
farbte Sox8/9/10 alle EGZ Zellkerne in Ganglien als auch die mit grol3en
Nervenstrangen assoziierten und mit in die Muskelschicht verlaufenden neuronalen
Fasern assoziierte Gliazellkerne. Die gezeigten Unterschiede waren in den absoluten
Zellzahlen (Gliazellen und Neurone) pro Ganglion zwischen Kontrollgeweben und

entzindeten und nicht entzindeten MC Geweben messbar. Bei MC scheint der
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Gliaindex in stark entzindeten Geweben geringer zu sein als in allen anderen
Regionen, was jedoch durch eine umfangreichere Studie bestatigt werden sollte. Die
gemessenen Unterschiede der Gliazellzahlen bei MC bekraftigen eine Beteiligung des
ENS bei chronischen intestinalen Entzindungsprozessen. Das Potential der
dargestellten Methode sollte weiter genutzt werden, um gastrointestinale Erkrankungen

zu erforschen, die das ENS beeintrachtigen kénnen.

In einem parallelen Ansatz wurde die potentielle Beteiligung enterischer Gliazellen an
intestinalen Entzindungsprozessen untersucht, da ein Verlust von EGZ mit einer
Beschadigung der epithelialen Integritdt und einer darauffolgenden intestinalen
Entzindung einhergeht. Wechselwirkungen zwischen EGZ und der intestinalen
epithelialen Grenzschicht wurden unter experimentellen Bedingungen analysiert,
welche nicht entzindete und entzindete Gegebenheiten imitierten. Fir diese
Versuchsreihe, wurde die intestinale epitheliale Zelllinie (IEZ) T84 aus einer Reihe
verschiedener Zelllinien (Caco-2, HT-29, IEC-6) als die adaquateste Zelllinie
ausgewahlt. T84 Zellen wurden auf Filtereinsatzen im apikalen Bereich eines Transwell
Kokultursystems in Gegenwart oder Abwesenheit von EGZ im basolateralen Teil des
Systems kultiviert. Voll differenzierte T84 Zellen wurden mit humanen rekombinantem
Tumornekrosefator (TNF)a, Interleukin (IL)-1B, IL-13 oder Interferon (IFN)y Uber einen
Zeitraum von 24 Stunden stimuliert. AnschlieBend wurde die Integritat der T84
Zellmonolayer durch die Aufzeichnung des transepithelialen Widerstands uber 48
Stunden bestimmt. Um Defekte der epithelialen Monolayer durch Zytokineinfluss zu
detektieren, wurde die makromolekulare Permeabilitit gemessen. Wahrend
Entzindungsmediatoren wie TNFa, IL-1B, IFNy, und IL-13 die Durchlassigkeit von IEZ
sehr wahrscheinlich Uber Veranderungen der epithelialen Tight Junctions verringerten,
wurden diese Effekte in Gegenwart von EGZ aufgehoben oder reduziert. Diese
Beobachtung deutet auf einen protektiven Effekt von EGZ auf die epitheliale
Grenzschicht im Darm bei intestinalen Entzindungsprozessen hin, welche aber durch
das immunologische Profil des Entzindungsverlaufs bestimmt zu sein scheint.

Insgesamt unterstitzen die vorliegenden funktionalen Studien die These, dass EGZ das
Potential besitzen die epitheliale Grenzschicht aufrechtzuerhalten und das Darmepithel
vor inflammatorischen Angriffen zu schutzen. Die beobachteten Effekte waren von den
beteiligten Zytokinen abhangig, was die Vermutung nahe legt, dass die EGZ Antwort
unter verschiedenen Entziindungsbedingungen (z.B. Th1 vs. Th2 etc.) variieren kann.

Obgleich die zugrunde liegenden regulatorischen Mechanismen in der vorliegenden
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Arbeit nicht identifiziert wurden, deutet die beobachtete Expression von GDNF, NGF,

NT-3 und deren Rezeptoren in EGZ auf ein vielversprechendes nachfolgendes
Forschungsziel hin, um die genaue Quelle der von EGZ ausgeschutteten
mukosaprotektiven Faktoren zu identifizieren.

Zusammenfassend lasst sich sagen, dass EGZ mehr wissenschaftliche Aufmerksamkeit
beigemessen werden sollte, um die vielfaltigen Funktionen dieses faszinierenden
Zelltyps im ENS von gesundem wie auch von erkranktem Darm zu erforschen. Dieses
konnte zur Identifizierung neuer pharmakologischer Ansatzpunkte fuhren und
schliel3lich neue Madoglichkeiten zur Behandlung gastrointestinaler Erkrankungen

aufzeigen.
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Table S 1. Laboratory equipment

Item

Supplier

Analytical balance (U6100S)
Cell disruptor (FastPrep® Instrument FP120)

Class Il biological safety cabinet (Holten Lamin Air S
2010, type 1.2) equipped with a

Laboratory gas burner (gasprofi 2) and a

Vacuum pump

CO; incubator (CB150 and CB210)

Deep freezer (6485)

Dissection forceps with bent tip (HTC 091-10)
Dissection forceps with fine tip (Dumont # 5; 11252-20)
Dissection scissors (Iris Scissors-ToughCut; 14058-11)
Dissection scissors (Scissors-ToughCut; 14054-13)

Dissection scissors with angled up blades (Moria
Spring Scissors; 15396-02)

Dissection scissors with angled up blades (Noyes
Spring Scissors; 15013-12)

Electrophoresis power supply (EPS 300)
Electrophoresis unit (Mini D)

Epifluorescence microscope (BX61 WI)
Gas-dispersion tube with fritted disc (Z145475)
Heating plate

Hemacytometer (Bright-Line™, Z359629)

Horizontal shaker

Large volume centrifuge with cooling system (Z 513 K)

Magnetic stirrer (RCT B) equipped with a
Electronic contact thermometer (ETS-D4)

Microliter centrifuge (5415 C)
Microliter centrifuge (Z 233 M-2)

Microliter pipettes (Transferpette®) 0.5-1.0 ul, 0.5-
10 pl, 10-100 pl and 100-1000 pl

Microliter pipettes(eppendorf Research® adjustable)
0.1-2.5 pl, 0.5-10 pl, 2-20 pl and 20-200 pl

Microplate reader (Varioskan)
Microwave oven (ER-654MD)

Sartorius, Gottingen

Qbiogene, Heidelberg

Heto-Holten, Allerad, Denmark
Wartewig Labor- und Dentaltechnik,

Gottingen
KNF Neuberger, Freiburg

Binder, Tuttlingen

GFL - Gesellschaft fiir Labortechnik,
Burgwedel

Hammacher, Solingen

Fine Science Tools, Heidelberg
Fine Science Tools, Heidelberg
Fine Science Tools, Heidelberg

Fine Science Tools, Heidelberg

Fine Science Tools, Heidelberg

Pharmacia Biotech, Freiburg

LTF Labortechnik, Wasserburg/Bodensee
Olympus, Hamburg

Sigma-Aldrich, Steinheim

Self made

Sigma-Aldrich, Steinheim

Self made

Hermle Labortechnik, Wehingen

IKA Werke, Staufen
IKA Werke, Staufen

Eppendorf, Hamburg
Hermle Labortechnik, Wehingen

Brand, Wertheim

Eppendorf, Hamburg
Thermo Electron Corporation, Dreieich
Goldstar
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Table S 1. Laboratory (Continued)

Item

Supplier

Mini centrifuge (GMC-060)

MultiDoc-It Imaging System M20 equipped with a 5.1

megapixel color digicam, UV-Transilluminator M-20 and

Doc-It 1D software for gel analysis

pH meter (inoLab pH Level 1) equipped with a
pH electrode (SenTix 81)

Phase contrast microscope (DM IL)

Pipette controller (accu-jet®)

Plastic tubes (Tygon)

Precision balance (440-47N)

Precision balance (DeltaRange AT261)

Real time thermal cycler (Rotor-Gene™ 3000)
Shaking water bath (1083)

Spectrophotometer (GeneQuant pro)

Stereo microscope (SZ51) equipped with a
Cold light source (Highlight 2100)

Thermomixer (Thermomixer compact)

Ultrapure water unit (NANOpure Diamond, D11921)
Voltohmmeter (Millicell-ERS)

Vortexer (Vortex Genie 2)

Water bath

Wave shaker (Polymax 1040)

Laboratory & Medical Supplies, Tokyo,
Japan

LTF Labortechnik, Wasserburg/Bodensee

WTW — Wissenschaftlich Technische
Werkstatten, Weilheim
WTW — Wissenschaftlich Technische
Werkstatten, Weilheim

Leica Microsystems, Wetzlar
Brand, Wertheim

Saint-Gobain, Charny, France
Kern, Balingen

Mettler-Toledo, Giessen

Corbett Research, Sidney, Australia

GFL - Gesellschaft fiir Labortechnik,
Burgwedel

Biochrom, Cambridge, UK

Olympus, Hamburg
Olympus, Hamburg

Eppendorf, Hamburg

Barnstead Int., Dubuque, 1A, USA
Millipore, Eschborn

Scientific Industries, Bohemia, NY, USA
B Braun, Melsungen

Heidolph Instruments, Schwabach
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Table S 2. Chemicals

Name

Order number

Supplier

Acetone

Agarose

Albumin from bovine serum (BSA)
Amphotericin B

Antibiotic-antimycotic solution (AA)
Bovine pituitary extract (BPE)
Bromphenol blue

Calcium chloride dihydrate (CaCl,-2H,0)
Carbogen (5 % CO,, 95 % O,)
Chloroform

Collagenase, type IA

Cytosine B-D-arabinofuranoside (AraC)
D-(+)-glucose

Deoxyribonucelase 1

Dextran, fluorescein (FD) (MW 70,000)
Diethyl pyrocarbonate (DEPC)
Dimethyl sulfoxide (DMSO)

Dulbecco’s modified Eagle’s medium (DMEM)

with 4.5 g/l glucose

Dulbecco’s modified Eagle’s medium nutrient

mixture F-12 Ham (DMEM/F12)
Ethanol

Ethidium bromide solution

Ethylenediaminetetraacetic acid disodium salt

dihydrate (EDTA)

Fetal bovine serum (FBS)

Fluorescein-5-(and-6)-sulfonic acid, trisodium salt

(FSA) (MW 478.32)
Forskolin

Glacial acetic acid
Glycerol

Glycerol

Glycerol

Goat serum

Guinea pig complement
Hank’s balanced salt solution (HBSS)
HEPES

Hoechst 33258

Horse serum

Z.00070.9001
1551027
A7906
A2411
Z-18-M
GRB2428BK
A512.1
C7902

7386

C9891
C1768
G7021

DN25

D1823
32490
D2650
FG0445

D8900

8006
E1510
8043.2

10270-016
F1130

F6886
A6283
G5516
G7893
40431
G6767
CL5000
H6648
H4034
861405
H1270

Zefa-Laborservice, Harthausen
Invitrogen, Karlsruhe
Sigma-Aldrich, Steinheim
Sigma-Aldrich, Steinheim
CCPro, Neustadt/W.

Linaris, Wertheim

Roth, Karlsruhe
Sigma-Aldrich, Steinheim
Linde Gas, Pullach
Mallinckrodt Baker, Griesheim
Sigma-Aldrich, Steinheim
Sigma-Aldrich, Steinheim
Sigma-Aldrich, Steinheim
Sigma-Aldrich, Steinheim
Invitrogen, Karlsruhe
Sigma-Aldrich, Steinheim
Sigma-Aldrich, Steinheim

Biochrom, Berlin

Sigma-Aldrich, Steinheim

Mallinckrodt Baker, Griesheim
Sigma-Aldrich, Steinheim
Roth, Karlsruhe

Invitrogen, Karlsruhe

Invitrogen, Karlsruhe

Sigma-Aldrich, Steinheim
Sigma-Aldrich, Steinheim
Sigma-Aldrich, Steinheim
Sigma-Aldrich, Steinheim
Roth, Karlsruhe
Sigma-Aldrich, Steinheim
Cedarlane, Harnby, Canada
Sigma-Aldrich, Steinheim
Sigma-Aldrich, Steinheim
Sigma-Aldrich, Steinheim
Sigma-Aldrich, Steinheim
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Table S 2. Chemicals (Continued)

Name

Order number

Supplier

Hydrochloride acid, 32 % (HCI)

Magnesium chloride hexahydrate (MCl,-:6H,0)
Methanol

Paraformaldehyde

Picric acid, 1.2 %

Poly-L-lysine solution

Potassium chloride (KClI)

Protease, type IX

Interferon gamma, recombinant human (rhIFNy)

Interleukin 1 beta, recombinant human (rhiL-18)

Interleukin 13, recombinant human (rhiL-13)

Tumor necrosis factor alpha, recombinant human

(rhTNFa)

Sodium acetate trihydrate (TRIS)
Sodium azide (NaN3)

Sodium bicarbonate (NaHCO3)
Sodium chloride (NaCl)

Sodium hydroxide (NaOH)

Sodium phosphate dibasic heptahydrate
(NazHPO47H20)

Sodium phosphate monobasic (NaH,PQO,)

Sodium phosphate monobasic monohydrate
(NaH2P04-H20)

Sucrose

Triton X-100

Trypsin (0.5 %)/EDTA (0.2 %) 10%
Trypsin (2.5 %) 10x

B-Ala-Lys-N.-7-amino-4-methyl-coumarin-3-acetic

acid (Ala-Lys-AMCA)

100313
M2393
8045
P6148
36011
P8920
P5405
P6141
285-IF-100
201-LB-025
213-IL-005
210-TA-010

6779.1
S8032
S5761
S5886
0402

S9390

S5011
S9638

107653
X100

Z-26-M
Z-25-M

custom-made

Merck, Darmstadt
Sigma-Aldrich, Steinheim
Mallinckrodt Baker, Griesheim
Sigma-Aldrich, Steinheim
Riedel de Haen, Seelze
Sigma-Aldrich, Steinheim
Sigma-Aldrich, Steinheim
Sigma-Aldrich, Steinheim
R&D Systems, Wiesbaden
R&D Systems, Wiesbaden
R&D Systems, Wiesbaden
R&D Systems, Wiesbaden

Roth, Karlsruhe
Sigma-Aldrich, Steinheim
Sigma-Aldrich, Steinheim
Sigma-Aldrich, Steinheim
Mallinckrodt Baker, Griesheim

Sigma-Aldrich, Steinheim

Sigma-Aldrich, Steinheim
Sigma-Aldrich, Steinheim

Merck, Darmstadt
Sigma-Aldrich, Steinheim
CCPro, Neustadt/W.
CCPro, Neustadt/W.

Biotrend, Koln
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Table S 3. Consumables

Item

Order number

Supplier

Syringe filters, 0.8/0.2 ym (Acrodisc® PF)
Syringe filters, 0.2 ym (Ministart®)
Syringe filters, 0.2 um (Nalgene)

Syringe filters, 0.22 uym (Millex-GV)
Glass Pasteur pipettes

Pipette tips, 0.1-20 pl,
2-200 pl,
50-1000 pl

Serological pipettes, 1 ml
Serological pipettes, 5 ml
Serological pipettes, 10 ml
Serological pipettes, 25 ml
Syringe, 50 ml (Omnifix®)
Syringe, 10 ml (Omnifix®)

12 well Transwell® Permeable Supports
(polyester membrane, 12 mm membrane
diameter, 0.4 uym pore size)

6 well Transwell® Permeable Supports
(polyester membrane, 24 mm membrane
diameter, 0.4 ym pore size)

Costar®12 well microplates

6 well microplates

12 well microplates

96 well microplates

Cell culture flasks, 250 ml, 75 cm? with filter

screw cap

Cell culture flasks, 50 ml, 25 cm?, with filter
Sscrew cap

Cell culture flasks, 50 ml, 25 cm?

Centrifuge tubes, 15 ml
Centrifuge tubes, 50 ml

Centrifuge tubes, 10 ml

4658
16534K
190-2520
SLGV013SL
747715

702504
702516
702521

4011
356543
356551
356525
4613554F
370-175
3460

3450

3513

657160

665180

655180

658175

690175

156367
188271

227270

347856

Pall, Cornwall, UK
Sartorius, Goéttingen
Nalgene, Wiesbaden
Millipore, Eschborn
Brand, Wertheim
Brand, Wertheim

Coring Int., Corning, NY, USA
BD Biosciences, Heidelberg
BD Biosciences, Heidelberg
BD Biosciences, Heidelberg

B Braun, Melsungen

Heiland Medical, Wien, Austria
Coring Int., Corning, NY, USA

Coring Int., Corning, NY, USA

Coring Int., Corning, NY, USA

Greiner Bio-One,
Frickenhausen

Greiner Bio-One,
Frickenhausen

Greiner Bio-One,
Frickenhausen

Greiner Bio-One,
Frickenhausen

Greiner Bio-One,
Frickenhausen

Nunc, Wiesbaden

Greiner Bio-One,
Frickenhausen

Greiner Bio-One,
Frickenhausen

Nunc, Wiesbaden
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Table S 3. Consumables (Continued)

Item

Order number

Supplier

Dissection dishes, glass, 100x20 mm and
150x25 mm

Dissection dishes, 100x20 mm

Tissue culture dishes, 30x10 mm and
60x15 mm

Tissue culture dishes, 100x20 mm

Cryo tubes, 2 mi

Microcentrifuge tubes, 0.5 ml,
2.0ml

Microcentrifuge tubes, 1.5 ml,
20ml

Microcentrifuge tubes, 1.5 ml

Exam gloves (Safeskin E330)

Surgical gloves (Gammex PF)
Surgeon-face mask (BEEM-Visma Plus)

Minutien pins, @ 0.1 mm (Insect Pins®) and
@ 0.2 mm (Insect Pins®)

Microscope slides, 76x26 mm

Cover slips, 24x24 mm,
24x32 mm,
24x40 mm,
24x60 mm

Insect pins, @ 0.1 mm and
@ 0.2 mm

Syringe, 1 ml (Dispomed®)
20-gage needle (Heiland)
1-gage needle (Heiland)

237554805
237555201

664160

627160
628160

430167
122280

780507
780550

0030120.191
0030120.248

616201

6120652

2600210
2600210

AAQ00000112E

BB024024A1
BB024032A1
BB024040A1
BB024060A1

26002-10
26002-20

22006
370-187
370-180

Schott, Mainz

Greiner Bio-One,
Frickenhausen

Greiner Bio-One,
Frickenhausen

Coring Int., Corning, NY, USA

Greiner Bio-One,
Frickenhausen

Brand, Wertheim

Eppendorf, Hamburg

Greiner Bio-One,
Frickenhausen

Kimberly-Clark, Zaventem,
Belgium

Ansell, Brussels, Belgium
B Braun, Melsungen

Fine Science Tools, Heidelberg

Menzel-Glaser, Braunschweig

Menzel-Glaser, Braunschweig

Fine Science Tools, Heidelberg

Dispomed Witt, Gelnhausen
Heiland Medical, Wien, Austria

Heiland Medical, Wien, Austria
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Table S 4. Antibodies used during in vitro experiments.

Antiserum

Oder number

Supplier

Goat anti-human GDNF

Mouse anti-human CD90

(Thy-1.1)

AF-212-NA
555592

R&D Systems, Wiesbaden

BD Biosciences, Heidelberg

Table S 5. Cell lines used in this project.

Name Species

Type

Source

Transformed

Order

number

Supplier

Caco-2 Human

IEC6 Rat

T84

Human

HT-29 Human

PK29/6 Rat

Epithelial

Epithelial

Epithelial

Epithelial

Glial

Colon
adenocarcinoma

Small intestine

Colon
carcinoma

Colon
adenocarcinoma

Small intestine

Yes

No

Yes

Yes

No

86010202

88071401

88021101

HTB-38

self-made

European
Collection of Cell
Cultures,
Salisbury, UK

European
Collection of Cell
Cultures,
Salisbury, UK

European
Collection of Cell
Cultures,
Salisbury, UK

American Type
Culture
Collection,
Rockville, MD,
USA

(Ruhl et al 2001c¢)

Table S 6. Kits

Name

Order number

Supplier

FastRNA® Pro Green Kit
SuperScript™ Il Platinum® SYBR® Green One-

Step gRT-PCR Kit

Sylgard® 184 silicone elastomer kit

6045-050
11736051

01673921

Qbiogene, Heidelberg

Invitrogen, Karlsruhe

Dow Corning, Wiesbaden

Table S 7. DNA ladder, mRNA for positive controls

Name

Order number

Supplier

Low molecular weight DNA ladder

Rat brain total RNA
Rat spleen total RNA

N3233S
7912
7920

New England Biolabs, Frankfurt
Ambion, Austin, TX, USA
Ambion, Austin, TX, USA
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Table S 8. Preparation of commonly used solutions, buffers and culture media.

Solution

Method of preparation

Comments

0.1 M Phosphate buffer (PB)

0.5 M EDTA (pH 8.0)

1.2 M MgCl,

1x Tris acetate-EDTA (TAE)

2.5 M CacCl,

50x Tris acetate-EDTA (TAE)

6x Gel-loading buffer

Blocking solution

DEPC-treated water

Add 3.0 g of NaH,PO4-H,0 and 21.7 g of Na,HPO4-7H,0 to
800 ml of deionized water and adjust the pH to 7.44 with 1 M
NaOH or 1 M HCI. Fill up to 1 I with H,O.

Add 186.1 g of ethylenediaminetetraacetic acid disodium salt
dihydrate to 800 ml of H20. Stir vigorously on a magnetic
stirrer. Adjust the pH to 8.0 with 1 M NaOH. Dispense into
aliquots and sterilize by autoclaving.

Dissolve 244.0 g of MgCl,-6H,0 in 800 ml H,O. Adjust the
volume to 1 | with H;O.

Sterilize 10 ml of 50% TAE by passage through a 0.22 ml filter.
Mix 10 ml of sterile 50x TAE to 490 ml of DEPC-treated water.

Dissolve 367.5 g of CaCl,-2H,0 in 800 ml H,O. Adjust the
volume to 1 | with H,0.

Dissolve 242 g of sodium acetate trihydrate in 800 ml of H,O.
Add 57.1 ml of glacial acetic acid and 100 ml of 0.5 M EDTA
(pH 8.0). Adjust the volume to 1 | with H,O.

Mix 50 % (v/v) of glycerol and 50 % (v/v) of 10x TAE. Add 0.2 %
(w/v) of bromphenol blue and dilute the solution to 6x with H,O.

Dispense into aliquots.

Add 2 ml of horse serum or goat serum and 250 pl of Triton X-

100 to 48 ml of PBS/NaNj3. Stir vigorously on a magnetic stirrer.

Dispense into aliquots and filter by passage through a 0.2 pm
filter.

Treat H,O with 0.1 % (v/v) DEPC. Use only glassware sterilized

by dry heat. Dispense into aliquots and sterilize by autoclaving.

The disodium salt of EDTA will not go into solution
until the pH of the solution is adjusted to
approximately 8.0 by addition of NaOH.

Working solution.

Stock solution.

All chemicals were purchased from Roth,
Karlsruhe.

Store at 4-8°C.
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Table S 8. Preparation of commonly used solutions, buffers and culture media. (Continued)

Solution

Method of preparation

Comments

Dissociation solution

Dulbecco’s modified Eagle’s medium
nutrient mixture F-12 Ham
(DMEM/F12)

Fixative

Freezing medium

Guinea pig complement

Krebs buffer

Mounting solution

Dissolve 0.1175 g of HEPES in 50 ml of Hank’s balanced salt
solution on a magnetic stirrer. Adjust the pH to 7.4 with 1 M
NaOH. Add 125 mg of collagenase (type IA), 100 mg of
protease (type 1X), 15 mg of albumin from bovine serum and
1.25 mg deoxyribonucelase 1. Stir until all particles are
dissolved. Sterilize by passage through a 0.2 um filter and
dispense into 10 ml aliquots. Store at -20 °C.

Dissolve 15.6 g of DMEM/F12 and 2.1 g of NaHCOj3; in 980 ml
of H20. Adjust the pH to 7.4 with 1 M NaOH. Add water to 1 I.
Sterilize by filtration and dispense into aliquots.

Add 50 ml of 0.1 M PB to 2 g of paraformaldehyde and stir on a
magnetic stirrer while heating to 60 °C until the solution gets
clear. Add 100 pl of 1.2 % picric acid.

Add 20 % (v/v) of sterile heat inactivated FBS and 10 % (v/v) of
DMSO to DMEM/F12. Dispense into aliquots and freeze at
-20 °C.

Add 5 ml of ice-cold, sterile H,O to the vial with guinea pig
complement using a sterile 10 ml syringe with an adapted
1-gage needle and dissolve the powder. Sterilize the solution by
passage through a 0.22 pm filter (PVDF membrane). Dispense
into aliquots and freeze at -80 °C.

Dissolve 6.84 g of NaCl, 2.10 g of NaHCO3, 1.98 g of Glucose,
0.35 g of KCl and 0.144 g of NaH,PO, in 980 ml of H,O bubbled
with carbogen (5 % CO,, 95 % O,) using a gas-dispersion tube
with a fritted disc. Add 1 ml of 1.2 M MgCl,. After 15 min of
gassing, add 1 ml of 2.5 M CaCl,. Adjust the volume to 1 | with
H,O. pH is 7 4.

Mix 80 % (v/v) of glycerol and 20 % (v/v) PBS/NaNj. Adjust the
pH to 7.0 with 1 M of HCI.

(Yau et al 1989)

Store not longer than 2 weeks. If FBS is added,
store not longer than 1 week.

Store not longer than 5 days at 2-8 °C.

Aliquots should not be frozen once they were
thawed, because the complement is very heat
sensitive.

Sterilized by passage through a 0.2 ym filter.
Sterile Krebs buffer was oxygenated with
carbogen using a 1 ml serological pipette attached
to the gassing tube.

Store at 4-8°C.
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Table S 8. Preparation of commonly used solutions, buffers and culture media. (Continued)

Solution Method of preparation Comments
PBS sodium azide (0.1 %) Dissolve 1 g of NaN; in 1 | of PBS buffer.
(PBS/NaN3)
Phosphate-buffered saline (PBS) Dissolve 8.8 g of NaCl in 800 ml of deionized water. Add 116 ml

of 0.1 M PB and fill up to 1 I with H,O.
Phosphate-buffered saline (PBS) for  Dissolve 8.5 g of NaCl, 4.03 g of Na,HPO, and 0.449 g of

cell culture NaH,PO, in 980 ml of H,O. Adjust the pH to 7.4 with 1 M NaOH
or 1 M HCI. Fill up to 1 | with H,O.

Poly-L-Lysine solution Add 0.1 % (w/v) to H,O. Dilute solution before use 1:10.

Sucrose solution Dissolve 3 g of sucrose to 7 ml of PBS/NaNs.

Water, Sterile Sterilize H,O by autoclaving.

Sterilize by autoclaving and dispense into aliquots.

Diluted solution is stable for at least month at 2-
8 °C. Filter diluted solution after use.

Note: All solutions were made with deionized water from an ultrapure water unit (NANOpure Diamond, D11921) (Barnstead Int., Dubuque, 1A, USA). Reference:

(Sambrook et al 1989).
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Table S 9. Standard operating procedures (SOPs)

Poly-L-Lysine coating of microscopy slides

Poly-L-lysine solution (see Table S 8) was diluted 1:10 (v/v) with deionized water at room
temperature. Microscope slides (Menzel-Glaser, Braunschweig) were cleaned with acidic alcohol
(e.g. 1 % of HCl in 70 % of ethanol) if necessary and placed in diluted poly-L-lysine solution for 5 min.
Drained slides were dried at 60 °C for 1 h or at room temperature over night. Per liter solution up to
900 slides could be coated.

Heat inactivation of fetal bovine serum (FBS)

FBS (Invitrogen, Karlsruhe) was slowly thawed to room temperature and the contents of the bottle
were mixed thoroughly. The thawed bottle of serum was placed into a 56 °C shaking water bath
(1083; GFL - Gesellschaft fir Labortechnik, Burgwedel) containing enough water to immerse the
bottle to just above the level of the serum. It was incubated for 30 min under constant agitation. After
the heat inactivation, the serum was filtered by passage through a 0.8/0.2 syringe filter (Acrodisc®
PF; Pall, Cornwall, UK) using 50 ml syringes (Omnifix®; B Braun, Melsungen) and immediately frozen
at -20 °C.

Sylgard-coating of dissection dishes

Glass dissection dishes (Schott, Mainz) and plastic dissection dishes (Greiner Bio-One,
Frickenhausen) were cleaned with 70 % ethanol and the inner rim of the plastic dishes was
roughened with an acetone moistened Q-tip. Sylgard (Dow Corning, Wiesbaden) and the catalyst
were mixed in a 10:1 (w/w) ratio under constant stirring with a glass rod for 5-10 min. The gel was
poured into the dissection dishes to form a 2-3 mm bottom layer under avoidance of bubbles. The
crosslinking took about 4 hours at 65 °C or 2 days at room temperature.




Supplements S130

Table S 10. Patient data — Resectates used for the isolation of human enteric glia.

Date of Plexus used for isolation

Patient No. surgery Patient sex Patient age (yrs) Resected region of enteric glial cells Diagnosis
1 05.07.04 f 45 Sigmoid colon MP Diverticulitis
2 12.07.04 m 40 Sigmoid colon MP Diverticulitis
3 16.07.04 m 54 Transverse colon MP Colorectal carcinoma
4 19.07.04 m 82 lleum MP Colorectal carcinoma
5 30.07.04 f 83 Sigmoid colon MP Colorectal carcinoma
6 01.09.04 f 82 Sigmoid colon MP Colorectal carcinoma
7 09.09.04 m 89 lleum MP Colorectal carcinoma
8 15.09.04 f 44 lleum MP Diverticulitis
9 16.09.04 m 68 Transverse colon MP Multiple colonic polyps
10 21.10.04 f 58 Descending colon MP Colorectal carcinoma
11 29.10.04 f 72 lleum MP Colorectal carcinoma
12 10.11.04 m 63 Descending colon MP Colorectal carcinoma
13 17.11.04 m 65 lleum MP Colorectal carcinoma
14 22.11.04 f 65 Transverse colon MP Colorectal carcinoma
15 20.12.04 m 71 lleum MP Gastric carcinoma
16 27.12.04 f 81 Jejunum MP Benign stenosis of the sigmoid colon
17 29.12.04 f 53 Descending colon MP Colorectal carcinoma
18 10.01.05 m 72 Sigmoid colon SMP Multiple colonic polyps
19 17.01.05 m 64 Transverse colon SMP Colorectal carcinoma
20 25.04.05 f 62 Sigmoid colon SMP Colorectal carcinoma
21 04.05.05 f 55 Descending colon SMP Diverticulitis

Mean age 65 (range: 40-89 yrs)
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Table S 11. Patient data — Quantification of the human ENS.

Date of

Patient No. surgery Patient sex Patient age (yrs) Resected region Plexus used for quantification Diagnosis
1 28.02.06 m 75 Ascending colon Inner, intermediate and outer SMP Colorectal carcinoma
2 20.12.05 f 68 Ascending colon MP Colorectal carcinoma
3 29.01.04 m 64 Ascending colon MP Colorectal carcinoma
4 19.01.04 m 60 Ascending colon MP Colorectal carcinoma
5 22.01.03 m 63 Ascending colon Inner, intermediate and outer SMP; MP  Multiple colonic polyps
6 10.02.03 f 65 Ascending colon MP Colorectal carcinoma
7 20.09.04 m 61 Ascending colon Inner, intermediate and outer SMP Colorectal carcinoma
8 20.08.03 m 80 lleum Intermediate SMP Colorectal carcinoma
Ascending colon Inner, intermediate and outer SMP
9 28.11.02 m 65 lleum outer SMP; MP Colorectal carcinoma
10 14.01.03 m 77 lleum Inner, intermediate and outer SMP; MP  Pancreatic carcinoma
11 23.01.03 f 78 lleum Inner, intermediate and outer SMP Colorectal carcinoma
12 17.02.03 m 72 lleum Inner, intermediate and outer SMP Colorectal carcinoma
13 27.11.03 f 52 lleum Intermediate and outer SMP; MP Colorectal carcinoma
14 11.12.03 f 66 lleum Intermediate SMP and MP Colorectal carcinoma
15 28.07.03 f 77 lleum Inner and outer SMP Colorectal carcinoma
16 03.02.04 m 71 lleum Inner SMP and MP Colorectal carcinoma
Ascending colon Inner, intermediate and outer SMP
17 24.03.03 f 76 lleum Inner SMP and MP Colorectal carcinoma

Ascending colon

Inner, intermediate and outer SMP; MP
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Table S 11. Patient data — Quantification of the human ENS. (Continued)

18 28.10.05 m 53 Sigmoid colon Inner, intermediate and outer SMP; MP  Colorectal carcinoma
19 09.12.02 f 59 Sigmoid colon Inner, intermediate and outer SMP Colorectal carcinoma
20 03.02.03 m 61 Sigmoid colon Inner and outer SMP Colorectal carcinoma
21 23.11.06 m 54 Sigmoid colon Inner and outer SMP Colorectal carcinoma
22 19.09.06 f 65 Sigmoid colon Intermediate SMP Colorectal carcinoma
23 13.08.03 f 82 Sigmoid colon Inner, intermediate and outer SMP Colorectal carcinoma
24 18.08.06 f 75 Sigmoid colon Inner and intermediate SMP Colorectal carcinoma
25 11.11.04 f 55 Sigmoid colon MP Colorectal carcinoma
26 27.01.05 m 43 Sigmoid colon MP Colorectal carcinoma
27 16.04.04 f 54 Sigmoid colon MP Colorectal carcinoma
28 22.02.05 m 68 Sigmoid colon MP Colorectal carcinoma
29 28.04.03 f 67 Sigmoid colon Intermediate and outer SMP; MP Colorectal carcinoma
Mean age 65 (range: 43-82 yrs)

Table S 12. Animal data — Quantification of the guinea Pig ENS.

Date Sex Weight Resected regions Plexus used for quantification
07.06.05 m 402 g lleum, proximal and distal colon SMP and MP
09.06.05 m 3809 lleum, proximal and distal colon SMP and MP
13.06.05 m 3919 lleum, proximal and distal colon SMP and MP
14.06.05 m 388 ¢ lleum, proximal and distal colon SMP and MP
15.06.05 m 416 g lleum, proximal and distal colon SMP and MP
16.06.05 m 451 g lleum, proximal and distal colon SMP and MP
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