INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI films
the text directly from the original or copy submitted. Thus, some thesis and
dissertation copies are in typewriter face, while others may be from any type of
computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality illustrations
and photographs, print bleedthrough, substandard margins, and improper
alignment can adversely affect reproduction.

in the unlikely event that the author did not send UMI a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand comer and continuing
from left to right in equal sections with small overiaps.

Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6° x 9° black and white
photographic prints are available for any photographs or illustrations appearing
in this copy for an additional charge. Contact UMI directly to order.

ProQuest information and Leaming
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA
800-521-0600

UMI






Université d’Ottawa - University of Ottawa






Neurotoxicity and Neuroinflammation in the Enteric Nervous System

by Amy Peaire

This thesis is submitted as a partial fulfillment of the Ph.D. program in
Neuroscience Graduate Program

February 21, 2002
Department of Cellular and Molecular Medicine
Faculty of Medicine
University of Ottawa
Ottawa, Canada

© Amy Peaire, Ottawa, Ontario, Canada, 2002



l*l National Library gli’ﬂaunt:g:e nationale

of Canada
uisitions and Acquisitions et
Bibliographic Services services bibliographiques
385 Wellington Street 395, rue Wetllington
Ottawa ON K1A ON4 Otawa ON K1A ON4
Canade Canada
Your Sis Votre rdédrence
Our @le Notre rdédrence
The author has granted a non- L’auteur a accordé une licence non
exclusive licence allowing the exclusive permettant 3 la
National Library of Canada to Bibliothéque nationale du Canada de
reproduce, loan, distribute or sell reproduire, préter, distribuer ou
copies of this thesis in microform, vendre des copies de cette thése sous
paper or electronic formats. la forme de microfiche/film, de
reproduction sur papier ou sur format
électronique.

The author retains ownership of the L’auteur conserve la propriété du
copyright in this thesis. Neither the droit d’auteur qui protége cette thése.
thesis nor substantial extracts from it  Ni la thése ni des extraits substantiels

may be printed or otherwise de celle-ci ne doivent étre imprimés
reproduced without the author’s ou autrement reproduits sans son
permission. autorisation.

0-612-67978-0

Canadi



STATEMENT OF THE CONTRIBUTION OF EACH CO-AUTHOR IN EACH
PUBLICATION

Within Chapter 2, Ms. Kim Wong was responsible for the initial development of
the primary cell culture technique. Amy Peaire subsequently adapted this cell culture
protocol for use in pathophysiological investigations, and performed the neurochemical
and morphological characterization of these cultures. Electrophysiological
characterization of cultured neurons, both freshly-plated and cryopreserved, was
performed by Dr. Bruce Hutcheon in Dr. Mike Poulter's laboratory at the National
Research Council. Preparation of cortical cell cultures was performed by Ms. Leslie
Brown from Dr. Mike Poulter’s laboratory.

CD-1 mice used in Chapter 3 were provided by Dr. Hymie Anisman at Carleton
University. rhTNF-« injections were performed by Shawn Hayley in Dr. Anisman's

laboratory. All other experimental procedures were performed by Amy Peaire.

ii



ABSTRACT

The enteric nervous system (ENS) is the intrinsic nervous system of the
gastrointestinal (GI) tract. Damage and degeneration of the ENS is a feature of some GI
diseases, such as inflammatory bowel disease (IBD), and is associated with several other
diseases including diabetes mellitis and Parkinson’s disease. In these diseases, ENS
damage can produce disordered or impaired gastrointestinal movement, nausea, vomiting,
weight loss and malnutrition. To date, few specific factors have been implicated in the
pathogenesis of ENS degeneration, and little research pointing to methods of damage
prevention or attenuation has been performed. The overall goal of this thesis research
was to identify specific classes of compounds capable of inducing ENS degeneration.
These studies are intended to form a knowledge base upon which further studies can
build towards the goal of preventing or attenuating clinical ENS damage.

Clinical ENS damage commonly occurs in association with inflammatory disease
states. Recent experimental studies have found a causal relationship between damaging
intestinal inflammation and ENS degeneration, however there remains a paucity of
information on the specific inflammatory mediators involved in this process.
Inflammation is a multi-factorial process that involves large numbers of mediator
compounds which may be considered as putative inducers of ENS degeneration. In the
context of this thesis work, it was neither feasible nor prudent to investigate the
neurodegenerative capacity of such large numbers of inflammatory mediators. A small
number of candidate molecules were selected for study based upon their known

neurodegenerative actions within other systems, their known involvement in intestinal
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inflammatory disease pathogenesis, and initial evidence suggesting roles for these
molecules in ENS pathogenesis.

Despite the multitude of compounds involved in inflammation and the complexity
of inflammatory processes, specific compounds and processes have been implicated as of
primary importance in the pathogenesis of CNS neurons. Reactive oxygen species
(ROS), proinflammatory cytokines, and the process of anoxia-reoxygenation have been
identified as inducers of CNS neurodegeneration and mediators in the neuropathogenesis
of inflammatory diseases. As the ENS bears a considerable functional resemblance to the
CNS, these compounds and processes are likely to have similar actions in this nervous
system. Many of these mediators have been implicated in the pathogenesis of
inflammatory diseases of the bowel, whereas initial studies of some of these mediators
suggest their involvement in ENS neuropathogenesis. Thus, the general hypothesis of
this thesis is that anoxia-reoxygenation, ROS, and the proinflammatory cytokine tumor
necrosis factor-a (TNF) act on the ENS to induce neurodegeneration.

In order to determine the neurodegenerative properties of these compounds and
processes, an experimental system was required in which the adult ENS could be studied
in isolation, in which both qualitative and quantitative studies could be performed, and
which was suitable for toxicological experimentation. As no such system existed at the
initiation of this study, the first goal of this research project was to establish such a
primary cell culture system from the myenteric plexus of the adult rat ileum, as detailed
in Chapter 2. In this in vitro system, all component cell types were identified, and the
enteric neurons were characterized neurochemically, morphologically, and

electrophysiologically, demonstrating their high correspondence to their in vivo
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counterparts. Most importantly, this experimental system was optimized for qualitative
and quantitative examination of neurotoxicological insults. A common problem of in
vitro experiments is substrate degradation upon insult, and for this experimental culture
system many culture substrates were screened for their ability to maintain cell adhesion
throughout a variety of neurotoxic insults. The cell death mechanisms within identified
cell types were characterized as to whether they were apoptotic or necrotic.

In order to maximize the utility of this cell culture system, a process was
developed for the cryopreservation storage of dissociated cells. The viability and cellular
characteristics of these cryopreserved cells in culture was then assessed and compared to
those of freshly plated cultures (as detailed in Chapter 2). Cryopreserved ENS cultures
were morphologically, neurochemically, and electrophysiologically similar to freshly
plated cultures, and no significant differences in cellular survival were observed.
Efficient cryopreservation of dissociated neurons is generally considered infeasible, if at
all possible. Our process represents the first successful cryopreservation of dissociated
enteric neurons for tissue culture. With the development of this highly efficient
experimental system, our research into enteric neurodegeneration became significantly
more productive.

Initial experiments focused on the identification of specific inducers of enteric
neurodegeneration, and characterization of their neurodegenerative properties. The
actions of oxidative stress and membrane lipid peroxidation on ENS viability were
investigated in Chapter 2 of this study. 4-hydroxynonenal (HNE), an effector of lipid
peroxidation-induced cell damage, acted directly on the ENS to induce cell death.

Neurons were more susceptible than glia to such insult, with cell death occurring



predominantly via apoptosis at lower concentrations. Further studies determined the
neurotoxicity of specific reactive oxygen species (ROS). Both hydrogen peroxide and
the nitric oxide (NO) donor sodium nitroprusside (SNP) displayed dose-dependent
toxicities for enteric neurons. Their neurotoxicity was potentiated in combination,
presumably due to reaction of these two compounds to form the more toxic product,
peroxynitrite. This study represents the first direct evidence for oxidative stress and
membrane lipid peroxidation in the induction of enteric neurodegeneration, and
implicates apoptosis as a predominant cell death mechanism in such damage.

The process of hypoxia-reoxygenation, which is frequently associated with
intestinal inflammatory damage and which involves oxidative stress damage mechanisms,
was investigated for its role in enteric neurodegeneration (Chapter 2). Although enteric
neurons were highly resistant to hypoxia (02 = 2%) followed by reoxygenation, neurons
were highly sensitive to anoxia (O; < 0.01%) followed by reoxygenation. Neuronal
degeneration in response to anoxia-reoxygenation increased with anoxic exposure. Both
anoxia and subsequent reoxygenation induced significant neurodegeneration in enteric
cultures. The characteristics of enteric neuron responses to anoxia-reoxygenation insult
resemble those of other neural systems, and damage is hypothesized to occur via common
intracellular mechanisms. Our observations of in vitro anoxia-reoxygenation—induced
enteric neurodegeneration suggest that this process may be involved in clinical ENS
damage.

Glial cell line-derived neurotrophic factor (GDNF) is a developmental
neurotrophin and neuroprotective compound active in both the CNS and peripheral

nervous system (PNS). We sought to determine if GDNF, which is also present in the



adult gastrointestinal tract, was capable of protecting enteric neurons against toxic insult
(Chapter 2). Anoxia-reoxygenation, hydrogen peroxide, SNP, and hydrogen peroxide +
SNP, at concentrations that induced approximately 50% neuronal death in ENS cultures,
were tested for their neurodegenerative potency in cultures pre-incubated with GDNF.
At concentrations neuroprotective in other culture systems, GDNF prevented only that
ENS neurodegeneration induced by hydrogen peroxide. Although this represents an
initial indication that GDNF might prove to be an in vivo ENS neuroprotective agent, our
study also demonstrates GDNF’s restricted neuroprotective ability. We suggest that, as
in other nervous systems, GDNF interferes with a given step in specific apoptotic
pathway, thereby preventing apoptosis, but is unable to prevent cell death induced via
separate apoptotic pathways, or with downstream events in an apoptotic cascade.
Alternatively, GDNF might induce antioxidants that are selectively effective against
hydrogen peroxide versus the NO donor SNP.

In Chapter 3, the proinflammatory cytokine tumor necrosis factor-alpha (TNF), a
molecule of prime importance in inflammatory bowel disease pathogenesis, was
investigated to determine its involvement in enteric neurodegeneration. Currently, there
is considerable interest in this molecule, whose targeted inactivation has been employed
in clinical trails for inflammatory bowel disease treatment. Thus, the functional
characteristics of this molecule within the intestine were investigated in addition to its
possible role in enteric neurodegeneration.

Recent studies by our collaborators have determined that, in mice pre-exposed to
recombinant human TNF (thTNF), otherwise sub-effective doses of rhTNF induce

marked stress responses and illness behaviors. Our research extended these findings to



determine if rhTNF sensitizes intestinal tissues to the effects of further rhTNF exposure
(as detailed in Chapter 3). We determined that previous exposure to rhTNF sensitizes
several intestinal cell types including enteric neurons to the effects of subsequent rhTNF
exposure. Through this sensitization effect, otherwise sub-effective doses of rhTNF
produce intestinal damage similar to that seen in IBD pathogenesis. Within the intestine,
rhTNF demonstrated regional selectivity in its effects, with most responses confined to
ileal and colonic regions. This regional selectivity is postulated to reflect intrinsic
differences in the susceptibility of different intestinal regions to insult and injury. The
sensitization of intestinal tissues and enteric neurons to rhTNF re-exposure was time-
dependent. rhTNF is the first cytokine for which a time-dependent sensitization has been
found.

In vivo, rthTNF levels that were cytotoxic for intestinal villi epithelia induced
functional alterations in sensitized enteric neurons without any accompanying
neurodegeneration. As these rhTNF actions occurred in the absence of marked
inflammatory cell infiltration, we hypothesized that an inflammatory infiltration of
macrophages was required to mediate the degeneration of enteric neurons. To test this
hypothesis, the role of macrophages in rhTNF actions on enteric neurons in vitro was
tested in macrophage-ENS co-culture experiments. Although, in the absence of
macrophages, thTNF did not induce neurodegeneration, similar sensitization treatments
with rthTNF in the presence of macrophages induced significant degeneration of enteric
neurons.

In summary, the findings of this thesis are consistent with the hypothesis that

inflammatory mediators can induce enteric neurodegeneration. This study identified
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specific inflammatory mediators as inducers of enteric neurodegeneration, characterized
their neurodegenerative properties, and identified GDNF as a neuroprotective agent.
Subsequent investigations further defined the respective roles of inflammatory
immunocytes and the pro-inflammatory cytokine TNF in enteric neuronal cell death
relevant to IBD pathogenesis. These findings are intended to form a basis for further
studies into the mechanisms underlying clinical enteric neurodegeneration in disease

pathogenesis.
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Chapter 1. INTRODUCTION

The gastrointestinal tract serves to digest and absorb ingested nutrients and
liquids, to protect the body against foreign contaminants and infectious agents, and to
eliminate waste from the body. Control of this complex organ system is dependant upon
an intrinsic enteric nervous system (ENS) which coordinates all gut behavior including
gut motility, mucosal transport, microcirculation, and local immune functions. The CNS
can modulate these behaviors by interaction with the intrinsic enteric innervation.
However, disruption of the brain-gut axis does not in the long term prevent normal gut
function. In contrast, damage to the ENS produces long-term impairment or permanent
alterations in gastrointestinal function. Typical clinical symptoms of enteric neural
damage include disordered or impaired gastrointestinal movement, nausea, vomiting,
weight loss and malnutrition. These symptoms can occur in gut diseases such as IBD,
and as secondary complications in a variety of other diseases including Parkinson'’s,
myotonic dystrophy, and diabetes. Despite the potentially broad application of
neuroprotective therapies for the treatment of gastrointestinal dysfunction, treatment to
prevent or attenuate ENS damage is not currently available. Identification of the
neurodegenerative moieties underlying ENS neuropathology and their damage
mechanisms would enable the development of such neuroprotective therapies. This
represents the underlying rationale for my doctoral research project.

An intriguing feature of clinical enteric neurodegeneration is its association with
gut inflammation (Quigley, 1996; Edwards et al., 1999; Kubota et al., 1992; Schuffler,
1984; Schuffler et al, 1981). Given that inflammatory mediators induce

neurodegeneration in the CNS, which is largely protected from somatic peripheral



influences by the blood-brain barrier, it follows that the ENS, with its comparatively
weak protective barrier and its position within the inflammation-prone intestinal wall,
would be at much greater risk for such damage. The general hypothesis of this thesis was
thus that specific inflammatory mediators induce enteric neurodegeneration. Indeed,
within recent studies using animal models of IBD, intestinal inflammation has been
causally linked to enteric neurodegeneration (Palmen et al., 1998; Sanovic et al., 1999),
although specific mediators directly involved in such processes have not been identified.

[n this thesis, an experimental system was developed to facilitate study of
neurotoxicity in the ENS. This culture system was used for determination and
characterization of the neurotoxic properties of specific inflammatory components
identified as putative mediators of enteric neurodegeneration. As background to these
studies, the structure and function of the ENS must be known, as must the characteristics
of its damage. In this introduction, specific inflammatory mediators are also presented
whose roles in such ENS damage are examined in this thesis. This introduction begins
with a brief overview of the roles of the enteric nervous system in gastrointestinal
function and the consequences of its degeneration, which is the impetus for the
experimental investigation of this process.
1.1_Innervation of the Gastrointestinal Tract

The gastrointestinal (GI) tract contains three physiological effector systems:
visceral smooth muscle, which is responsible for motility; the intestinal mucosa, which is
responsible for fluid and electrolyte homeostasis; and the vasculature (Surprenant, 1994).
The neural control of these effector systems is supplied by both extrinsic autonomic

nerves and by neurons intrinsic to the gut wall. The intrinsic innervation of the GI tract is



extensive and includes sensory neurons, interneurons, and motor neurons that are
integrated into an independent nervous system known as the ENS. The extrinsic
innervation consists of sympathetic and parasympathetic autonomic nerves that
interconnect the central nervous system (CNS) with the ENS, forming the brain-gut axis
(Camilleri, 1990).

The brain-gut axis provides for both cognitive and autonomic influence over GI
activity. The ENS coordinates GI activity in widely separate regions of the GI tract, while
the extrinsic innervation adjusts GI activity according to local factors and to the physical
and chemical nature of ingested foodstuffs (Taylor and Bywater, 1988). This extrinsic
innervation is mainly involved in the rapid induction of digestive enzymes within the
mouth and stomach in response to the presence of food, and with the conscious control of
defecation. Extrinsic innervation exerts more modulatory control over GI function in
certain gut regions than in others. For example, parasympathetic vagal stimulation
strongly influences digestion and motility in the stomach, but plays a modest role in
regulating these functions in the small intestine. Additionally, although sympathetic and
parasympathetic innervation is essential for regulation of those portions of the esophagus
and the external anal sphincter which are invested with striated muscle, extrinsic
innervation is relatively unimportant in the control of GI tract smooth muscle function
(Camilleri, 1990).

Autonomic efferents to the gastrointestinal tract terminate predominantly upon
intrinsic enteric neurons. Thus, the actions of the autonomic nervous system (ANS) on GI
motility are indirect, and occur primarily through ANS modulation of ENS function. For

example, parasympathetic efferents converge together with local enteric axons onto



myenteric cholinergic motor neurons, which in turn stimulate contraction of gut smooth
muscle. The sympathetic nervous system acts together with other enteric neural circuits
to inhibit motor activity (Minaire, 1989). Impairment of ENS function can directly affect
normal gut function and also disrupt CNS modulation of GI activity. Although extrinsic
innervation plays an important role in regulating the gastrointestinal tract, the intrinsic
ENS innervation plays the predominant role in neuronal modulation of GI function. Even
in the complete absence of extrinsic innervation, complex reflex activities involving GI
motility, intestinal ion transport, and mucosal blood flow occur. However, when damage
or degeneration occurs within the ENS, both those GI functions directly controlled by the
ENS, and those modulated by the CNS are compromised.
1.1.1 Autonomic Innervation of the Gl tract

The autonomic nervous system is predominantly an efferent system transmitting
impulses from the CNS to peripheral organ systems, including the GI tract. Autonomic
nerves constitute nearly all of the efferent fibres that leave the CNS. However, afferent
fibres are also present within both the parasympathetic and sympathetic nerve bundles.
These fibres project back to the CNS to provide sensory input for integration (Johnson,
1991). The two divisions of the ANS are antagonistic in their actions. Sympathetic
innervation is involved in “fight-or-flight” responses, in which the sympathetic nervous
system up-regulates sweating, increases heart beat, and inhibits digestion. In contrast to
the *“fight-or-flight” activities of the sympathetic nervous system, the parasympathetic
nervous system enhances ‘“rest-and-digest” activities that conserve and restore body

energy. These activities include digestion and absorption of foodstuffs. Normally, these



two divisions are in balance, with the activity of one or the other becoming dominant as
dictated by the needs of the organism.

Parasympathetic innervation drives peristaltic contractions within the GI tract via
release of the excitatory neurotransmitter acetylcholine (ACh) onto enteric motor
neurons, which in turn releases ACh onto smooth muscle (Furness and Costa, 1987).
Preganglionic parasympathetic neurons of the medulla project axons that travel through
the vagus nerve (cranial nerve X) to synapse upon intrinsic neurons of the myenteric
plexus in the stomach, small intestine, and anterior colon. Preganglionic parasympathetic
neurons of the sacral spinal cord project axons that synapse onto intrinsic neurons within
myenteric plexus ganglia of the posterior colon and rectum (McConalogue and Furness,
1994) (Figure 1).

Sympathetic tone inhibits gastrointestinal motility and digestion. Neurons of the
thoracic and lumbar spinal cord regions give rise to the preganglionic component of the
sympathetic innervation to the GI tract. Their axons traverse the sympathetic chain
ganglia to synapse with second order neurons within prevertebral ganglia (celiac and
mesenteric ganglia). Axons of the greater and lesser splanchic nerves synapse with
postganglionic neurons of both celiac and superior mesenteric ganglia, while those axons
emanating from lumbar spinal cord regions synapse with postganglionic neurons within
the inferior mesenteric ganglion. Neurons from the celiac ganglion innervate the stomach
and small intestine, those from the superior mesenteric ganglion innervate the small
intestine and anterior colon, and those from the inferior mesenteric ganglion innervate the
posterior colon (Figure 1). The postganglionic axonal projections from these neurons

terminate directly on their intestinal targets including glandular tissue, smooth muscle
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Figure 1. Extrinsic innervation of the gut. Sympathetic neurons are shown in red;
while parasympathetic components are in blue. Solid lines represent preganglionic

fibers; broken lines, postganglionic fibers. Figure adapted from Carpenter, 1976.



cells, and enteric neurons (McConalogue and Furness, 1994). The inhibitory
neurotransmitter noradrenaline (NA), released from postganglionic sympathetic neurons,
can inhibit GI smooth muscle contraction, acid secretion in the stomach, blood flow in
the small and large intestines, and intestinal secretion of both water and electrolytes
(Furness and Costa, 1987).
1.1.2 Intrinsic Enteric Innervation

The intrinsic enteric nerves were originally considered a division of the
autonomic nervous system (ANS). It is now recognized that the enteric nervous system
operates as an independent integrative nervous system with structural and functional
properties similar to the CNS (Wood, 1994). Neurons in the enteric nervous system
(ENS) are in a unique environment: they are regularly distorted by peristaltic contractions
(Gabella, 1990) and exposed to mild inflammatory insults (Collins, 1996), and there is a
constant remodeling of the neural connections in the mucosa due to epithelial sloughing.
This environment provides cell phenotypes that differ substantially from other autonomic
neurons (Giaroni et al., 1999). Unlike the sympathetic and parasympathetic nervous
systems, which are highly innervated by CNS neurons, only 1-2,000 nerve fibres connect
the brain to the approximately 1 x 10® enteric nerve cells in small intestine, and thus the
vast majority of enteric nerve cells receive no direct connections from the brain or spinal
cord (Kirchgessner and Gershon, 1989). CNS control of the ENS is thus limited, acting
primarily to modify preprogrammed enteric circuits at the level of the enteric plexuses
(Wood, 1991), and indeed the ENS can function independently of CNS input (Gershon,
1990). The ENS ultimately controls all gut behavior including the motility (Costa and

Brookes, 1994; Furness and Bornstein, 1995), exocrine and endocrine secretions (Cooke,



1994), and microcirculation (Surprenant, 1994) of the gastrointestinal tract, and is
involved in regulating immune and inflammatory processes (Lundgren et al., 1989). ENS
neural circuits coordinate and integrate these multiple cellular activities of motor,
secretory, vascular, and absorptive cells within distinct layers of the gut wall (Costa and
Brookes, 1994).

Thus, both extrinsic autonomic nerves and intrinsic enteric nerves innervate the
GI tract to control its function. Although extrinsic and intrinsic control of the GI tract
can be coordinated, the ENS can function independently of extrinsic innervation and is
essential for the ongoing control of all gut behaviors.
1.2 The Enteric Nervous System
1.2.1 Enteric Neural Plexuses

Enteric neurons are organized into two main ganglionated neural plexuses whose
localization within the GI tract are shown diagrammatically in Figure 2. The myenteric
plexus is located between the circular and longitudinal muscle layers, while the
submucosal plexus is found between the circular muscle layer and the muscularis
mucosae. This latter plexus contains from one to three smaller ganglionated plexuses
depending upon the species, generally referred to as Henle's, Meissner’s, and the
intermediate plexuses (Furness and Costa, 1987). The myenteric plexus, considered to be
the primary nerve network of the gut wall, is composed of significantly more neurons,
larger ganglia, and more complex interganglionic connections than are found in the
submucosa (Gershon et al., 1994). The smaller submucosal nerve networks are most well
developed in the small intestine (Goyal and Hirano, 1996). Although the myenteric and

submucosal plexuses are specialized for the control of gastrointestinal motility and
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Figure 2. Diagrammatic representation of the layers of the intestinal wall. Note the
myenteric plexus between the circular and longitudinal muscle layers. The submucosal
plexus, located between the muscularis mucosae and the circular muscle, is shown as its

two components — Henle’s and Meissner’s plexuses. Figure by A. Krantis.



intestinal ion transport respectively, these plexuses are interconnected and are ultimately
functionally integrated through the myenteric plexus (Furness and Costa, 1987).
1.2.2 Enteric Ganglia

Enteric ganglia are composed exclusively of enteric neurons, glial cells, and their
processes, all covered by a thin layer of basal lamina. A unique feature of enteric ganglia
is that they do not contain blood vessels, connective tissue, or collagen fibrils (Gershon et
al., 1994). Enteric glial cells resemble CNS astrocytes (Jessen and Mirsky, 1980) and as
such these cells do not wrap around individual axons, rather, entire bundles of axons are
fitted into the invaginations of enteric glia (Gershon, 1999). That the targeted ablation of
enteric glia leads to degenerative changes in the ENS, epithelial degeneration and
sloughing, inflammatory infiltration of the mucosa, and intraluminal hemorrhage (Bush et
al., 1998; Sofroniew et al., 1999), suggests that enteric glia possess some factor that is
immunosuppressive and anti-inflammatory under physiological conditions.
1.2.3 Enteric Neurons

Enteric neurons are commonly classified according to their functional
characteristics, axonal projections, morphology, electrophysiological properties, and
neurochemical characteristics (Costa et al., 1998). In both the small and large intestine,
each neuronal subtype has its own characteristic distribution and projection pattern
(Ekblad et al., 1988). As in the CNS, more than one transmitter or neuron-specific
marker may be expressed by a single enteric neuron, with many putative
neurotransmitters colocalizing in a variety of combinations (Ekblad et al., 1984; Sternini,

1988).
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1.2.4 Classification of Enteric Neurons

Enteric neurons are classified functionally as intrinsic sensory neurons,
interneurons, motor and secretomotor neurons. Enteric ganglia are *“mixed ganglia” and
contain all of these types of neurons in combination and form interconnecting pathways
between individual ganglia (see Figure 3). Intrinsic sensory neurons predominate within
the submucosal nerve networks, although they are also present within the myenteric
plexus. Sensory neurons in the myenteric plexus are stimulated in response to
mechanoreceptor activation within the muscle layers. In contrast, submucosal sensory
neurons represent the full spectrum of sensation detection, with their receptors being
stimulated by mechano- and chemoreceptors in the mucosa and mechanoreceptors in
muscle layers (Minaire, 1989) (see Figure 3). It is not currently known whether
submucosal sensory neurons themselves act as mechanoreceptors, or if these neurons are
stimulated secondary to the activation of mechanosensitive enterochromaffin cells in the
mucosal epithelium (Gershon, 1999).

Interneurons relay signals from sensory neurons to motor or secretomotor
neurons. Interneurons also form multiple excitatory connections with each other to create
ascending and descending chains that run along the intestine (Kunze and Furness, 1999).
Within the myenteric plexus, interneurons receive signals from sympathetic and
parasympathetic neurons, and from enteric sensory neurons from the same or different
ganglia, within a given plexus, or from different enteric plexuses (see Figure 3). While
motor neurons of the myenteric plexus act on both longitudinal and circular muscle layers
to control intestinal movements, and, to a small extent, on vascular smooth muscle cells

that control blood flow, secretomotor neurons of this plexus either act indirectly through
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Figure 3. Simplified representation of ENS neural circuits. This diagram shows the
sensory neurons, interneurons, and motor/secretomotor neurons, and their connections
both within the enteric nervous system and with the autonomic nervous system. Both
myenteric and submucosal neurons can receive direct input from sympathetic ganglia.
These enteric neurons can in turn interact with each other, and with surrounding tissue.
Only neurons of the myenteric plexus can receive direct innervation from
parasympathetic nerves, however. Neurons of both the myenteric and submucosal
plexuses can innervate a number of local target cells and tissues. Neurons in both these
plexuses can innervate longitudinal and circular muscle, villi, secretory cells, blood
vessels, and other neurons within both plexuses. Only submucosal neurons, however, can
innervate mucosal endocrine cells and the muscularis mucosae. While sensory neurons
of both plexuses can receive input from the longitudinal and circular muscle layers and
from other enteric neurons within both plexuses, only submucosal neurons can receive

input from mechano-and chemo-receptors within villi endothelium.



submucosal neurons or directly on mucosal epithelium to control secretion and
absorption (Furness et al., 1989; Kirchgessner and Gershon, 1990; Szuszewski and
Miller, 1994) (see Figure 3). Submucosal neurons can also act on longitudinal and
circular muscle layers, and the muscularis mucosae to influence intestinal movements
(Minaire, 1989). However, the primary function of secretomotor and motorneurons of
the submucosa is immune regulation and the control of mucosal function. These neurons
innervate secretory cells of the mucosal epithelium, immunomodulatory and
inflammatory cells of the gut that are involved in mucosal, immunologic, allergic, and
inflammatory responses, and vascular smooth muscle cells that control blood flow (Goyal
and Hirano, 1996) (see Figure 3).

Enteric neurons were first classified according to their morphological differences
(Dogiel, 1899). Based on their differing shapes of their neuronal somata, as well as the
number and type of axons or dendrites emanating from them, Dogiel identified three
morphological neuron types within the ENS. Of these, Dogiel types I and II neurons
comprise the vast majority of enteric neurons (Browning and Lees, 1996). The three
characteristic neuron shapes originally identified by Dogiel have more recently been
revised to include eight morphological classes of enteric neurons (Stach, 1989). Stach
expanded the number of identified neuron types to eight by expanding the identifying
criteria examined to include the direction of neurite projections within the bowel, cell
relationships to each other, cell topography, the regional distribution of the neurons, the
identification of vascularization and synaptic inputs, neurochemical correlations, and the
electrophysiological characteristics of each neuron type. This work initiated correlation

of neuronal morphology within the ENS (Gershon et al., 1994).
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Enteric neurons are also classified into subtypes dependent upon the
neurotransmitters that they express. It is now generally recognized that at least 30
different classes of chemicals transmit instructions in the brain, and that all of these
classes are also represented in the ENS (Gershon, 1998; Costa et al., 1998). However,
although many substances have been suggested to be enteric neurotransmitters based on
pharmacological groups or due to evidence of their presence in the ENS, to date very few
substances have been experimentally established as ENS neurotransmitters. As enteric
neurons commonly co-localize several transmitters and candidate transmitters, neurons
can be functionally classified based on the distinct combinations of substances that they
co-localize. For example, in the mouse small intestine, NOS/VIP + NPY compromise
approximately 25% of all myenteric neurons (Sang and Young, 1996). By these means,
over 30 neurochemical subtypes have been identified within the ENS (McConalogue and
Furness, 1994). The distribution of these neurochemical subtypes of neurons varies both
between species and between different GI regions (Schemann et al., 1995; Furness et al.,
1990; Ekblad et al., 1991; Wattchow et al., 1998; Sang and Young, 1996). Although
such variations have been characterized, their functional significance is poorly
understood (McConalogue and Furness, 1994).

Although acetylcholine (ACh) is commonly recognized as the primary excitatory
transmitter in enteric neurons, glutamate and tachykinins are also suggested to act as
excitatory neurotransmitters in this nervous system (Liu et al., 1997; McConalogue and
Furness, 1994). Vasoactive intestinal peptide (VIP), adenosine triphosphate (ATP), and
nitric oxide (NO) are common ENS inhibitory transmitters. Additional putative

inhibitory neurotransmitters include pituitary adenylyl cyclase activating peptide
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(PACAP), neuropeptide Y (NPY), and enkephalin (ENK) (McConalogue and Furness,
1994). Inthe ENS, gamma aminobutyric acid (GABA) seems to act as both an excitatory
and an inhibitory neurotransmitter (Krantis et al., 1980; Krantis et al., 1998), depending
on the type of GABA receptor that is activated postsynaptically.

The electrophysiological properties of enteric neurons have also been used to define
subtypes of enteric neurons. Two neuronal subtypes have thus been identified; the S/type
1 (so-called ‘spiking neurons’) and the AH/type 2 neurons (so-called ‘after-
hyperpolarizing neurons’) (Holman et al., 1972; Hirst et al., 1974). S/Type | neurons,
when stimulated, possess a characteristically spiked action potential, in contrast to the
pronounced shoulder on the falling phase of the action potential characteristic of Type
AH/2 neurons. Type AH/2 neurons also undergo prolonged hyperpolarizing
afterpotentials following action potential generation, which prevent them from
repetitively discharging actions potentials as is characteristic of Type S/1 neurons. These
two electrophysiological neuronal subtypes are commonly accepted to correspond to both
morphological and functional neuronal subtypes. Type S/1 neurons are defined as motor
and interneurons with Type I Dogiel morphology, whereas Type AH/2 neurons are
sensory neurons with Type II Dogiel morphology (Bornstein et al., 1994; Browning and
Lees, 1996). There are many functional and neurochemical subtypes of Type I neurons,
each with their own characteristic chemical coding. Excitatory motor neurons commonly
express Substance P and ACh (as indicated by immunoreactivity for its synthesizing
enzyme choline acetyltransferase), while VIP and NO are localized to inhibitory motor
neurons. Descending interneurons commonly express ChAT immunoreactivity in

combination with several possible neurochemicals, and ascending interneurons express
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ChAT, calretinin and tachykinin immunoreactivity. Type II neurons characteristically
express some combination of ChAT, tachykinin, and calbindin immunoreactivity
(Furness, 2000; Costa et al., 1996). Correlations between ENS morphology, function and
chemical coding are detailed in Table 1. Data in this table represents that of the guinea
pig small intestine, in which region all classes of neuron have been identified and
characterized (Furness et al., 1994; 2000; Costa et al., 1996).

One of the major aims of gastrointestinal neurobiology has been to relate the
properties and connections of enteric neurons to the functions that they control. To
achieve this aim, a complete neuroanatomical identification of the different classes of
enteric neurons is essential (Costa et al., 1996). In the small intestine of the guinea pig,
all of the types of enteric neurons have been identified in terms of their morphologies,
projections, primary neurotransmitters and physiological properties (Furness et al., 1994,
2000; Costa et al., 1996). In this region there are 14 functionally defined neuron types,
each of which has characteristic morphological, neurochemical and biophysical
properties (Costa et al., 1996). By such means, the ENS has been demonstrated to possess
a unique and characteristic structure, whose component cells can be identified by their
functional, chemical, and morphological properties. Identification of these defining
characteristics is intrinsic to the evaluation of the physiological relevance of in vitro
models, as performed in Chapter 2 of this thesis.

1.3 Enteric Neurodegeneration
1.3.1 ENS Susceptibility To Damage
Within the CNS, both endogenous and exogenous proteins are incapable of

permeating the parenchyma of the brain, except in circumventricular areas, due to the
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Percentage Chemical Coding Morphology Functional Class Comments

Myenteric plexus (note: percentages represent that of all myenteric neurons. Myenteric neurons represent greater than 97% of
all enteric neurons present within the Ein& Big ileum).

12% Short: ChAT/TK/ENK/GABA Typel Excitatory circular | To all regions, primary
Long: ChRAT/TK/ENK/NFP muscle motor transmitter ACh,
neurons cotransmitter TK
16% Short: Typel Inhibitory circular Several cotransmitters
NOS/VIP/PACAP/ENK/NPY/GABA muscle motor with varying
Long: neurons prominence
NOS/VIP/PACAP/dynorphin/BN/NFP
25% ChAT/calretinin/TK Typel Excitatory Primary transmitter
longitudinal ACh, cotransmitter TK
muscle motor
neurons
2% NOS/VIP/GABA Typel Inhibitory Several cotransmitters
longitudinal with varying
muscle motor prominence: NO, ATP,
neuron VIP, PACAP
5% ChAT/calretinin/TK Typel Ascending Primary transmitter
interneurons (local ACh
reflex)
5% ChAT/NOS/VIP+BN+NPY Typel Descending Primary transmitter
interneurons (local ACh, ATP may bea
reflex) cotransmitter
2% ChAT/S-HT Typel Descending Primary transmitters
interneurons ACh.
(secretomotor S-HT
reflex)
1% ChAT/SOM Typel Descending Primary transmitter
interneurons ACh
(migrating
myoelectric
sompiex)
26% ChAT/calbindin/TK/NK, receptor Typell Myenteric intrinsic | Primary transmitter TK
primary afferent
neurons
<l% ChAT/BN/VIP/ICCK/ENK ? Intestinofugal Primary transmitter
neurons (to ACh
prevertebral
_ganglin)

Submucosal plexus (note: percentages represent that of all submucosal neurons. Submucosal neurons represent less than 3%
of all enteric neurons present within the Eginea , pig ileum).

45% VIP/GAL Type [l Non-chalinergic Primary transmitter
secretomotor / VIP. A small proportion
vasodilator of these have cell bodies
neurons in myenteric ganglia
15% ChAT/calretinin/dynorphin Type [lI Cholinergic Primary transmitter
secretomotor / ACh
vasodilator
neurons
29% ChAT/NPY/CCK/SOM/CGRP/dynor-phin Type o1 Cholinergic Primary transmitter
secretomotor (non- ACh. A small
vasodilator proportion of these have
neurons) cell bodies in myenteric
ganglia
1% ChAT/TK/calbindin Type ll Submucosal Primary transmitter
intrinsic primary assumed to be TK

afferent neurons




Table 1. Types of neurons in the enteric nervous system. This table lists the neuron
types that are found in the guinea-pig small intestine, some of their defining
characteristics, and percentages of occurrence in each of the ganglionated plexuses. (as
adapted from Furness, 2000 and Costa et al., 1996). Abbreviations: BN, bombesin a.k.a.
GRP: CCK, choleocystokinin; ChAT, choline acetyltransferase; CGRP, calcitonin gene
related peptide; ENK, enkephalin, GABA, gamma amino butyric acid; GAL, galanin;
GRP, gastrin releasing peptide; S-HT, S-hydroxytryptamine; NFP, neurofilament protein;
NK, neurokinin; NOS, nitric oxide synthase; NPY, neuropeptide Y; PACAP, pituitary
adenyl cyclase activating peptide; SOM, somatostatin; TK, tachykinin; VIP, vasoactive

intestinal peptide.
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protective blood-brain barrier. In this system, the endothelial cells of brain capillaries
form a continuous band of tight junctions that prevent the free diffusion of most
substances between the cerebrospinal fluid and blood (Brightman and Reese, 1969).
Within sympathetic and parasympathetic nerves, a combination of tight junctions
between endothelial cells of penetrating capillaries and tight junctions between
perineurial fibroblasts surrounding the nerve also form a protective barrier (Haines,
1997). Within the enteric ganglia, glia form a protective periganglionic sheath over
enteric neurons. However, the protective periganglionic sheath formed by enteric glia is
neither equivalent to the perineurium barrier present in the ANS, nor to the highly
impermeable blood-brain barrier of the CNS. The enteric periganglionic sheath does not
fully cover enteric neurons; large areas of neuronal cell bodies and dendrites lie directly
beneath the basal lamina and the connective tissue surrounding ganglia (Gabella, 1982).
Although the enteric ganglia are avascular, many vessels are concentrated outside their
surrounding basal lamina (Gabella, 1972). These vessels are far less permeable than
those of the other layers of the bowel wall and so limit the access of exuded molecules to
the ENS (Gershon et al., 1994). The enteric basal lamina is also thought to be compact
enough to prevent the access of large colloidal particles to enteric neurons (Allen and
Kiernan, 1994). However, plasma proteins, that do not generally penetrate the highly
impermeable blood-brain barrier, pass from the blood into all parts of enteric ganglia with
no evidence that tight junctions between glial or smooth muscle cells prevent these
proteins from coming into contact with enteric neurons (Allen and Kiernan, 1990; 1994;
Goldstein and Betz, 1986). During inflammation, the extensive exudation of fluid from

permeabilized blood vessels that permeates throughout the gut wall can access enteric
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ganglion cells. By these means, enteric neurons and glial cells can be exposed to damage
by exogenous toxic substances (Kiernan, 1996).
1.3.2 Clinical Symptoms of Enteric Neuropathy

The smooth muscle of the gastrointestinal tract has an intrinsic rhythmicity and
does not require neural input to contract. However, as detailed previously, both extrinsic
and intrinsic innervation modulate GI tract function. The ENS itself acts upon enteric
smooth muscle to organize and help control the rate of gastrointestinal peristalsis, and
mediates much of the CNS modulation of GI motility. Destruction of the myenteric
plexus impairs these neural functions, and the remaining spontaneous smooth muscle
contractions are insufficient for propulsion of bowel contents through the intestinal tract.
ENS damage can also inhibit and impair intestinal blood flow, local immune responses,
and control of gastrointestinal secretion and absorption when neural modulation of these
processes is affected (Giaroni et al., 1999). Thus, clinical disorders associated with the
degeneration of enteric neurons are characterized by disturbances in gastrointestinal
transit, functional obstruction, tissue damage, and/or nutrient absorption. Symptoms may
include impaired esophageal transport, delayed gastric emptying, abdominal distention,
reduced peristalsis, disordered small bowel movement, atony of the large bowel, nausea,
vomiting, and, in advanced stages of disease, weight loss and malnutrition (Oehmichen
and Reifferscheid, 1977; Mathias and Clench, 1995; Clarke et al., 1979).
1.3.3 Morphological Characteristics of Enteric Neuropathy

A number of characteristic morphological changes occur in the damaged ENS.
Nerve fibres may display hyperplasia, decreases in fibre density, or fibre damage. In

general, damaged ENS nerve fibres appear swollen and frayed, with their parallel courses
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transformed into net-like, unorganized patterns (Oehmichen and Reifferscheid, 1977;
Kubota et al., 1992). Enteric ganglia may be completely lost or much reduced in cell
number, reflecting neuronal cell death (Oehmichen and Reifferscheid, 1977; Sanovic et
al., 1999). Within remaining ganglia, neurons of normal appearance are frequently
located adjacent to those that are visibly damaged, suggesting intrinsic differences in
neuronal subtype susceptibility to damage.
1.3.4 Enteric Neurodegeneration In Disease

Damage and/or degeneration of enteric neurons occurs within a number of
intestinal diseases and pathologies (see Table 2). Clinically, ENS damage is frequently
found in correlation with intestinal inflammation or inflammation-associated conditions.
For example, damage to the aduit ENS has been commonly noted within inflammatory
bowel disease, a chronic condition characterized by recurring uncontrolled intestinal
inflammation (Geboes and Collins, 1998); within idiopathic chronic constipation, a
colonic motility disorder thought to result from autoimmune attack targeted to neuronal
elements of the ENS (Wood, 2000); and within chronic intestinal pseudo-obstruction, in
which intestinal obstruction occurs in the absence of mechanical blockage (Schuffler,
1981). While chronic intestinal pseudo-obstruction can result from abnormalities of
either the intestinal smooth muscle or the myenteric plexus (Schuffler, 1984; Schuffler et
al., 1981), cases involving myenteric plexus disruption are characterized by inflammatory
infiltration of this plexus (Chinn and Schuffler, 1988).

Damage and/or degeneration of the ENS can also occur as a secondary injury in a

wide variety of extra-intestinal diseases (see Table 2). Within myotonic dystrophy, an
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Myenteric Submucosal Neuronal Neuronal Fibre Fibre Pathogenesis
DISEASE Nerve Cell Nerve Celi types subtypes hyperplasia | damage of enteric
Damage Damage preferentially selectively neuropathy
damaged spared
Chronic Intestinal
intestinal Inflammation
pseudo- Yes (1) No (1) ? ? No (1) Yes (1) (M (1b)
obstruction
Idiopathic
chronic Yes
constipation Yes (2) Yes(2) VIP (M) (2) NOS(?) () No (2) VIP(2) ?
Inflammatory Yes Intestinal
bowel discase Yes (3) Yes(3) ? ? ? (3. 3b) {nflarsnmation
VvIP M3
Myotonic Substance P VIP, NPY
dystrophy Yes (4) No(4) Enk (4) 4) ? Yes(4) ?
Parkinson’s Dopaminergic Oxidative &
disease Yes (5) Yes (5) (5b) ? ? ? free radical
VIP (5¢) damage (7)
(5d)
Diabetes SOM in ACh in Yes - Yes (3) Ischemia (?)
mellitis * Yes (3) Yes (3) submucosal myenteric galanin in Neurotrophic
plexus (3) plexus (3) myenteric factor
plexus (3) deprivation (?)
Chagas’ NOS activity Bacterial
disease Yes (7) Yes(7) (7b) ? ? ? infection (?)




Table 2. Disease-specific characteristics of enteric neuropathology. Damage to the
enteric nervous system varies with respect to the specific neural plexuses affected, which
neural subtypes are involved, whether fibre hyperplasia or degeneration occur, and the
underlying damage mechanisms. Within this table “?” denotes that the information is not
available, while *“(?)” denotes that the information is putative. * denotes that for diabetes
mellitis, all characterization of ENS damage has been performed only in animal models.

(1) Chin and Schuffler, 1988

(1b) Wood, 2000

(2) Cortesini et al., 1995

(3) Dvorak et al., 1980; Steinhoff et al., 1988; Lindgren et al., 1991

(3b) Kubota et al., 1992 Note: it was not specifically determined whether the marked
decrease in VIP-immunoreactive fibres in IBD patients was due to decreased expression
of VIP within nerve fibres or to degeneration of VIP-containing nerve fibres.

(4) Yoshida et al., 1988

(5) Wakayashi et al., 1988; 1989 (as evidenced by the presence of Lewy bodies)

(5b) Singaram et al., 1995

(5¢) Wakabayashi et al., 1990 (as evidenced by immunohistochemistry)

(5d) Foley and Riederer, 2000

(6) Buchan, 1990

(7) Meneghelli, 1985

(7b) Ribiero et al., 1998
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autosomal dominant, slowly progressive disorder of unknown pathogenesis whose
characteristic feature is myotonia (Harper, 1979), gastrointestinal motility disturbances
are éommon (Nowak et al., 1982). Although in some cases, the smooth muscle is the
indicated site of the gastrointestinal pathology (Pruzanksi and Huvos, 1967; Keschner
and Davison, 1933), in others it consists of a degenerative neuropathy of the myenteric
plexus (Yoshida et al., 1988). Damage to enteric neurons has also been noted in diabetes
mellitis, in which the body has dysfunctional glucose metabolism due either to impaired
insulin production or to the body’s resistance to insulin actions (Buchan, 1990). GI
motility disorders are also the most frequent autonomic disorders in patients with
Parkinson’s disease, and may occur before the first symptoms of Parkinsonism appear.
Although the etiology of Parkinson’s disease is not known, evidence implicates oxidative
stress processes in the neuropathogenesis of this disease (Foley and Riederer, 2000).
Finally, although the underlying pathogenesis of enteric neurodegeneration in Chagas’
disease (Trypanosoma cruzi infection) is unknown, severe damage to enteric neurons
throughout the digestive tract is commonly noted in this disease. Indeed, cardiac disease
and digestive abnormalities (thought to result from ENS damage) are the primary
symptoms of chronic Chagas’ disease (Meneghelli, 1985).

While ENS damage and/or degeneration can occur within a number of diseases,
ENS damage does not display consistent characteristics between diseases. The specific
neural plexuses that are damaged, the nature of nerve fibre alterations that occur, those
neurochemical subsets of enteric neurons that are either selectively damaged or
preferentially spared, and specific increases or decreases in the expression of certain

enteric neurotransmitters, all vary between different diseases (see Table 2). For example,
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whereas both the myenteric and submucosal plexuses are affected in IBD (Riemann and
Schmidt, 1982; Dvorak et al., 1980; Steinhoff et al., 1988; Lindgren et al., 1991), damage
is confined exclusively to the myenteric plexus in chronic intestinal pseudo-obstruction
(Chinn and Schuffler, 1988). While in IBD, both axonal necrosis (Dvorak and Silen,
1985; Steinhoff et al., 1988; Kubota et al., 1992) and axonal hyperplasia (Leonard et al.,
1995; Strobach et al., 1990) occur, axonal degeneration and loss characterize chronic
intestinal pseudoobstruction (Chin and Schuffler, 1988). Selective sparing of VIP- and
NPY-positive neurons and preferential damage of Substance P- and enkephalin-positive
neurons is characteristic of myotonic dystrophy (Yoshida et al., 1988); contrasting with
the selective sparing of ACh-positive neurons of the myenteric plexus and the preferential
damage to CGRP- and somatostatin-positive neurons of the submucosal plexus
characteristic of diabetes mellitis (Buchan, 1990). These marked differences in ENS
damage characteristics suggest both that specific ENS damage characteristics may be
representative of given diseases, and that clinical enteric neurodegeneration may occur
via several different damage mechanisms.
1.3.5 Experimental Study of Enteric Neurodegeneration

The correlation between the clinical occurrence of intestinal inflammation and
enteric nervous system damage is striking. However, experimental studies are required to
establish that enteric neurodegeneration occurs as a consequence of inflammation and to
identify those specific mediators of the inflammatory process which induce
neurodegeneration. Much of the existing data on neurodegenerative mechanisms has

been generated using neuronal cell lines or primary neuronal preparations from outside



the gut (Hall and Wiley, 1998). To date, very few studies have examined the direct
effects of inflammation or specific inflammatory mediators on ENS viability.

Animal models of intestinal inflammation have provided the opportunity to
directly investigate the impact of inflammatory processes on the ENS (Jacobson et al.,
1995). Several animal models of inflammation are commonly used, including chemical-
induced inflammation, which is a simple and affordable procedure hindered only by its
lack of chronicity (Elson et al., 1995). Immunologically-mediated inflammation is also
commonly induced by trinitrobenzene-sulfonic acid (TNBS), which when attached to a
carrier protein, elicits the formation of antibodies. However, this model suffers from a
high variability in the induced inflammatory response (Elson et al.,, 1995). Finally,
infection-induced inflammation is frequently induced using the nematode Trichinella
spiralis (Grossi et al., 1993; Jacobson et al., 1995). In all of these models, tissue
responses must be shown to result from the inflammation itself, and not from a direct
toxic effect of the inflammatory initiator. To this end, attenuation or prevention of tissue
responses by anti-inflammatory treatment is commonly used to elucidate the role of
inflammatory processes in tissue damage. By such means, it has been determined that
ENS functional alterations, damage and degeneration occur as a consequence of intestinal
inflammation itself, and are independent of the manner in which inflammation is induced
(Jacobson et al., 1995; Collins, 1996; Palmen et al.,, 1998; Sanovic et al., 1999).
Furthermore, correlations between specific inflammatory cell types and ENS damage
have been evaluated in a DNBS-induced model of intestinal inflammation (Sanovic et al.,
1999). In this animal model, early inflammatory events were suggested to induce

neuronal loss. The presence of eosinophils within and adjacent to the myenteric ganglion
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corresponded with the occurrence of neuronal damage within these enteric neurons,
suggesting that eosinophils may be responsible for neuronal damage and loss.

Recent studies have begun to investigate functional disturbances of the enteric
nervous system that correlate with observed structural damage during intestinal
inflammation. In animal models of intestinal inflammation, evoked neurotransmission
was markedly suppressed within the enteric nervous system, independent of the manner
in which inflammation was induced (Jacobson et al., 1995). These functional alterations
were not restricted to inflamed areas of intestine, but also occurred within noninflamed
bowel segments. These functional observations correlate with the clinical findings of
ultrastructural changes in enteric nerves from noninflamed bowel segments of Crohn’s
disease patients (Dvorak et al., 1980), and with observed intestinal transit and motor
changes from noninflamed gut regions of ulcerative colitis patients (Rao et al., 1987;
Manousos and Salem, 1965). While these experimental and clinical findings do not
dispute the notion that inflammation induces ENS damage, they suggest that
inflammation-associated alterations in the enteric nervous system are not restricted to the
sites of overt inflammation. These functional and structural changes observed in non
inflamed regions are thought to reflect some unknown systemic component of the
inflammatory process (Jacobson et al., 1995). Thus, inflammatory damage mechanisms
in the enteric nervous system may be complex; comprising both localized and systemic
components.

1.3.6 Putative Mediators of Enteric Neurodegeneration
To date, sparse information exists regarding the identity of specific mediators and

mechanisms of enteric neuron death. A small number of candidate compounds, identified



to act in CNS neurodegeneration are likely to participate in inflammatory ENS damage.
Within the ENS, as elsewhere, nitric oxide (NO) is a mediator of inflammatory
neurodegeneration and more general cell death. NG-nitro-L-arginine methyl ester (L-
NAME)-induced inhibition of the high concentrations of NO produced during
experimental inflammation attenuates the induction of marked morphological disruptions
of myenteric ganglia and suppression of myenteric nerve function observed in vivo
(Hogaboam et al.,, 1995). These findings support a role for NO in enteric
neurodegeneration. However, it is not known if NO directly induces this
neurodegeneration. While NO may directly damage the ENS, NO interactions with other
cell types within the intestinal wall could indirectly induce ENS damage, either through
the production of toxic products, or through inhibition of neuroprotection or trophic
support.

Proinflammatory cytokines have also been implicated in the inflammatory
pathogenesis of enteric neurons. Platelet-activating factor (PAF), a mediator of the
proinflammatory cytokine TNF (Im et al., 1996; Carden and Granger, 2000), rapidly
induces cell death in a subset of cultured neonatal myenteric plexus neurons (Willard,
1992). However, the biological significance of these findings remains to be determined.
While the expression of the proinflammatory cytokines interleukin-1f (IL-1B) and
interleukin-6 (IL-6) is increased during inflammation, and their actions alter
neurotransmitter release from enteric neurons, there is as yet no evidence that these
molecules are directly involved in enteric neuronal death (Khan et al., 1992; Khan and

Collins, 1994; Main et al., 1993; Xia et al., 1999).
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Finally, the excitatory neurotransmitter glutamate has been implicated in the
excitotoxic damage and degeneration of enteric neurons (Kirchgessner et al., 1997). This
neurotransmitter is considered the chemical inducer of hypoxic and ischemic damage
(Bouvier et al., 1992), and reactive oxygen species are thought to mediate much of the
intracellular injury evoked by glutamate (Bonfoco et al, 1996). The evidence
implicating glutamate in ENS damage is compelling; glutamate and its agonist, N-
methyl-d-aspartate (NMDA), induce comparable neuronal ceil death in both intact
preparations of bowel and in cell cultures of adult myenteric neurons. The delayed
neuronal death induced within these enteric neurons is prevented by the NMDA
antagonist D-2-amino-5-phosphonopentanoate. As in other systems in which glutamate-
induced excitotoxicity occurs (Marc et al., 1990; van den Pol, 1991), glutamate,
glutamate receptors, and high-affinity glutamate transporters are all localized to ENS
neurons (Kirchgessner et al., 1997). From these findings, one can conclude that
glutamate is likely a mediator of enteric neurodegeneration.

The AMPA and kainate types of glutamate receptor may also factor into the
axonal injury characteristic of clinical ENS damage. In the CNS, NMDA receptors are
primarily implicated in CNS excitotoxicity, and AMPA and kainic acid receptors are
involved in axonal injury, which is independent of synaptic activity and the
neurotransmitter actions of glutamate (Li and Stys, 2000). In spinal cord white matter
anoxic and traumatic injury, Na*-dependent glutamate transport is reversed, activating
AMPA receptors and thus releasing toxic levels of endogenous glutamate (Li et al.,

1999).
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Although the study of enteric neurodegeneration is in its infancy, with very little
known about neurotoxic actions of specific inflammatory mediators, experimental models
of inflammation have established a causal relationship between intestinal inflammation
and enteric nerve damage, and this has permitted some characterization of the factors
involved. The recent use of both enteric cell cultures and in vivo models of gut diseases
has greatly contributed to such investigations. Indeed, cytokines, excitotoxicity, and
reactive oxygen species, all of which are known inflammatory mediators of
neurodegeneration within the CNS (Martiney et al., 1998), have been established as
likely candidates to induce neurodegeneration within the gut.

1.4 Inflammation and associat: rocesses
1.4.1 Inflammation

Tissue injury caused by pathogen infection or physical damage evokes
inflammation, a physiological immune defense reaction to an injurious stimulus (Vaday
and Lider, 2000). The immune system is responsible for the clearance of viruses,
bacteria, foreign proteins, and malignant cells from the body. Inflammatory responses
are the rapid responses of the immune system which eliminate, control or contain an
injurious stimulus and ensuing cellular damage (Martiney et al., 1998). The ultimate
function of inflammation is to restore tissue homeostasis (Viday and Lider, 2000).
Regardless of the nature of the inflammatory stimulus, a standardized sequence of events
ensues whereby the injurious agent is localized and destroyed, and damaged tissue
repaired (see Figure 4).

Inflammatory responses are initiated immediately following the detection of

trauma or invading pathogens by leukocytes. Leukocytes are found within the body’s
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circulatory system, and are the principle cells involved in inflammatory immune
responses.  Leukocytes consist of granulocytes and macrophages, which mount
generalized responses to all injurious stimuli, and lymphocytes, which are specialized to
attack specific injurious stimuli. Granulocytes (which comprise neutrophils, eosinophils
and basophils) release cytotoxic compounds from their intracellular granules into the
local environment when they encounter microorganisms or malignant cells. The ensuing
cellular destruction occurs rapidly, and may harm healthy tissue of the body in addition to
infected cells and foreign materials.

Macrophages, the other class of leukocytic defence cells from the non-specific
immune system, can consume microorganisms and malignant cells by phagocytosis or,
similar to granulocytes, by the secretion of cytotoxic compounds.  However,
macrophages can also act more specifically by collaborating with lymphocytes and their
products.

The lymphoid system, the specific immune defence, is represented by two cell
types: B-lymphocytes which produce antibodies that bind to foreign organisms and
facilitate their destruction by activating the complement system, and T-lymphocytes
which act mainly by cell-to-cell contact. One subpopulation of T-lymphocytes (killer T-
cells) recognizes and kills cells that bear foreign antigen (e.g. following virus infection).
The second population (helper T-cells) modulates the activity of other leukocytes (Imhof
and Dunon, 1997). The specific nature of the injurious stimuli determines that type of
leukocytes involved in the inflammatory response.

Upon interaction of circulating leukocytes with pathogens or malignant cells,

leukocytes become activated and release pro-inflammatory cytokines; initiating
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Figure 4. Schematic representation of a generalized inflammatory reaction.
Following an injurious stimulus, mast cells in the injured tissue and basophils and
platelets within blood vessels release histamine and kinins, increasing blood vessel
permeability and stimulating phagocyte emigration to the site of injury. Blood cells, mast
cells, and damaged cells produce inflammatory mediators that amplify inflammation by
increasing vasodilation and vessel permeability, attracting circulating immune cells, and
promoting phagocytosis of damaged cells and/or invading microorganisms. Cellular
debris is then removed through the circulatory system and pus fills the site of injury. As

the injury is contained and tissue damage repaired, the inflammatory response subsides.
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inflammatory responses. Cytokines, a family of polypeptides produced mainly by
activated leukocytes, interact to initiate, propagate, and then ultimately suppress
inflammation. An important contribution of the pro-inflammatory cytokine cascade is the
induction of an inflammatory response that recruits and activates subsets of leukocytes
that mediate much of the response to the sensitizing antigen. These proinflammatory
cytokines also activate endothelial cells to express adhesion molecules and induce the
release of chemokines (proteins involved in chemoattraction); thus focusing and directing
the inflammatory response to the injury site (Martiney et al., 1998).

The expression of adhesion molecules is induced by pro-inflammatory cytokines,
and is necessary for the binding and transmigration of leukocytes from the blood, across
the vasculature, to sites of injury and inflammation (Martiney et al., 1998). ICAM-1,
VCAM-1, and selectins are endothelial cell adhesion molecules that slow leukocyte
passage through blood vessels; thus facilitating the interaction and binding of leukocytes
to the vessel endothelium (Imhof and Dunon, 1997). Such binding occurs via the
interaction of endothelial adhesion molecules with integrins, adhesion molecules located
on the surface of leukocytes (Lloyd et al, 1996). Integrins assist in moving these
leukocytes through the blood vessel wall and into the interstitial matrix.

Pro-inflammatory cytokines, such as IL-1 and TNF, also induce the expression of
chemokines - small proteins, secreted primarily by vessel endothelium, that activate
integrins and the chemotactic migration of circulating leukocytes to the site of
inflammation (Martiney et al., 1998; Baggiolini et al., 1994). Chemokines impose
directionality on the inflammatory process, stabilizing leukocyte interactions with

adhesion molecules and thus preparing these cells for migration from the
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microvasculature into the interstitial matrix. These proteins also activate and attract
specific subsets of leukocytes to the inflammatory site (Taub and Oppenheim, 1994;
Glabinski et al., 1995).

Vessel dilation and endothelial cell contraction also facilitate the migration of
accumulated leukocytes into the inflammation site by increasing vessel permeability to
these cells. The early release of histamine by damaged cells at the site of injury, mast
cells in connective tissue, and basophils and platelets in blood, induces blood vessel
vasodilation, and increases blood vessel permeability. Kinins, formed in blood by
proteases released from damaged cells, perform similar functions. These molecules also
act as chemotactic agents for phagocytic leukocyte migration. The effects of histamine
and kinins are intensified by prostaglandins released by damaged cells, and leukotrienes
produced by activated basophils and mast cells. Finally, the complement system of
serum proteins, activated by antibody-antigen complexes and microorganisms, destroys
microorganisms and enhances the destructive abilities of phagocytic cells. Biologically
active protein fragments generated during the proteolytic complement cascade stimulate
mast cells and basophils to secrete histamine. The histamine increases the permeability
of local blood vessels, allowing leukocytes, antibodies and complement to enter the site
of infection (Eckert et al., 1988).

The result of these complex inflammatory changes is that blood vessels dilate and
endothelial cells of the microvasculature adhere less tightly to one another, but their
surfaces adhere more avidly to passing leukocytes. Leukocytes, attracted to the
inflammatory site, are caught and extravasated by passage between the endothelial cells.

This extravasation process, which permits access to the injury site where invading
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pathogens and malignant cells can be destroyed, is central to the establishment of
inflammation (Vaday and Lider, 2000).

With facilitated extravasation, the inflammatory reaction expands dramatically
(Sartor, 1995). The inflammation site attracts more leukocytes, producing a self-
amplifying inflammatory cycle. Neutrophils, followed by macrophages, emigrate through
the permeabilized microvasculature into injured tissue, where cellular debris,
microorganisms, and other particles are phagocytized. Anti-inflammatory cytokines,
including TGF-$, IL-10, and [L-4, signal down-regulation of inflammation as damage is
repaired. These cytokines deactivate endothelial cells and macrophages, inhibit
lymphocyte proliferation and reduce leukocyte adhesion (Wahl, 1994).

While the inflammatory response destroys injurious stimuli within the body, the
toxic nature of many of its byproducts can cause significant damage to adjacent tissues
(Ward, 1991; Birkedal-Hansen, 1993). A high probability of tissue damage exists when
inflammation is chronic, as in several disease states. At inflammatory sites, blood flow-
rate is reduced by the loss of intravascular fluid and by increases in plasma viscosity.
Although this vascular stasis promotes leukocyte adhesion to the endothelium and
facilitates their migration to the interstitial matrix, reduced blood flow can also induce
damaging hypoxia or ischemia in surrounding tissues (Imhof and Dunon, 1997).
Activated leukocytes release a wide variety of lytic enzymes as they migrate through the
extracellular matrix, as well as reactive oxygen and nitrogen intermediaries following
phagocytosis of bacteria and tissue debris, that could also damage adjacent tissue.
Finally, cytokine release at the site of inflammation often has significant cytotoxic effects

on surrounding tissues (Vassalli, 1992). Enteric neurons are subject to these potential
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damage mechanisms during inflammatory diseases of the gut, and this toxicity may
underlie the degeneraticn of these cells under these conditions. In our studies, we thus
examined the role of potentially toxic mediators of inflammation on the viability of
enteric neurons.

1.4.2 Hypoxia-reoxygenation

When blood flow is disrupted, the constant supply of oxygen and glucose to cells
is impaired. Cells may experience hypoxia, in which oxygen levels are reduced or, with
prolonged or extensive blood flow disruption, cells may experience ischemia, in which
glucose levels as well as oxygen levels are reduced. In both hypoxia and ischemia,
affected cells exhibit profound decreases in the levels of adenosine triphosphate (ATP),
triggering multiple degenerative processes. During hypoxic insult, anaerobic glycolysis,
although an inefficient reaction in neurons, may proceed when aerobic processes cannot
in order to supply ATP for cellular energy requirements. During ischemia, however, both
glucose depletion and oxygen depletion prevent anaerobic glycolysis from proceeding;
causing more rapid and severe cell damage (Saikumar et al., 1998).

It is obvious that if blood flow is not restored to hypoxic tissues, they will die.
However, if blood flow is restored prior to cell death, a second stage of tissue injury
ensues. This is reperfusion injury, which paradoxically produces tissue damage because
of the actions of oxygen in energy-depleted tissue (Mishra and Delivoria-Papadopoulos,
1999; Saikumar et al., 1998). Hypoxia-reoxygenation injury can be divided into three
general stages: 1) initial hypoxic events characterized by rapidly developing bioenergetic
failure and loss of ion homeostasis; 2) reoxygenation, where the bioenergetic state is

restored and synaptic activity returns; and 3) final secondary cell death (Kristian and



Siesjo, 1996). A multitude of interconnecting damage mechanisms are thought to
underlie hypoxia-reoxygenation injury including decreases in intracellular energy and
pH, mitochondrial damage and ATP depletion, release of excitatory amino acids,
excessive NMDA receptor activation, increases in intracellular Ca®* ions, and the
production of reactive oxygen species (Mishra and Delivoria-Papadopoulos, 1999).

During hypoxic insult, oxygen supplies are rapidly depleted by their use in
glycolytic energy production, and neurons must then switch to anaerobic glycolysis to
meet their energy requirements. During anaerobic glycolysis, HCO;- levels decrease and
CO- levels increase, inducing rapid decreases in intracellular pH to reach acidic levels
(Tombaugh and Sapolsky, 1993). Acidotic injury is one of the oldest theories proposed
to explain hypoxic damage, but the precise mechanisms whereby acidosis damages
nervous tissue remain unclear (Budd, 1998).

With continued hypoxia ATP levels fall (Kraig et al., 1985) and Na*/K*-ATPase
activity fails, leading to a rise in extracellular K™ and intracellular Na* concentrations
termed anoxic depolarization (Hansen, 1985). In response, Cl- and H>O enter the cell to
preserve electrical neutrality and intracellular osmolarity (Choi, 1990; Siesjo et al., 1991).
This H>O influx results in neuronal swelling, which is associated with abnormalities in
membrane permeability and may be lethal to neurons (Maulucci-Gedde and Choi, 1987;
Choi, 1987). The high intracellular Na* levels of anoxic depolarization stimulate ATP-
dependent Na® extrusion, precipitating declines in already-depleted cellular ATP reserves
(Marcaida et al., 1996). High intracellular Na* levels reverse the direction of both Na’-

dependent glutamate transporters and Na'/ Ca®* exchangers (Yamaguchi et al., 1998;
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Khodorov et al., 1993; White and Reynolds, 1995), thus contributing to high levels of
intracellular Ca** that induce neuronal damage (White and Reynolds, 1997).

During hypoxia, early membrane damage activates multiple degradative systems
to induce primarily necrotic death (Leist et al., 1997). Cells subjected to sublethal
hypoxia can be damaged during subsequent reoxygenation injury. Reoxygenation can
damage cells and induce cell death even though, and in fact because, cells restore ATP
pools depleted during hypoxia (Eguchi et al., 1997; Leist et al., 1997). Apoptotic and
necrotic cell death mechanisms may also occur simultaneously in cells exposed to
hypoxia-reoxygenation, with the intensity and duration of insult determining the cell
death mechanisms involved (Bonfoco et al., 1995; Leist and Nicotera, 1997).

The gut is predisposed towards damage by hypoxia and ischemia due to its unique
vascular anatomy in which blood flows through intestinal villi that are highly susceptible
to injury (Taylor, 1998). Gut hypoxia/ischemia can also itself promote local
inflammation (Massberg et al., 1998). Hypoxia/ischemia promotes regional production of
inflammatory mediators, expression of cell adhesion molecules on endothelial and
immune cell surfaces, and increases the procoagulatory properties of vascular endothelial
cells (Schwarz et al., 1999). During reoxygenation/reperfusion, increased concentrations
of oxyradicals are produced that indirectly trigger the accumulation of neutrophils within
affected tissues and promote inflammatory processes (Schoenberg and Beger, 1993).
Hypoxia/ischemia is also a frequent consequence of gut inflammaiion during diseases
including IBD in which blood flow can be compromised during severe tissue
inflammation (MacCannell, 1993). Enteric neurons are likely damaged during such

tissue inflammation by hypoxic/ischemic insults. Although no studies of hypoxic
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damage in the ENS have been performed, such damage would presumably occur via
mechanisms similar to those underlying CNS hypoxic damage. The experimental study of
hypoxic insult on the viability of enteric neurons is presented in Chapter 2 of this thesis.
1.4.3 Cytotoxicity

Investigation of hypoxic and ischemic injury has generated extensive literature on
cytotoxicity. Indeed, intracellular damage mechanisms elucidated through study of
hypoxia and ischemia are representative of intracellular responses to cytotoxic challenge
in general.

Increases in intracellular Ca®* concentrations are fundamental to cytotoxic
processes (Choi, 1995; Kristian and Siesjo, 1998). Intracellular Ca>* concentrations are
commonly increased via intracellular release mechanisms (Frandsen and Schousboe,
1993), Ca® entry through voltage-activated Ca>* channels, or Ca** entry through agonist-
activated Ca** channels (Choi, 1990). Intracellular accumulation of Na’, inositol 1,4,5-
triphosphate (IP;), and diacylglycerol (DAG), induced by cytotoxic challenge, can also
elevate intracellular Ca®* concentrations and contribute to cellular damage (Choi, 1990;
Masu et al., 1991]; Kiedrowski et al., 1994). Elevated levels of Ca’>* within cells readily
bind calmodulin and so activate nitric oxide synthase (NOS), generating toxic levels of
nitric oxide, peroxynitrite, and oxygen free radicals that impair cellular and subcellular
membrane integrity (Bonfoco et al., 1996). High Ca®* concentrations can also activate
phospholipase A;, releasing arachidonic acid which, when metabolized by
cyclooxygenase and lipoxygenase, produces toxic oxygen free radicals (Lazarewicz et al.,

1990).
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Increased intracellular Ca®* levels may also lead to elevated intranuclear Ca**
levels through activation of high affinity Ca**-ATPase transporters, [P; receptors, or IP;
receptors located on the nuclear membrane (Humbert et al., 1996; Karin, 1992). Nuclear
Ca’* controls a number of critical nuclear functions including regulation of transcription
factors, cell cycle regulation, gene transcription, DNA replication and nuclear envelope
breakdown, and thus potentially controls complex nuclear events, leading to hypoxia-
induced cell death (Karin, 1992; Steinhardt and Alderton, 1988; Tombes et al., 1992).

Cytoplasmic Ca®* overload has also been implicated in cytotoxicity resulting from
mitochondrial damage (Isaev et al., 1996). In general, mitochondria buffer high
intracellular Ca** concentrations (Herrington et al., 1996). However, the accumulation of
large amounts of Ca®* intracellularly, as during hypoxic insult, can precipitate
catastrophic changes in mitochondrial permeability, initiating apoptotic cascades and
leading to cell death (Isaev et al., 1996; Atlante et al., 1996).

Oxygen free radicals, highly reactive molecules with one or more unpaired
electrons in their outer orbital, mediate much intracellular damage (Schoenberg and
Beger, 1993). These molecules, generated by a number of Caz’-dependent reactions, can
damage proteins, lipids and DNA, and impair membrane integrity and alter ion channel
activity (Grisham, 1994; Larramendy et al., 1987; Evans, 1993; Esterbauer et al., 1991).
Once formed, free radicals may also promote excitotoxic injury by facilitating glutamate
release (Pellegrini-Giampietro et al., 1988).

Calpain, an Ca**-activated neutral cysteine protease, also plays an important role
in cellular damage mechanisms (Bartus, 1997; Markgraf et al., 1998). Once activated by

increased intracellular Ca® concentrations, this enzyme damages critical cytoskeletal
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elements via its proteolytic cleavage of spectrin, tubulin, and ankyrin (Saido et al., 1994).
Calpain also damages cells by opening the mitochondrial permeability transition pore,
initiating apoptotic cascades (Aguilar et al., 1996).

Mitochondrial damage has also been implicated in cytotoxic mechanisms of
action. Mitochondrial membrane damage induces electron transport defects, impaired
energy production, and eventual cell death (Piper et al., 1994). High intracellular Ca**
concentrations, oxidative stress, and reductions in mitochondrial membrane potential can
induce mitochondrial permeability transition pore (PTP) opening (Zoratti and Szabo,
1995). Prolonged PTP opening permits diffusion of solutes less than 1500 daltons in size
between the inner and outer mitochondrial membranes (Frade and Michaeldis, 1997), and
can damage neurons by inducing mitochondrial swelling and membrane rupture (Petit et
al,, 1998; Reed et al., 1998). Even in the absence of mitochondrial destruction, PTP
opening can induce apoptotic cell death by release of the protein apoptosis inducing
factor (AIF) into the cytosol (Zamzami et al., 1995 a, b). AIF is thought to have direct
proteolytic activity and to directly initiate cellular apoptosis (Susin et al., 1996). Release
of cytochrome c, an integral component of the electron transport chain required for
respiration and oxidative phosphorylation (Saikumar et al., 1998), from the
intermembraneous space during PTP opening has also been proposed to mediate
mitochondrially-induced apoptosis (Liu et al., 1996).

Thus, cellular insult and injury can induce multiple intracellular pathways leading
to cytotoxic cell death. Impaired cellular homeostasis, as commonly manifested by

altered Ca®* concentrations, generally initiates such damage pathways. Resultant protein
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and DNA damage, membrane disruption and mitochondrial dysfunction can all contribute
to cellular toxicity.

1.5 tory mediators

1.5.1 Reactive Oxygen Species

Reactive oxygen species (ROS) are oxygen-based free radicals that play important
roles in inflammatory tissue damage. A free radical is defined as an atom or molecule
that contains one or more unpaired electrons. ROS include the superoxide molecule
(O-), peroxide radical (O2), hydroxyl radical (OH), nitric oxide (NO"), nitrogen dioxide
(NO»), and peroxynitrite (ONOO™-) (Anderson et al., 1999).

Under normal conditions, ROS act as intracellular signaling molecules, activating
the highly ubiquitous transcription factors activator protein-1 (AP-1) and nuclear factor
kappa B (NFxB), which in turn activate a large number of genes involved in cell growth
and early cellular defence reactions (Pahl and Baeuerle, 1994). ROS are uniquely suited
for this signaling molecule role, as they are easily synthesized and degraded, highly
diffusible, and ubiquitous within all types of cells (Remacle et al., 1995; Suzuki et al.,
1997). However, these molecules can also damage cellular components in a process
termed oxidative stress (Pauling, 1964) (see Figure 5). Due to the ubiquitous use of ROS,
cells are under constant oxidative stress which, while required for survival and generally
kept in check by endogenous anti-oxidant defence systems, can cumulatively damage
cells and so contribute to a variety of chronic disorders (Cross et al., 1987). ROS
production also increases dramatically during inflammatory processes, during which ROS

can acutely damage surrounding tissues.
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Figure 5. Cytotoxic pathways of reactive oxygen species (ROS). The pre-eminent
subcellular source of ROS is the electron transport process within mitochondria. During
inflammation, ROS production is increased dramatically both intracellularly and, in
particular, within activated leukocytes. ROS have high reactivity and can thus directly
interact with and damage fatty acids within membranes, DNA within cell nuclei, and
induce proteolysis and lipid peroxidation. Such intracellular damage can deplete cellular
energy sources and lead to cell death. In addition to intracellular damage, ROS released
into the extracellular matrix can induce the migration of activated immune cells, which

actively phagocytose susceptible cells.
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The biochemical properties of different ROS members vary widely, and so
determine their roles in both normal cellular function and in damage mechanisms. OH,
the hydroxyl radical, is an extremely reactive molecule which cannot diffuse more than
one or two molecular diameters before reacting with a cellular component (Pryor, 1986).
Thus, its actions are highly localized. In contrast to OH', ONOO-, the peroxynitrite
radical, can diffuse within cells and may be taken up by adjacent cells via anion
transporters (Radi, 1998); accounting for its widespread actions. Due to its relatively low
reactivity, O»- is also able to diffuse intact some distance before reacting with other
molecules (Braughler and Hall, 1989). Although O.- is itself relatively innocuous, it can
react with a wide variety of molecules to form several highly reactive oxygen radicals,
including alkyl- (RO) and peroxyl- (ROO) radicals, nitrogen radicals such as
peroxynitrite (ONOO'™-), and oxyhalides including hypochlorous acid (HOCI) (Bergendi
et al., 1999).

ROS are produced by several intracellular systems during normal cellular
functions. These sources of ROS include plasma membrane NAD/NADPH systems,
microsomal cytochrome P450, and peroxisomes. However, in most eukaryotes,
mitochondria are the major sources of ROS, generating single electrons during electron
transport which partially reduce O, to O-. (Anderson et al., 1999; Powis et al., 1995).

Additional sources of ROS manifest during inflammation and associated
processes. During traumatic injury or inflammation, arachidonic acid is released within
cells as a consequence of lipid peroxidation, elevated Ca®* concentrations, or cellular
activation (Siesjo, 1981; Bazan, 1976; Sevanian et al., 1985; van Kuijk et al., 1987).

Metabolism of arachidonic acid by the cyclooxygenase pathway directly forms toxic



ROS compounds (Yamamoto, 1983; Kukreja et al., 1986). Alterations in cellular
metabolism, which are a common result of hypoxia and ischemia, induce uncoupling of
electron transport chain components, dramatically increasing electron leakage and ROS
production (Patole et al., 1986; Braugler and Hall, 1989). Finally, xanthine oxidase, also
upregulated during hypoxia, readily degrades O re-introduced during reoxygenation to
form O,- and H;0,, which readily damages surrounding tissue (McCord et al., 1968;
McCord, 1985).

During inflammation, respiratory bursts are triggered in neutrophils and
macrophages (Bergendi et al., 1999) such that NADPH oxidase complexes locaiized to
the cell membrane reduce O, to O»- (oxygen to superoxide). O-- released into the
extracellular matrix can, by itself or by formation of other ROS members, attack
infectious agents, foreign particles and damaged tissue within the inflammatory site
(Grisham and Granger, 1988). However, ROS are indiscriminate in their actions;
reacting with the nearest available molecule. Thus, the localized high concentrations of
ROS produced during inflammation can also induce significant damage to host tissues at
inflammatory sites (McCord, 1987).

Iron is extremely important within ROS-induced damage of inflammation and
associated ischemic processes. Under normal circumstances, redox active iron is
maintained at extremely low levels both outside and within cells. Extracellularly, the
iron transport protein transferrin binds iron. Intracellularly, iron is sequestered by the
iron storage protein ferritin. During ischemia, tissue pH declines to levels at which both
transferrin and ferritin release iron (Gutteridge, 1986; Thomas et al., 1985). Once

released, free iron (Fe'™ ) can react with O» to form O»- or with H.O, to form OH' or
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FeOH, both of which are extremely potent oxidants. Thus, the presence of iron can
greatly enhance ROS formation and toxicity (Braughler and Hall, 1989).

ROS attack and damage a wide range of target molecules within cells. ROS can
directly damage DNA bases and induce DNA strand breaks by interaction with
deoxyribose residues (Ames, 1989). ROS can also damage DNA indirectly, via
oxidization of lipid or protein molecules to generate intermediates that form adducts upon
reaction with DNA (Ward et al., 1987). Polyunsaturated fatty acid residues of membrane
phospholipids can also be modified by ROS actions, compromising membrane integrity
and producing toxic lipid peroxidation products (as detailed in Section 1.5.3, 4-hydroxy-
2-nonenal) (Fink et al., 1997; Sodum and Chung, 1988). Finally, functional groups on
proteins, including sulphhydryl groups involved in the regulation of protein function, can
interact with ROS (Powis et al., 1995; Sen and Packer, 1996; Droge et al., 1992). By
these means, many enzymes including protein kinases and phosphatases can be
functionally altered, protein binding to other macromolecules such as DNA can be
impaired, and homeostatic mechanisms for maintaining cytosolic Ca™ concentrations can
be modified by disruption of membrane transport protein function (McConkey and
Orrenius, 1996).

Thus, ROS play an important role in inflammatory tissue damage and have
widespread toxicity, being generated by multiple pathways during inflammation and
reacting with a wide variety of intracellular targets to effect damage. High levels of ROS
have been noted within intestinal tissues during inflammation, and have been implicated
in the pathogenesis of intestinal inflammation and disease (Keshavarzian et al.,, 1992;

Simmonds et al., 1992; Oshitani et al., 1993). ROS have also been implicated in neuronal



damage within the CNS (Jesberger and Richardson, 1991; Mattson et al., 1996; Simonian
and Coyle, 1996). Given the involvement of ROS in CNS neurodegeneration and in
inflammatory intestinal damage, these molecules are considered likely candidates to
effect enteric neuron damage during intestinal inflammation. Investigation of the roles of
specific ROS in enteric neurodegeneration is presented in Chapter 2 of this thesis.

1.5.2 Nitric Oxide

The reactive oxygen species, nitric oxide (NO) is a ROS member of particular
interest, as it has specialized functions, distinct from those of other ROS during both
normal cellular events and within inflammation.

Nitric oxide (NO) is a colorless gas containing an odd number of electrons, and is
thus a free radical by definition. NO is known as a common air pollutant, toxic gas, and
constituent of cigarette smoke. Within vertebrate cells, NO serves several different
functions. It is responsible for the non-adrenergic, non-cholinergic vasodilation of blood
vessels (Moncada et al., 1989; 1991; Ignarro, 1990), mediates macrophage cytotoxicity
(Marletta, 1989), and is a putative inhibitory neurotransmitter in both the central and
peripheral nervous systems (Snyder and Bredt, 1991; Garthwaite, 1991). Conversely, in
situations of excessive production, this neurotransmitter may also act as a neurotoxin
(Dawson et al., 1991) and is produced specifically as a anti-microbial agent and cytotoxin
by activated macrophages (Beckman et al,, 1990; Beckman and Crow, 1993). Unlike
conventional neurotransmitters, NO is not stored in synaptic vesicles nor does it undergo
exocytosis or act on membrane-bound receptors (Dawson et al., 1992).

NO is produced upon demand within cells, along with citruiline, during the flavin

and NADPH-dependent, nitric oxide synthase (NOS)-catalyzed reaction of L-arginine
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with molecular oxygen (Knowles et al., 1989) (see Figure 6). Three isoforms of NOS
have been identified within different cell types; neuron constitutive NOS (nNOS) (found
within neurons), endothelial constitutive NOS (eNOS) (within vascular endothelial cells)
and inducible NOS (iNOS) (mainly in macrophages). The activity of the two constitutive
NOS forms is dependent on mobilization of intracellular Ca®*, while the inducible form
of NOS has a sustained Ca’*-independent activity that can last for several days (Nathan
and Xie, 1994). Once formed, the gaseous NO freely diffuses until it interacts with its
primary target molecule, GTP. The major mechanism of NO's cell signaling action in
tissue is the activation of soluble guanylate cyclase to produce cGMP from
GTP(Moncada et al., 1991). The targets of cGMP action remain to be defined, however,
cGMP can induce a variety of functions including protein phosphorylation, gating of
cation channels, and phosphodiesterase activity (Dawson et al., 1992).

Although NO is a signaling molecule within several cell types, including enteric
neurons, NO, even at physiologically normal levels, may become toxic in the presence of
excessive reactive oxygen species or in a reduced antioxidant environment (Schmidt and
Walter, 1994; Beckman, 1991). Nitric oxide, at the high concentrations found during
inflammation (via macrophage production), is not only toxic on its own but its toxicity is
enhanced by ROS or reduced antioxidant levels, as shown in Figure 6.

NO can also damage cells by inhibiting enzymes with catalytically active
nonheme iron-sulfur complexes. NO inhibits both complex 1 (NAD[P]H:ubiquinone
oxidoreductase) and complex 2 (succinate:ubiquinone oxidoreductase) of the

mitochondrial transport complex, as well as the citric acid cycle enzyme aconitase; thus






Figure 6. NO synthesis, NO-induced neurotoxicity, and neuroprotection of NOS
neuron subsets. NO is synthesized along with citrulline by the reaction of arginine and
0. in a Ca™*-calmodulin, flavin and NADPH-dependent, NOS-catalyzed reaction. With
sustained glutamate stimulation of NMDA receptors (NMDA-R), excessive NO is
formed. NO can then freely diffuse to adjacent target neurons where it combines with the
superoxide anion (O»-) produced by mitochondria and xanthine oxidase to yield the
peroxynitrite anion (ONOO-), which is an extremely potent oxidant. ONOO- is also
protonated and decomposes to the hydroxyl (OH’) free radical and the nitrogen dioxide
(NO.) free radical, which are potent activators of lipid peroxidation. Although NO can
function as a toxin directly, by inhibiting mitochondrial respiration via inhibition of iron-
sulfur-containing enzymes, the peroxynitrite pathway may be the major pathway of cell
death. NOS (donor) neurons function as “killer neurons” and possess factors that allow
them to survive in a NO-rich environment. The diaphorase portion of the NOS enzyme
may serve a protective role. In addition, these neurons are enriched in manganese
superoxide dismutase (MnSOD), which could prevent the formation of the peroxynitrite

anion, thus allowing these cells to survive (as modified from Dawson et al., 1992).
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impairing mitochondrial respiration (Drapier and Hibbs, 1986; Drapier and Hibbs, 1988;
Granger and Lehninger, 1982). NO also disrupts DNA synthesis by inhibition of
ribonuclotide reductase, the rate-limiting enzyme in DNA replication (Nakaki et al.,
1990).

In the presence of increased oxygen radical formation, NO reacts with superoxide
to generate peroxynitrite, an extremely reactive molecule with potent oxidant properties
and which readily diffuses across cell membranes to damage neighboring cells (Schmidt
and Walter, 1994; Beckman, 1991; Beckman et al., 1990). Peroxynitrite disrupts
mitochondrial electron transport (Hausladen and Fridovich, 1994), oxidizes sulfhydryl
groups (Radi et al,, 1991a), and initiates lipid peroxidation of enzymes and structural
proteins (Radi et al.,, 1991b), or may degrade to hydroxyl radical, resulting in greater
cytotoxicity (Beckman, 1991). NO also reacts with molecular oxygen to yield a variety
of nitrogen oxides, including nitrogen dioxide and dinitrogen trioxide, which are potent
oxidizing and N-nitrosylating agents. NO and NO-derived species inhibit iron-containing
mitochondrial enzymes, suppress protein synthesis (Moncada et al., 1991), activate lipid
peroxidation (Radi et al., 1991b), or enhance electrolyte and water secretion (Moncada
and Higgs, 1993). The major source of NO that kills CNS neurons seems to derive from
NOS-containing neurons, although other sources of NO have not been completely ruled
out (Dawson et al., 1991; 1992).

Under normal conditions, enteric NOS activity is localized to enteric neurons and
nerve fibres (Berezin et al., 1994; Kostka et al., 1993; Nichols et al., 1993; Hogaboam et
al., 1995). During inflammation, granulocytes and macrophages are activated by bacterial

products or by cytokines to express iINOS (Moncada et al., 1991), and are responsible for



the increased NOS expression in gut epithelia characteristic of IBD (Wong et al., 1989;
Boughton-Smith et al., 1993; Grisham et al., 1994). NO has been proposed to serve an
anti-inflammatory role in the normal state but to act as a mediator of injury during
inflammation (Miller et al., 1993; Grisham et al., 1994). Peroxynitrite, a product of NO
and ROS reaction, damages tissue and induces intestinal inflammation (Rachmilewitz et
al., 1993). A definitive role for NO in ENS damage and degeneration remains to be
determined. Within Chapter 2 of this thesis, the effect of NO on the viability of enteric
neurons was studied.

1.5.3 4-hydroxy-2-nonenal (HNE)

Basal levels of lipid peroxidation occur naturally as the result of metabolically
derived ROS interactions with cellular membranes (Girotti, 1998). In membrane lipid
peroxidation (MLP), free radicals attack the double bonds of unsaturated fatty acids that
comprise membrane phospholipids (Porter et al., 1995). MLP results in the production of
lipid hydroperoxides; an array of aldehydes of different carbon chain lengths. Unlike free
radicals, aldehydes have long half-lives in cells and can diffuse from their site of origin to
both distant subcellular sites and to other cells (Mattson, 1998). Although cellular
antioxidant pathways generally detoxify these highly reactive aldehydes, overproduction
of such compounds can overcome antioxidant defenses and produce significant toxicity
(Keller et al., 1999).

4-hydroxy-2-nonenal (HNE) is the main aldehyde product of MLP contributing to
cell death. HNE is lipid-soiuble and rapidly conjugates to lysine, cysteine and histidine
residues in proteins, thus disrupting normal protein function (Esterbauer et al., 1991;

Waeg et al, 1996). HNE disruption of Ca**- and Na'/K'-ATPase and the NMDA
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receptor increase intracellular Ca** levels. This in turn can induce intracellular cytotoxic
processes such as oxidative stress, membrane lipid peroxidation, and mitochondrial
damage (as detailed in Section 1.4.3, Cytotoxicity) (Mark et al., 1997a). HNE also acts
directly on mitochondria, causing membrane permeabilization and triggering cellular
apoptotic cascades (Kristal et al., 1996). HNE also impairs glutamate and glucose
transporter activity (Keller et al., 1997; Mark et al., 1997b). Finally, by direct interaction
with DNA molecules, HNE can damage DNA and inhibit DNA, RNA, and protein
synthesis, glycolysis, and enzyme degradation. Thus, as depicted in Figure 7, HNE
contributes to the cellular damage of MLP via multiple reaction pathways.

The role of HNE in neuronal cell death has been the subject of recent studies.
Increased levels of HNE are found in several neurodegenerative diseases, including
Alzheimer’s and Parkinson’s (Mark et al., 1997a; Girotti, 1998; Lovell et al., 1998;
Markesbery and Lovell, 1998). It is cytotoxic at concentrations achieved in cells exposed
to oxidative insults (Esterbauer et al., 1991), and direct application of HNE induces
neuron death both in vitro and in vivo (Bruce-Keller et al., 1998; Spitz et al., 1990).
Among the aldehydic products of lipid peroxidation, HNE appears to be unique in its
ability to exacerbate oxidative stress, mitochondrial dysfunction, energy metabolism, and
to thus contribute to oxidative stress- and MLP-induced neurodegeneration (Keller et al.,
1999). This role of HNE in mediating both oxidative stress and MLP damage makes it an
ideal indicator for the involvement of such mechanisms in the ENS, as performed in

Chapter 2 of this thesis.
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Figure 7. Mechanisms involved in membrane lipid peroxidation (MLP) and 4-
hydroxynonenal (4-HNE)-induced neurotoxicity. 4-HNE, liberated during MLP, binds
to membrane transporters and ion channels, and thereby alters their activities. Alterations
of the Na*/K*-ATPase, glucose transporter, and glutamate transporters induce membrane
depolarization and excessive activation of glutamate receptors, resulting in excitotoxicity.
4-HNE also directly damages nuclear DNA and perturbs ion homeostasis in the
endoplasmic reticulum (ER) and mitochondria, and thereby compromises their important
Ca®™ sequestration functions. The resultant elevation of intracellular Ca** levels in turn
promotes further MLP and 4-HNE formation by inducing nitric oxide (NO) and reactive

oxygen metabolite (ROM) production.
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1.5.4 Cytokines

Cytokines, which include interleukins (ILs), interferons (IFNs), growth factors
and tumor necrosis factors (TNFs), are hormone-like peptides that are either released into
the circulatory system to act on distant targets, or which behave as paracrine mediators
that diffuse to local targets. Most cytokines are multifunctional and more than one
cytokine can act on the same target cell to mediate the same or a similar function (Akira
et al, 1990). These compounds are rapidly synthesized and secreted by activated
leukocytes, and induce production of a variety of inflammatory mediators dependent
upon the cell type (Beyaert and Fiers, 1994). Cytokine binding to specific cell-surface
receptors can activate several possible intracellular second messenger systems, ultimately
leading to effects on the target cell via protein kinase and/or protease pathways.
Cytokines also initiate inflammation by inducing proliferation. migration, and
differentiation of leukocytes, and can both prolong and/or terminate inflammation
(Aggarwal and Puri, 1994). Within the immune system, these molecules modulate
neuroendocrine functions and mediate interactions between immune and neuroendocrine
systems (Besedovsky and Del Rey, 1992). Cytokines generally act as integral
components of the immunologic defence against disease and infection. However,
inappropriate cytokine expression, or a disruption in the balance between specific pro-
inflammatory and anti-inflammatory cytokine expression, can induce tissue damage and
disease (Tracey and Cerami, 1994).
L5.5 Cytokines in the ENS

Study of the effects of intestinal inflammation on enteric nerve function in animal

models has shown marked alterations in neurotransmitter and enzyme synthesis and
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release. Marked suppression of acetylcholine production and release, suppression of
norepinephrine release, and increases in immunoreactive substance P in myenteric nerves
have been noted in infection-induced rat models of inflammation (Collins et al., 1989;
Swain et al., 1991; 1992; Davis et al., 1998). Inducible nitric oxide synthase (iNOS) and
the enzyme manganese superoxide dismutase are also rapidly induced in myenteric
neurons during inflammation (Valentine et al., 1996). During inflammation, several
proinflammatory cytokines including interleukin-lc, (IL-lot), interleukin-1B (IL-1PB),
interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF) are elaborated in the region of
the myenteric plexus (Khan and Collins, 1994). Studies have thus focused on the role of
these cytokines in the functional control of enteric neurons.

IL-1 has been found to have numerous effects on enteric neuronal function within
a variety of experimental models. Using a longitudinal muscle-myenteric plexus
preparation, IL-18 has been determined to suppress norepinephrine and acetylcholine
release (Hurst and Collins, 1993; Main et al., 1993), and to increase substance P synthesis
(Hurst et al., 1993). Within cultured myenteric plexus neurons, IL-1B has also been
shown to induce both superoxide dismutase and iINOS expression; the coordinated
induction of which is hypothesized to limit inflammatory NO cytotoxicity (Valentine et
al., 1996). The actions of IL-1P on the ENS are suggested to be indirect and mediated by
released prostaglandins (Bradley et al., 2000). IL-1 has been implicated as a mediator of
inflammation-induced changes in myenteric nerves, as treatment of an animal model of
intestinal inflammation with an [L-1 receptor antagonist attenuates inflammatory
alterations in norepinephrine, acetylcholine and substance P (Jacobson et al.,, 1997).

However, treatment with the IL-1 receptor antagonist does not fully reverse the changes
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in myenteric nerve function, suggesting that other cytokines may also contribute to
inflammatory alteration of myenteric nerve function.

The cytokines IL-6 and TNF are considered to be among those cytokines that
contribute to inflammatory alterations of enteric nerve function. Studies have noted that
IL-6 exerts a dual effect on norepinephrine release from the longitudinal muscle-
myenteric plexus; at lower concentrations, IL-6 stimulates norepinephrine release, while
higher concentrations inhibit norepinephrine release (Ruhl et al., 1994). Combined
subthreshold concentrations of IL-1B and IL-6 also act synergistically to suppress
norepinephrine release from longitudinal muscle-myenteric plexus preparations (Ruhl et
al., 1994); findings consistent with the synergistic suppression of noradrenergic
neurotransmission in the guinea pig submucosal plexus by these cytokines (Xia et al.,
1999). IL-1B and IL-6 also suppress cholinergic neurotransmission within longitudinal
muscle-myenteric plexus preparations. This action is suggested to be the
electrophysiologic correlate of IL-1p and IL-6-induced suppression of ACh release (Main
et al., 1993; Kelles et al.,, 2000). TNF, like IL-1 and IL-6, has also been shown to
suppress norepinephrine release from the rat longitudinal muscle-myenteric plexus
preparation. This suppression occurs via two mechanisms; early suppression involves
prostaglandin actions, while late suppression is due to the synthesis and release of
interleukin-1 (Hurst and Collins, 1994). Thus, the proinflammatory cytokines IL-1, [L-6
and TNF have been shown to alter neurotransmitter expression in the ENS via similar and
often interacting processes, and thereby affect enteric neuronal functicn. Indeed, these
cytokines are identified as putative mediators of altered ENS function during intestinal

inflammation, and may also be involved in inflammatory degeneration of the ENS.
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1.5.6 Tumor Necrosis Factor (TNF)

Tumor necrosis factor-o. (TNF), also known as cachectin, is a hormone-like
polypeptide with a wide range of biologic activities (Beutler and Cerami, 1987).
Although this cytokine was first identified as a mediator of tumor necrosis (Carswell et
al., 1975), it has since been implicated in mediating other such beneficial processes as
host defence, immunity and tissue homeostasis, as well as such pathologic processes as
tissue injury and chronic inflammation (Tracey et al., 1989). Thus, this pleiotropic
cytokine is capable of initiating both protective and pathological actions in tissues under
varying physiological conditions. Indeed, under different conditions, TNF rescues
neurons from toxic insult (Cheng et al., 1994), and itself contributes to neuronal death
(Perry et al., 1998; Knoblach et al., 1999). Although those factors responsible for the
antithetical roles of TNF in neurodegeneration are not known, they may be related to the
dual nature of inflammation: the sequestration and elimination of tissue that is too
damaged to repair, and the rescue of tissues that have escaped irreparable harm (Venters
et al., 2000).

TNF is widely expressed in a number of cell types including monocytes,
macrophages, lymphocytes, natural killer cells, endothelial cells, mast cells, glia,
astrocytes, muscle cells, fibroblasts and epithelial cells (Aggarwal, 1992; Turetskaya et
al., 1992). Production of this cytokine, synthesized de novo following cell activation, is
stimulated by endotoxins, viruses, fungal and parasitic antigens, and proinflammatory
cytokines including TNF itself (Fiest et al., 1989; Beutler et al., 1986). TNF is initially
synthesized as a 31 kDa precursor and proteolytic cleavage produces the secreted 17 kDa

monomer, which spontaneously associates with two other such monomers to form a
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biologically active trimer (Kriegler et al., 1988; Smith and Baglioni, 1987; Jones et al.,
1989).

Once secreted, the biologically active TNF trimer signals target cells through
binding to specific cell surface membrane receptors. TNF binding induces clustering of
three receptor monomers (Banner et al., 1993). Two types of TNF receptors (TNFRs);
p55 (a.k.a. TNFRI1) and p75 (a.k.a. TNFR2) are present on the plasma membranes of
virtually all cells. Soluble forms of both of these receptor types, known as TNF-binding
proteins (TNF-BP) also exist, and their expression is associated with a variety of diseases
(van Zee et al., 1992). The biological role of TNF-BPs varies; in some cases inhibiting
TNF activity by competing with membrane-bound receptors for TNF, while in other
cases TNF-BPs prolong and enhance TNF activity by stabilizing the trimeric structure of
this cytokine (Bemelmans et al., 1993; Aderka et al., 1992).

Although the p55 and p75 TNF receptors share structural homology in their
extracellular TNF-binding domains and exhibit similar binding affinities for TNF, these
receptors differ in many respects. Although both receptors are present in a vast array of
cell types, pS5 is constitutively expressed at rather low levels, while p75 expression is
inducible by a number of extracellular stimuli acting at both transcriptional and post-
transcriptional levels (Vandenabeele et al., 1995). These receptors also induce separate
cytoplasmic signaling following receptor-ligand binding (Smith et al., 1990; Thoma et
al., 1990). Finally, these receptors differ in both their normal and pathological functional
properties. While p75 can independently activate some cellular responses, including
NFxB and cJun N-terminal kinases, pS5 seems to be responsible for TNF signaling in

most cell types (Natoli et al., 1998). For instance, under normal conditions, p55 mediates
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fibroblast proliferation, antiviral activity, cellular protection, and neurotransmitter
modulation (Neurath et al., 1997). Although the functions of p55 and p75 differ under
normal conditions, both receptor subtypes have been implicated in the transduction of
TNF-induced cell death. While TNF-induced cytotoxicity mediated through the p75
receptor has been reported (Heller et al., 1992), this receptor does not contain a cell death
domain homologous to that identified in p55 (Tartaglia et al., 1993), and the primary
function of this receptor is not cell death induction. In contrast, the p55 receptor has a
cell death domain, induces multiple identified intracellular death pathways, and has a
predominant cytotoxic function. However, the cytotoxic ability of p55 is partially
dependent upon the actions of p75, with the cytotoxic actions of TNF increasing
markedly in the presence of both receptor subtypes (Natoli et al., 1998). To account for
observed decreases in tissue necrosis in its absence, p75 has been proposed to increase
tissue sensitivity by binding TNF and presenting it to p55, which, upon TNF binding, can
induce cell death through multiple death-domain-mediated pathways (Tartaglia and
Goeddel, 1992).

TNF binding of p55 induces receptor aggregation, which in turn induces the
formation of a multimolecular signal transducing complex from which several
intracellular signaling pathways originate (Natoli et al., 1998). Separate pathways (either
NFxB-dependent or -independent) can act to prevent TNF-induced cellular damage,
induce gene expression, or to induce necrotic or apoptotic cell death (Natoli et al., 1998).
The metabolic state of the cell influences whether transcription of protective genes or

self-destruction pathways are induced (Larrick and Wright, 1990).
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In all cases, TNF-binding of pSS recruits TNF-receptor | associated death domain
containing protein (TRADD) which interacts with the death domain of p55, and acts as
an adapter to recruit downstream transducers such as TNF-receptor | associated protein 2
(TRAF 2) (Tartaglia et al., 1993; Hsu et al, 1996). TRAF2 activates two distinct
pathways that up-regulate the expression of anti-apoptotic genes and induce the synthesis
of proteins that alter cell function (Natoli et al., 1998). The first such pathway involves
activation of c-jun N-terminal kinase (JNK) by a mitogen-activated protein (MAP) kinase
cascade (Dhanasekaran and Reddy, 1998). JNK in turn stimulates the expression of
transcription factors such as c-jun and activating protein-1 (AP-1) (Luster et al., 1999).
The second TRAF2-activated pathway induces nuclear factor kB-inducing kinase (NIK)
activation (Malinin et al., 1997), which in turn activates the transcription factor NFxB
(Hsu et al, 1996; Ting et al., 1996). Receptor-interacting protein (RIP), bound to
TRADD, can aiso activate NFxB. These transcription factor pathways regulate the
expression of genes involved in cell proliferation, inflammatory processes, and cell
protection (Luster et al,, 1999). These intracellular pathways, as well as the TRAF-
activated inhibitor of apoptosis protein (IAP) pathway, actively prevent cell death
induction by TNF (see Figure 8). Despite the lack of a death domain sequence on p7§,
this TNF receptor is capable of directly binding either TRAF2 homodimers or
heteromeric complexes composed of TRAF1 and TRAF2 (Rothe et al., 1994; 1995). By
these means, p75 can induce both JNK- and NFxB-mediated gene expression within cells
(see Figure 8). Alternatively, p75 can bind TNF ligand and pass it to adjacent p55

receptors, thus increasing TNF sensitivity (Tartaglia et al., 1993; Pinckard et al., 1997).
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Figure 8. Cytotoxic, non-cytotoxic and anti-cytotoxic intracellular mechanisms of
TNF actions. TNF trimers can directly bind with either trimeric p55 or trimeric p75
receptor subtypes to induce a variety of intracellular actions. TNF binding of trimeric
p75 can induce alterations in cell function via either TRAF-MAPK kinase activation or
via NIK-induced NFkB activation pathways. TNF binding of trimeric p55, which is
bound to the TRADD adaptor, recruits the signal transducers FADD and TRAF. FADD
can activate a phospholipase C-cytotoxic pathway that induces cell death through
mitochondrial damage and oxidative stress. FADD can also interact with the apoptotic
protease caspase-8 to induce apoptosis directly. Alternatively, caspase-8 activation may
also act to cleave Bid, a proapoptotic protein. The resulting c-terminal fragment
translocates to the mitochondria, releasing cytochrome ¢ and apoptosis-inducing factor
(AIF), which in turn induce cell death. Finally, cell death can be induced via receptor-
interacting protein (RIP) activation of caspase-2 apoptotic cascades. TNF activation of
gene transcription may both alter cellular function and inhibit cell death pathways. These
intracellular pathways of gene transcription involve both RIP and the signal transducer
TRAF. RIP activates the transcription factor NFkB, inducing transcription of a large
number of possible genes, dependent on the cell type. These genes may act to prevent
cell death, or to alter cell function. TRAF, upon binding the apoptosis-inhibiting protein
clAP1/2, can inhibit apoptosis. TRAF can also bind the NFxB-inducing kinase NIK,
inducing kinase activation and gene transcription. Such diversity of intracellular

mechanisms of action underlies the variety of TNF actions within cells.
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Depending on the target cell, TNF can induce either necrotic or apoptotic cell
death (Laster et al., 1988). Apoptotic cascades can be directly induced by TRADD
binding of the downstream transducer Fas-associated death domain protein (FADD).
FADD directly interacts with apoptotic proteases to trigger cell death via a number of
possible apoptotic and necrotic pathways (as detailed in Section 1.7, Cell Death
Mechanisms) (Muzio et al., 1996; Boldin et al., 1996). TRADD binding of RIP also
induces caspase-2 mediated apoptotic pathways (Scheurich et al., 1989; Luster et al.,
1999) (see Figure 8).

Due to its multiple intracellular signaling pathways, TNF is able to exert
pleiotropic effects on a large number of different cell types (Camussi et al., 1991). These
effects may be either injurious or beneficial, dependent upon the relative concentration of
TNF, duration of exposure, presence of other mediators that may affect the activity of
TNF, and the cell type involved (Ledgerwood et al., 1999; Tracey et al., 1989). The
major physiological functions of TNF are not cytotoxicity, but rather synthesis of gene
products that influence cellular differentiation, growth stimulation, antiviral activity,
immunomodulation, and inflammation (Beyaert and Fiers, 1998; Zhang and Tracey,
1998). The cytotoxic actions of TNF underlie the detrimental actions of cachexia, septic
shock, endotoxin-induced tissue injury, and the damage associated with chronic
inflammation (Tracey et al., 1988; 1989). Such antithetical roles of TNF in both
protecting tissues and destroying them may be related to the dual nature of inflammation:
rescuing tissues that have escaped irreparable harm, and sequestering and eliminating

tissue that is too damaged to repair (Venters et al., 2000).



Because of the role that chronic inflammation plays in many diseases, the
function of TNF in regulating inflammatory processes has been extensively investigated
(Vassali, 1992; Bazzoni and Beutler, 1996; Aggarwal and Natarajan, 1996). TNF is a
pivotal mediator of inflammation that activates leukocytes, enhances adherence of
neutrophils and monocytes to endothelium, promotes migration of inflammatory cells
into the intercellular matrix, stimulates fibroblast proliferation, and triggers the local
production of other proinflammatory cytokines (Tracey and Cerami, 1994). These TNF
actions are thought to contribute to infection containment, destruction of malignant cells,
and tissue regeneration during inflammatory processes. However, overproduction of
TNF, as during chronic inflammation, manifests an inflammatory component that
exacerbates disease severity (Beyaert and Fiers, 1998; Zhang and Tracey, 1998).

Within inflammatory bowel disease (IBD), TNF acts as a pivotal inflammatory
mediator central to disease induction and maintenance (Stokkers et al., 1996). Indeed,
anti-TNF antibody therapy is currently in use in clinical trials for IBD (Van Dullemen et
al., 1995; Murthy et al., 1999). The pathologic role of TNF within inflammatory damage
of the gastrointestinal tract makes this cytokine a likely candidate to act as a
neurodegenerative agent in the gastrointestinal ENS. While no such investigations into
TNF’s neurodegenerative properties in the ENS have yet been performed, TNF does
possess neurodegenerative properties in the diseased CNS. In the CNS, TNF initiates
inflammatory cascades leading to neuronal apoptosis and neurological impairment (Perry
et al., 1998; Knoblach et al., 1999). Given its known neurodegenerative properties and

its cytotoxic role in chronic bowel inflammation, a role for TNF in mediating
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inflammatory damage to the ENS is highly likely and represents the focus of my research
described in Chapter 3.
1.6 Neuroprotection
1.6.1 Neurotrophic Factors

Neurotrophic factors, also called neurotrophins, are endogenous soluble
polypeptides that regulate long-term survival and differentiation of neurons of the
peripheral and central nervous systems (Shen et al., 1997). These polypeptides are
signaling molecules that interact with specific cellular receptors leading to biological
responses that include cellular proliferation, cell differentiation, and changes in cell
motility, cell structure, or general cellular phenotype (Semkova and Kriegistein, 1999).
Neurotrophic factors specifically influence neuronal activity by promoting neuron
development and maturation during embryonic life, and by sustaining these cells during
adult life and promoting neurite regeneration after injury (Terenghi, 1999). However, as
reflected in the changing expression patterns of neurotrophic factors, some neuronal
populations are sustained during development by a given trophic factor and then switch
to a different trophic for support in adult life (Maisonpierre et al., 1990; Zhang et al.,
1994; Oakley et al., 1995; Verdi et al., 1996). Neurotrophic factors can also protect and
even restore impaired cellular functions resulting from trauma, aging, toxic agents, and
genetically linked neurodegenerative disorders (Shen et al., 1997). As such, they have
been advocated as ideally suited for the treatment of neurodegenerative diseases of the
CNS, neuropathies and peripheral nerve injury (Anand, 1996; Lindsay, 1996).

Neurotrophic factors are subdivided into families according to their sequence

similarity and to the type of binding receptors with which they interact (Hopkins and
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Rothwell, 1995). By these means, several families of neurotrophic factors have been
identified. The first family is the neurotrophins; structurally related secretory proteins
that are widely expressed in neurons and their target cells (Korsching, 1993; Gotz et al.,
1994). To date, five neurotrophin family members have been identified; nerve growth
factor (NGF), brain-derived neurotrophic factor (BDNF) and neurotrophins (NT) 3, 4/5,
and 6. These are signaling molecules that share a high degree of amino acid homology,
and function by binding to their respective cell surface tyrosine kinase receptors. The
second family of neurotrophic factors is the ciliary neurotrophic factor (CNTF) family
that include CNTF, leukemia inhibitory factor (LIF), interleukins 6 and 11, and
cardiotropin 1. These neurotrophic factors interact with multi-component receptors
possessing a common subunit for all members of the CNTF family, as well as other
subunits unique for their respective factors (Stahl and Yancopoulos, 1994; Shen et al.,
1997). The third identified neurotrophic factor family is the glial cell-line derived
neurotrophic factor (GDNF) family. There are four known members of the GDNF protein
family: GDNF, neurturin (NTN), persephin (PSP), and artemin (ARTN). All four are
potent survival factors for cultured peripheral and/or central nervous system neurons
(Rosenthal, 1999).
1.6.2 Neurotrophic Factors in the ENS

While a large number of neurotrophic factors have been identified within
vertebrates, localization of such factors to the enteric nervous system and identification of
their function in the ENS is ongoing. Neurotrophin-3 (NT-3), the most abundant
neurotrophin during early development (Farinas et al., 1994), signals a number of trophic

effects through its transducing receptor tyrosine kinase TrkC (Chalazonitis, 1996).
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Within the developing ENS, NT-3 promotes differentiation of neural crest-derived
precursors cells into neurons and glia (Chalazonitis et al., 1994; 1998). As more enteric
nerve cells are produced in the presence of NT-3, but NT-3 does not induce precursor
proliferation, NT-3 must increase the proportion of precursors that differentiate into
neurons or glia (Gershon, 1998). Although mice lacking NT-3 have severe deficits in
sensory and sympathetic neuronal populations, the enteric nervous system develops
normally; indicating that NT-3 is not essential to ENS development (Farinas et al., 1994).
Either compensatory mechanisms can substitute for the loss of NT-3 during development,
or NT-3 is involved in the development of only a relatively small subset of enteric
neurons or glia (Gershon, 1998). Postnatally, both NT-3 and its TrkC receptor are
expressed in the rat gut at a time when changes in the density of intestinal innervation are
occurring. NT-3 treatment promotes neuronal survival and neurite outgrowth,
suggesting that NT-3 may play a role in postnatal ENS development (Saffrey et al.,
2000). Studies localizing NT-3 to specific neuronal subtypes (VIP-positive, Substance
P/tachykinin-negative), and the trkC receptor to VIP or Substance P/tachykinin-positive
neurons also suggest that NT-3 and its receptor may be involved in the maintenance of
mature enteric neural circuits, transmission, and phenotypic expression (De Giorgio et al.,
2000). NT-3, along with brain-derived neurotrophic factor (BDNF) and their receptors
TrkA, TrkB, and TrkC, have been localized to the human ENS from infancy to adulthood
(Hoehner et al., 1996a). Hirschsprung’s disease is characterized by the congenital
absence of enteric neurons. The marked downregulation of both these neurotrophic

factors and their receptors in the ENS of Hirschsprung’s disease patients (Hoechner et al.,



1996b) suggests that NT-3 and/or BDNF may be of potential importance in functional
differentiation disorders of the intestinal ENS.

Recent investigations have focused on identification of the role of the GDNF
homologue neurturin in the enteric nervous system. Both GDNF and neurturin support
the survival and proliferation of both glial and enteric precursors in vitro (Heuckeroth et
al., 1998; Taraviras et al., 1999); indicating that these neurotrophic factors may be
important for ENS development. Findings in both neurturin-receptor-deficient and
neurturin-deficient mice support this hypothesis, as these mice have reduced myenteric
plexus innervation density and reduced gastrointestinal motility (Rossi et al., 1999;
Heuckeroth et al., 1999). Clinical findings have implicated mutations in the neurturin
gene, in conjunction with gene mutations in its signaling component Ret, in the
pathogenesis of Hirschsprung’s disease (Doray et al., 1998). A functional role may also
exist for neurturin in the adult ENS, as neurturin mRNA and protein are expressed within
the adult murine intestine (Xian et al., 1999; Golden et al., 1999).

Finally, some sparse evidence suggests that additional neurotrophic factors may
play important roles in the enteric nervous system. Ciliary neurotrophic factor (CTNF)
and leukemia inhibitory factor (LIF) promote the development of ENS neurons in vitro;
suggesting that these neurotrophic factors may also be involved in in vivo ENS
development (Chalazonitis et al., 1998). Nerve growth factor (NGF), which has important
developmental actions in both the central and peripheral nervous systems, also has
suggested roles in the differentiation and development of the postnatal ENS. NGF
addition to cultured postnatal enteric neurons stimulates neurite outgrowth (Mutholland et

al., 1994), and its removal from the postnatal ileum alters neurotransmitter expression
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patterns within the ENS (Belai et al, 1992). Additionally, Trk proteins, essential
constituents of high-affinity neurotrophin receptors, and p75 protein, a low affinity
neurotrophin receptor, have been localized to neuronal and glial populations within the
gut of adult mammals (Esteban et al., 1998). Thus, the actions of specific neurotrophins
on their respective receptors may be involved in the physiology and/or pathology of the
adult ENS.

1.6.3 Glial Cell-line Derived Neurotrophic Factor (GDNF)

The neurotrophic factor GDNF was first identified due to its protective and
restorative effects on mesencephalic dopaminergic neurons in culture (Tomac et al.,
1995). Additional neuronal targets have since been identified, including motor neurons,
noradrenergic neurons, cholinergic neurons, serotonergic neurons, sympathetic and
ciliary neurons, sensory neurons, and enteric neurons (Henderson et al., 1994; Arenas et
al., 1995; Pichel et al., 1996). The requirement for GDNF in the normal development of
these neurons (other than dopaminergic neurons) has been demonstrated in GDNF
knockout mice (Moore et al., 1996; Pichel et al., 1996; Sanchez et al., 1996), while
studies indicate the neuroprotective role of this factor in the adult (Oppenheim et al.,
1995).

GDNEF is essential in the development of the fetal ENS. This neurotrophic factor
is critical for migration of vagal neural crest cells into the hindgut and their maturation to
form the enteric innervation of this region (Shen et al., 1997; Schuchardt et al., 1994).
Like NT-3, GDNF promotes the development and survival of enteric neurons, but unlike
NT-3, GDNF also causes the neural crest-derived precursors of these cells to proliferate.

Accordingly, mutations of either the GDNF gene (Pichel et al.,, 1996; Senchez et al.,



1996) or the gene for its receptor c-ret (Schuchardt et al., 1994) prevent ENS
development below the level of the rostral foregut. In humans, mutations of these genes
give rise to Hirschsprung’s disease, which is characterized by absence of the intrinsic
ENS innervation in the gut (Martucciello et al., 1998 Pasini et al., 1996). Early in
development, GDNF acts as a mitogen (Chalazonitis et al., 1997), greatly expanding the
numbers of enteric crest-derived neural precursors, and may also promote the migration
of these crest cell throughout the gastrointestinal tract (Young et al., 2001). Later during
development, GDNF loses its ability to promote proliferation and acts only as a growth-
differentiation factor, supporting enteric neuronal but not glial development. Thus, of the
known neurotrophic factors in the ENS, GDNF is the only factor that is essential for the
development of all enteric neurons and glia.

Although GDNF’s role as a neurotrophic factor has been identified, the
mechanisms by which GDNF functions, including its interaction(s) with receptor(s) and
the pathways involved in its neuroprotective actions, are incompletely characterized. The
family of GDNF ligands (GDNF, NTN, ART and PSP), are thought to mediate their
activities through a family of multicomponent receptors that are composed of the
transmembrane tyrosine kinase Ret and one of four glycosyl-phosphatidyl inositol (GPI)
linked proteins, designated GFR al to GFR o4 (a.k.a. GDNFR1 to GDNFR4 or RETL1
to RETLA4) (Sanicola et al., 1997). According to this hypothesis Ret, which is expressed
in all cell populations that respond to GDNF (Pachnis et al., 1993), is shared by all the
GDNF ligand receptors and functions as a signaling component, whereas the GFRas are
receptor-specific and act as ligand binding components. Although Ret alone does not

bind any of the GDNF ligands, it is capable of modifying the interactions between these
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ligands and the GFRas. Thus, in the absence of Ret, each GFRa binds only a single
ligand, whereas in its presence they interact with multiple GDNF ligands (Rosenthal,
1999). Although GDNF itself can interact with multiple GFRa complexes in vitro, it
interacts almost exclusively with GFRal complexes in vivo (Rossi et al., 1999). Once
GDNF has bound GFRal, it is thought to recruit c-ret into the ligand-receptor complex,
and induce c-ret tyrosine phosphorylation (Treanor et al., 1996; Jing et al., 1996).
Following c-ret activation, the subsequent intracellular mechanisms that ultimately result
in the neuroprotective ability of GDNF remain to be conclusively identified.

Experiments have shown GDNF to protect against apoptotic, but not necrotic cell
death. The anti-apoptotic effects of GDNF are thought to involve suppression of oxygen
radical accumulation, which is the apoptotic process upstream of caspase-3 activation.
GDNF-receptor interactions are thought to activate phosphatidylinositol 3-kinase,
upregulating Bcl-2 and Bcl-x which in turn suppress the intracellular accumulation of
ROS and thus the subsequent induction of caspase-3 apoptotic pathways (Sawada et al.,
2000). However, GDNEF is selective in its protective abilities; preventing induction of
caspase-3 apoptotic pathways, but demonstrating no neuroprotective effect against insuits
that directly activate apoptotic cascades downstream of caspase-3 activation (Sawada et
al.,, 2000). Thus, much remains to be learned about GDNF and its neuroprotective
properties.

Our particular interest in GDNF stems from its unresolved function in the adult
gut and enteric nervous system (ENS). Although overall GDNF levels decrease during
development, they increase specifically within the gastrointestinal tract and remain high

within adult GI tissue (Peters et al., 1998). Much of this gastrointestinal GDNF
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production has been localized to gastrointestinal smooth muscle (Peters et al., 1998).
Within the gastrointestinal tract, the GDNF receptor Ret is localized to enteric neurons,
but not associated glia; identifying these neurons as likely targets of GDNF actions (Bar
et al., 1997). While the role of GDNF in the adult gut is presently unknown, I
hypothesize that, similar to its neuroprotective role in adult CNS and other autonomic
neurons, GDNF is involved in the maintenance and neuroprotection of the adult ENS
(Beck et al., 1995; Bowenkamp et al., 1995; Tomac et al., 1995; Li et al., 1995; Clarkson
et al., 1995; 1997). A study of the neuroprotective ability of GDNF within the ENS is
detailed in Chapter 2 of this thesis.
1.7 Cell Death Mechanisms

Cell death occurs via two known mechanisms; apoptosis and necrosis. Necrosis
is a passive, catabolic process that represents cellular response to pathological injury or
toxic insult (Renvoise et al., 1998). A number of damage pathways have been implicated
in necrosis, including generation of toxic levels of reactive oxygen species,
phospholipase activation, perturbation of Ca®* homeostasis, ATP depletion, and
unspecific DNA and protein damage (as reviewed in Beyaert and Fiers, 1994; Wallach et
al., 1997). In contrast to the passive nature of necrosis, apoptosis is an active process,
effected by the cell itself and requiring energy to do so. Apoptosis can occur via
physiological means, as during embryogenesis, metamorphosis, and normal cell turnover,
in a process also known as programmed cell death (Toescu, 1998; Renvoize et al., 1998).
However, apoptosis can also be elicited pathologically by toxic injury or during disease

pathogenesis (Thompson, 1995).

69



The morphological changes that occur during apoptosis are distinctly different
from those of necrosis, and are the central standard for both identifying this cell death
mechanism and for distinguishing it from necrosis (Renvoize et al., 1998). One of the
earliest events in apoptosis is cell shrinkage concomitant with loss of contact with
adjacent cells. Nuclear chromatin then condenses against the nuclear membrane,
followed by nuclear fragmentation into compact chromatin “beads” scattered throughout
the cytoplasm. Next, the plasma membrane of the cell begins to convolute and to form
apoptotic bodies, (cellular processes containing condensed nuclear fragments and
cytoplasmic constituents all surrounded by plasma membrane) which are pinched off and
separate from the cell in a process known as budding. Finally, dying cells and apoptotic
bodies are rapidly engulfed by neighboring cells without eliciting any inflammatory
reaction (Renvoize et al., 1998).

Unlike apoptosis, cellular homeostasis is lost early in necrosis, and is followed by
swelling of the entire cell and its organelles, then by plasma membrane rupture,
mitochondrial dysfunction, release of intracellular constituents including proteolytic
enzymes, and the slow dissolution of the nucleus (Kerr et al., 1972). This cellular
degradation commonly induces an inflammatory response, with activated immune cells
phagocytosing cellular remains.

Based on their morphological and metabolic differences, apoptosis and necrosis
have traditionally been viewed as two distinct types of cellular responses to injury,
regulated by different intracellular mechanisms, with no degree of overlap (Buja et al.,
1993). However, both these processes can occur simultaneously in tissues exposed to a

given stimulus, with the intensity of the pathological insult and the energy supply of each
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individual cell determining whether that cell undergoes apoptosis or necrosis (Lennon et
al., 1991; Bonfoco et al.,, 1995; Shimizu et al., 1996; Leist et al., 1997; Eguchi et al.,
1997). It has been proposed that at least some of the early intracellular damage events
are common to both types of cell death, and that downstream controllers may decide
which cell death mechanism prevails. Thus, apoptosis and necrosis may either represent
two essentially separate processes with a small degree of overlap, or may be two
extremes of a continuum of cellular death (Richter et al., 1996; Leist and Nicotera, 1997,
Tsujimoto, 1997).

Cytotoxic insults common to both necrosis and apoptosis include the actions of
excitatory amino acids (as detailed in section 1.4.3 Cytoroxicity). Overactivation of
excitatory amino acid receptors, notably NMDA receptors, stimulates excess Ca>* influx
into cells. Elevation of intracellular Ca®* levels represents a relatively common trigger
for apoptosis in cells of diverse tissue origins (Nicotera et al., 1994; 1996). Ca** can
trigger apoptotic caspase cascades, or activate apoptotic mitogen-activated protein kinase
(MAPK) signaling pathways (Lipton, 1997; Kawasaki et al., 1997). These caspase and
kinase apoptotic pathways interact in cases where caspases are required for kinase
activation, which in turn increases caspase activity, comprising a positive feedback loop
(Cardone et al., 1997). Elevated Ca’* levels can also induce further intracellular damage,
such as oxygen free radical and NO generation, mitochondrial damage, and nuclear
alterations, which can induce either necrosis or apoptosis (Bonfoco et al, 1995;
Ankarcrona et al., 1995).

Oxidative stress, which can be induced by multiple pathways, can itself induce

either apoptosis or necrosis (Dypbukt et al., 1994). When levels of highly reactive oxygen
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radicals, such as superoxide and hydrogen peroxide are increased, these molecules can
induce cell death via several pathways including caspase activation, DNA binding of
transcription factors, and cytoskeletal alterations (Abate et al., 1990; Meyer et al., 1993;
Troy et al., 1996). Similarly, elevated levels of NO can react with superoxide to form the
highly cytotoxic peroxynitrite radical, which can also induce either apoptosis or necrosis
by similar mechanisms (Bonfoco et al., 1995).

Apoptosis can be selectively and specifically induced within cells by ligand
interaction with cell surface receptors specialized to induce cytotoxic signals. Such
receptors commonly possess a wide range of other functions unrelated to cell death, with
apoptosis induced only in specific cell types under highly regulated conditions (Schulz-
Osthoff et al., 1998). These receptors are capable of inducing multiple apoptosis-
inducing pathways within a given cell. For example, some members of the tumor
necrosis factor (TNF) receptor superfamily have known apoptosis-inducing activities.
These receptors include APO-1/Fas (a.k.a. CD95), TNF-receptor 1 (TNF-R1), TNF-
related apoptosis-inducing ligand-receptor 1 (TRAIL-R1), TNF-related apoptosis-
inducing ligand-receptor 2 (TRAIL-R2), and TNF-receptor-related apoptosis-mediating
protein (TRAMP) (Itoh et al., 1991; Oehm et al.,, 1992; Kitson et al., 1996; Pan et al.,
1997). These receptors all contain a similar amino acid sequence known as the death
domain that enables transmission of cytotoxic signals (Tartaglia et al., 1993; Itoh and
Nagata, 1993). Following binding of their respective ligands, the receptor death domains
recruit other intracellular death domain-containing proteins which then serve as adapters
for apoptotic signal cascades (Schulz-Osthoff et al., 1998). Known death domain-

containing adapter proteins involved in apoptosis include Fas-associated death domain
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protein (FADD) (a.k.a. MORT1), receptor-interacting protein (RIP), RIP-associated ICH-
1/Ced-3 homologous death domain protein (RAIDD) (a.k.a. CRADD), and TNF receptor
adapter death domain (TRADD), which are all activated by most of the known death-
domain containing receptors (Chinnaiyan et al., 1995; Stanger et al., 1995; Hsu et al.,
1995; Duan and Dixit, 1997; Ahmad and Goldstein, 1997). These adapter proteins
commonly activate apoptotic caspase cascades, either directly or through protein kinase-
mediated pathways (Muzio et al., 1996).

The caspase family of cysteine proteases is considered to act as key effector
molecules in thc majority of apoptotic pathways (Schulz-Osthoff et al., 1998). These
molecules, which are related to the nematode gene ced-3 and the human interleukin-18
converting enzyme (ICE), are synthesized as inactive precursors that need to be activated
by proteolytic cleavage (Yuan et al., 1993). Caspase cascades can act either as initiators
or executioners of apoptosis. Apoptotic initiators, such as caspase-8 and caspase-10, act
upstream of mitochondrial processes in apoptotic pathways. These caspases are activated
through either death-receptor pathways or by excitotoxic intracellular messengers such as
Ca®*, cAMP, and free radicals including nitric oxide and superoxide (Lipton and
Nicotera, 1998). Once activated, initiator caspase cascades induce pro-apoptotic
members of the Bcl-2 protein family to open the mitochondrial permeability transition (Li
et al., 1998; Susin et al., 1998). Specific caspases that act as executioners of apoptosis,
such as caspase-3 and caspase-9, act downstream of mitochondrial permeability transition
opening. These caspases are activated by released mitochondrial factors to initiate the
final execution stage of apoptosis. Within this final stage of apoptosis, cleavage of the

DNA repair enzyme poly (ADP-ribose) polymerase (PARP), internucleosomal DNA
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hydrolysis, cell shrinkage, chromatin margination, and nuclear lobulation all commonly
occur (Lemasters et al., 1999).

Mitochondrial alterations play a critical role in both necrosis and apoptosis, as
rapid and dramatic decreases in mitochondrial potential are observed in both forms of cell
death (Kroemer, 1997; Hirsch et al., 1997). Mitochondrial permeability transition pore
(PTP) opening, which permits molecules to be released from the mitochondrial matrix,
underlies this drop in mitochondrial potential. PTP opening can be induced by several
means. Nuclear alterations, such as DNA damage, can activate the mitosis inhibitor
protein p53 to induce PTP opening via the actions of reactive oxygen species or ceramide
(Polyak et al., 1997). Alternatively, “initiator”” caspase cascades, activated by several
possible means, can directly induce PTP opening.

Upon PTP opening, apoptogenic factors are released from the mitochondrial
intermembrane space and leak into the cytosol. Release of apoptosis-inducing factor
(AIF) and Cytochrome ¢ (which binds apoptosis-activating factor-1 and ATP) activates
“executioner caspases” including caspase-9 and caspase-3 which initiate DNA
degradation and nuclear apoptosis (Susin et al., 1998; 1999). PTP opening also causes
major changes in cellular redox potentials, depletion of energy sources such as ATP, and
dramatic changes in intracellular ion concentrations. During necrotic cell death, PTP
opening may lead to increased radical production, which in turn causes cell damage via
the oxidation of lipids, proteins and DNA (Schulz-Osthoff et al., 1998). Although it is
not entirely clear which event decides whether a cell undergoes apoptosis or necrosis, the
supply of ATP and other energy equivalents are likely determinants (Leist et al., 1997).

Necrosis preferentially occurs when rapid onset of PTP opening causes ATP depletion,
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whereas apoptosis develops when PTP opening occurs without exhaustion of ATP
(Lemasters et al., 1999). Whether apoptosis or necrosis ensues, PTP opening and the
subsequent cellular damage rapidly induce the characteristic morphological changes of
the specific cell death mechanism.

It is important to discriminate between apoptosis and necrosis in pathological
conditions and to assess the relative contribution of each of these cell death mechanisms
to overall tissue damage. Such information contributes to the knowledge and
characierization of toxicological insults and disease pathogenesis, and may be relevant
when designing therapeutic treatments specifically targeting either apoptotic or necrotic
injury (Nicholson, 1996; Renvoize et al, 1998). In my investigation of the
neuropathologic properties of specific mediators of inflammation within the ENS, I have
also undertaken a study of potential cell death mechanisms (described in Chapters 2 & 3
of this thesis).

1.8 Summary

Knowledge of enteric neuronal degeneration and the resultant impairment of
gastrointestinal function within disease pathogenesis currently far outweighs any insight
into the mechanisms underlying such neurodegeneration. Identification of
neurotoxicological agent(s) involved in clinically observed gut neuropathogenesis
represents a necessary initial step towards the development of effective therapies that
prevent or attenuate ENS damage. Currently, no such therapies are available, despite the
long-lasting and frequently permanent nature of gastrointestinal symptoms induced by

ENS damage.
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Recently, clinically observed associations between intestinal inflammatory
processes and ENS damage have been substantiated by the experimental determination of
a causal relationship between inflammation and enteric neurodegeneration in
experimental models. However, at the present time there is a paucity of data on the role
that specific inflammatory mediators play in ENS neurodegenerative processes.

The multitude of compounds involved in inflammatory processes realistically
prohibits an all-inclusive examination of the neurotoxicological properties of all
identified inflammatory mediators. However, some comprehensive examination is
required to identify compounds with clinically relevant toxicities in the ENS.
Identification of such compounds would provide a foundation upon which rational
therapies for the treatment of enteric damage and degeneration could be developed.

The initial challenge of this study was the identification of candidate molecules
that could induce degeneration of enteric neurons. The criteria by which molecules were
selected for study were 1) an identified role in the induction of neurodegeneration within
the CNS, to which the ENS bears structural and functional resemblance, 2) a primary role
in the pathogenesis of inflammatory tissue damage within intestinal disease, and, if
possible, 3) some evidence suggesting involvement in ENS pathogenesis. Based upon
these criteria, reactive oxygen species including hydrogen peroxide (H.O:) and nitric
oxide (NO), the cytokine tumor necrosis factor (TNF), as well as the processes of
oxidative stress and hypoxia-reoxygenation were selected for investigation of their
neurotoxic actions within the ENS. Characterization of in vitro neurotoxicity included

identification of cell-type specificity of action(s), establishment of toxicity concentration
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curves, identification of cell death mechanisms, and investigation of the neuroprotective
ability of the putative enteric neuroprotectant GDNF.
1.9 Aims of this thesis

Inflammation is a highly complex process involving several interacting processes
and alterations in the secretion of a variety of mediators. Thus a multitude of compounds
secreted during gut inflammation may be involved in affecting enteric neuron function
and viability. The general aim of this thesis was to identify specific inflammatory
mediators that induce enteric neurodegeneration, and to characterize their
neurodegenerative properties. Such findings are intended to contribute towards the
ultimate goal of this research; the development of a specific therapeutic treatment to
prevent or attenuate ENS damage in gut inflammatory disease. To that end, the research
objectives of this thesis were threefold. The first objective was the development of a
suitable in vitro system for the qualitative and quantitative study of neurodegeneration
within the adult mammalian ENS, as performed in Chapter 2 of this thesis. The in vitro
assay developed was based on the primary culture of adult enteric neurons, and this was
further facilitated by development of a process for enteric nerve cell cryopreservation
storage. The second objective was elucidation of the neurodegenerative actions in the
ENS of reactive oxygen species (Chapter 2) and the process of hypoxia-reoxygenation
(Chapter 2). Specific characteristics of such experimentally induced neurodegeneration
including cell death mechanisms and the ability of neurotrophic factors to protect these
neurons against damage were investigated. Finally, the proinflammatory cytokine tumor
necrosis factor (TNF), a molecuie of primary importance in IBD pathogenesis, was

studied extensively to determine its role in enteric neurodegeneration (Chapter 3).
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These studies included examination of macrophage involvement in such processes. In
addition, TNF sensitization phenomena were investigated for possible relevance to the

mechanisms underlying intestinal disease pathogenesis.
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Chapter 2

Optimization Of Primary Mventeric Neuronal Cell Cultures From Adult Rat [leum For

Neurotoxicological Experimentation, And Examination Of The Role Of Specific

Inflammatory Mediators And Neurotrophic Factors In ENS Neurodegenerative Processes

Using This Cell Culture System.

Please note that the cryopreservation protocol for this chapter is being withheld by the

university for proprietary considerations. For this reason, any discussion pertaining to

the cryopreservation procedure has been removed from this thesis.
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Summary

In order to permit the study of neurotoxicity and neuroprotection in the isolated
adult enteric nervous system, we have developed a procedure for culturing dissociated
enteric neurons from the myenteric plexus of adult rat ileum specifically optimized for
use in neurotoxicological experiments. These monolayer cultures consist of adherent
neuron-glial cell aggregates that resemble enteric ganglia in vivo by morphological,
electrophysiological, and neurochemical criteria. These cultures permit quantitative
evaluation and characterization of injury, without the problem of substrate degradation
upon insult commonly observed in cultures.

To facilitate the use of such adult ENS cultures, a protocol has also been
developed for the cryopreservation and storage of dissociated neurons from the myenteric
plexus of adult rat ileum. The viability of both enteric neuron and non-neuronal cell
populations within these cryopreserved cultures does not significantly differ from those
of cell populations within freshly plated control cultures. Cryopreserved neurons exhibit
those morphological, electrophysiological, and neurochemical characteristics of freshly
plated cultures. This cryopreservation procedure should contribute substantially to the
efficacy of study of the adult enteric nervous system in vitro.

The use of isolated cultures of the adult ENS for neurotoxicological
experimentation represents an extremely useful system for elucidation of the mechanisms
underlying clinical ENS degeneration. Such damage and degeneration of the adult ENS,
which occurs via currently unknown mechanisms, is a hallmark of several diseases of the
adult gastrointestinal tract including inflammatory bowel disease and hypoxia/ischemia,

as well as several extra-intestinal diseases. Use of adult ENS cultures also readily



permits elucidation of neurotrophic factors that may prevent or attenuate ENS damage in
such diseases.

In this study, we have attempted to elucidate possible mechanisms involved in
ENS toxicity. Oxidative stress and lipid peroxidation processes are involved in the
pathogenesis of inflammatory bowel disease (IBD), in which enteric neuronal
degeneration commonly occurs. We hypothesized that such inflammatory processes may
also induce ENS degeneration. The neurotoxicity of 4-hydroxynonenal (HNE), hydrogen
peroxide (H.0»), menadione, and sodium nitroprusside (SNP) were thus evaluated in
primary cultures of rat myenteric neurons. Total and neuronal cell loss, apoptosis and
necrosis were evaluated by histochemical and immunohistochemical labeling. Each of the
toxins tested induced extensive cell loss and induced morphological features of apoptosis
in enteric neurons in a concentration-dependent manner. Potentiation of toxicity resulted
from co-administration of H,O» and SNP. Pretreatment of cultures with glial cell line-
derived neurotrophic factor (GDNF) attenuated H,O--induced neurodegeneration, but not
that induced by SNP or combined exposure to H,O» + SNP. This study establishes
oxidative stress and lipid peroxidation as mechanisms involved in enteric
neurodegeneration and identifies GDNF, a neurotrophin known to promote survival of
embryonic enteric neurons, as a neuroprotective agent for adult myenteric neurons in
primary culture against specific neurotoxic insults.

Further experiments were performed to determine and characterize the
susceptibility of enteric neurons in vitro to hypoxia-reoxygenation and anoxia-
reoxygenation injury. Although hypoxia-reoxygenation injury has been well

characterized in the CNS, in the gut where susceptibility to this type of injury is high, it is
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poorly understood. Additionally, little information exists regarding the susceptibility of
enteric neurons that control gut motility to hypoxic and anoxic injury. In our study,
hypoxia (O tension of 2%) of 1 to 24 hrs duration, followed by prolonged reoxygenation,
did not significantly alter the survival of enteric neurons or non-neuronal cells in culture.
Anoxia, defined as an O» tension < 0.01%, followed by reoxygenation, induced neuronal
depletion proportional to the duration of the O deprivation. In contrast to the marked
neuronal susceptibility to such damage, enteric glia were highly resistant to anoxia-
reoxygenation insult. Both anoxia and subsequent reoxygenation induced neuronal cell
death in ENS cultures. Our results indicate that like the CNS, the ENS is highly sensitive
to anoxia-reoxygenation and that therapeutic modalities used for anoxic CNS injury

represent candidate treatments for enteric nerve damage.
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Introduction

The enteric nervous system (ENS) consists of two primary interconnected
ganglionated nerve layers, the myenteric and submucous plexuses, which can function
independently of the central nervous system to regulate the motility, exocrine and
endocrine secretions, immune and inflammatory processes, and microcirculation of the
gastrointestinal tract (Gershon et al.,, 1994; Costa and Brookes, 1994; Furness and
Bornstein, 1995; Cooke, 1994; Surprenant, 1994; Lundgren et al., 1989). Alterations in
enteric control, axonal damage, and neuronal cell loss lead to disordered or impaired
gastrointestinal movement, nausea, vomiting, weight loss and malnutrition characteristic
of intestinal disease. The importance of the ENS in gut function and dysfunction has
made it the subject of intensive research in recent years (Furness and Costa, 1987a;
Wood, 1987; Gershon et al., 1993).

In vitro cultures are useful systems in which to study neurons. The study of
neurons in vitro permits precise control over experimental parameters and permits direct
observation, characterization, and experimental manipulation of specific cell types.
Studies on nervous tissue in primary culture have generally been performed using
embryonic or neonatal tissues (Scott, 1982), as cells at early developmental stages
possess greater potential for growth in culture (Crain, 1976). Previously, both explant
cultures (Jessen et al., 1983) and dissociated cell cultures (Nishi and Willard, 1985) from
neonatal rat myenteric plexus have been developed for study of the ENS. However,
embryonic and neonatal cultures do not represent accurate models of adult enteric
neuronal systems, as ENS maturity is reached only at one month after birth. Indeed,

certain neuronal populations can only first be detected two to three weeks after birth
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(Matini et al., 1997), and nerve cell numbers per ganglia decrease by approximately half
in the first two weeks of life (Schafer et al., 1999). Cultured enteric neurons from adult
animals are thus required for relevant in vitro studies of the mature ENS.

Damage and degeneration of the adult ENS occurs in a variety of gastrointestinal
and extra-intestinal diseases via unknown mechanisms. Cultures of the adult ENS
represent a highly relevant, simplified system in which neurotoxic mechanisms that
potentially underlie clinical damage of the adult ENS can be identified. Adult ENS
cultures also represent an ideal system for identification of neurotrophic factors that may
protect enteric neurons during neurotoxic diseases. Neuronal populations commonly
exhibit varying responses to specific neurotrophic factors dependant upon their stage of
development. Thus, adult ENS cultures represent a far more relevant system for
identification of neuroprotective factors for the adult ENS in vivo than do embryonic and
neonatal ENS cultures, which are not fully developed and so may not respond to the same
neurotrophic factors. We report here on our development of a dissociated cell culture
protocol for enteric neurons isolated from the myenteric plexus of adult rat ileum.

Neurotoxicological studies are commonly performed in vitro (Silani et al., 2000;
Sawyer, 1995), as rapid and relatively inexpensive tests can be performed in highly
reproducible, controlled systems. Indeed, much of the current information on
inflammatory damage within the CNS has also been gained by the use of in vitro
toxicological studies (Snider et al., 1999; Zipfel et al., 1999). To facilitate study of
neuropathogenesis within the ENS, we optimized our adult enteric cell cultures for
toxicological experimentation. To this end, the culture substrate was optimized to

withstand degradation and cell detachment presumably caused by degradative enzymes



frequently released from damaged cells (Colton et al., 1993; Weber and Waghray, 1995).
The ability to detect and characterize cell death mechanisms was also tested in these
cultures.

Limitations to the use of such primary in vitro ENS culture systems for
experimentation include the requirement for costly specialized dissection equipment and
facilities. Additionally, a significant time input by trained personnel is required for the
microscopic dissection of tissue and cell dissociation in this culturing procedure. Finally,
these primary cell culture procedures require animals to be available as a tissue souse for
use in every experiment; necessitating animal care facilities to be available to the
investigator and experiments to be planned far in advance to ensure animals are available
for use. These requirements preclude the use of such primary ENS cultures by many
laboratories not specialized for such purposes, limit the flexibility of experimental
schedules, and hinder collaborations between laboratories.

In order to facilitate our studies using these cultured adult rat enteric neurons, and
to enable collaborative work with other laboratories, we developed a proprietary
procedure for cryopreservation of dissociated enteric neurons. Using this
cryopreservation procedure, dissociated ENS cells isolated by a given laboratory can be
frozen and shipped to their destination, where they can be rapidly thawed and cultured in
a simple procedure. Cryopreserved cell stocks can also be readily thawed and cultured as
required, in only those amounts needed for a given experiment. In this study, the
viability of ENS cell populations within cryopreserved cultures was compared with those
of freshly-isolated counterparts, and the morphological, neurochemical, and

electrophysiological characteristics of cryopreserved neurons determined to assess their
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relevance to both the in vivo adult ENS and to freshly-plated ENS cultures.
Unfortunately, due to the proprietary nature of the cryopreservation protocol, no
discussion of the cryopreservation methods used, or their comparison with other
published cryopreservation methods can be made in this thesis. With the availability of
both freshly-plated and cryopreserved cultures of adult enteric neurons specifically
optimized for neurotoxicological experimentation, study of the widely unknown field of
enteric neurodegeneration can proceed rapidly.

Enteric neurodegeneration contributes to motor, secretory, inflammatory, and
immunologic dysfunction of the gut (Smith, 1982) and is a feature of gut diseases
including inflammatory bowel disease (IBD) (Dvorak et al., 1980), infantile hypertrophic
pyloric stenosis (Spitz and Kaufmann, 1975), and intestinal pseudoobstruction (Schuffler,
1984). Enteric neurodegeneration also often accompanies diabetes (Buchan, 1990),
myotonic dystrophy (Yoshida et al., 1988), and CNS diseases such as Parkinson’s (Foley
and Riederer, 2000). Animal models have also shown enteric neurodegeneration to be
rapidly induced during intestinal inflammation (Sanovic et al., 1999). However, the
mechanisms underlying enteric neurodegeneration are not known.

In the CNS, reactive oxygen species (ROS) including hydrogen peroxide (H.O»)
and nitric oxide (NO) have been implicated as mediators of neuronal apoptosis
(Bredesen, 1995), and are believed to play important roles in the neurodegeneration
characteristic of Alzheimer’s disease, Parkinson’s disease, and stroke (Mattson et al.,
1996; Simonian and Coyle, 1996; Dexter et al., 1994). ROS production is also enhanced
during experimental IBD, and is thought to mediate some of the associated damage

(Grisham et al., 1994; Herulf et al., 1998). It has recently been reported that glutamate,
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which induces CNS neuronal cell death via mechanisms including oxidative stress
(Verity, 1993), produces neurotoxicity in enteric neurons (Kirchgessner et al.,, 1997).
Furthermore, NO inhibition attenuates the disruption of myenteric ganglia in a rat model
of colitis (Hogaboam et al, 1995). We thus hypothesized that oxidative stress
mechanisms are involved in enteric neurodegeneration.

The pathological consequences and underlying mechanisms of ischemia-
reperfusion injury are well established with regard to the central nervous system (CNS)
(Podolsky, 1992). Ischemia-reperfusion injury is also very important but much less well
studied in the gastrointestinal (GI) tract, where it produces a spectrum of pathologic
changes that range from reversible mucosal injury to transmural necrosis (Mitsudo and
Brandt, 1992).

Within the GI tract, ischemia-reperfusion and hypoxia-reoxygenation injury ensue
from a variety of causes, including radiation enteritis, trauma, chemotherapy, and
radiation (MacCannell, 1993; Rha et al., 2000). The most common known causes of such
injury include inflammatory bowel diseases (such as ischemic colitis, ulcerative colitis,
and Crohn's disease), arterial occlusion, and post-operative obstruction of the gut
(Osborne et al.,, 1993; Knudsen et al, 1998; Alpati and Mihas, 1999). Ischemia-
reperfusion and hypoxia-reoxygenation injury in the GI tract have extensive potential
incidence due to the widespread occurrence of the conditions and diseases which cause
such injury. For example, approximately 6000 new cases a year of Crohn's disease are
reported in the United States, with a disease incidence estimated to be 30-200 cases per
100,000 persons (Calkins and Mendoloff, 1995). Between 1300 and 16,500 cases of

ulcerative colitis are reported per year in the U. S., with this disease occurring in 1.2-106
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people per 100,000 (Calkins and Mendoloff, 1995). Furthermore, the post-operative
incidence of bowel obstruction is also high, occurring in more than 10% of patients
following abdominal surgery (Charles and Bail, 1993). The pathophysiological
consequences of intestinal ischemia are likely to involve cellular hypoxia, hypercarbia,
and associated metabolic changes (Knudsen et al., 1998).

Neurodegenerative changes have been observed in the ENS of patients likely to
have hypoxia/ischemia injury; those with arterial occlusions, post-operative ischemic
damage, Crohn's disease and ulcerative colitis (Oehmichen and Reifferscheid, 1977,
Dvorak et al., 1980; Steinhoff et al., 1988; Lindgren et al., 1991). This ENS damage
produces clinical symptoms including disturbed gastrointestinal transit., reduced
peristalsis, disordered small bowel movement, atony of the large bowel, nausea,
vomiting, and in advanced stages, weight loss and malnutrition (Debas and Mulvihill,
1991). In vivo studies have shown an association between intestinal ischemia and
morphological changes in the myenteric plexus of rat intestine (Yano et al., 1997). From
these findings, it is hypothesized that intestinal ischemia may induce ganglion cell
atrophy and thus affect intestinal peristalsis. = However, it is unclear whether
hypoxia/ischemia or the frequently associated intestinal inflammation injures the ENS
during disease. In contrast to the extensive knowledge in the CNS, investigation of
hypoxic injury within the ENS remains to be undertaken. In this initial study, we sought
to determine the susceptibility of enteric neurons to hypoxia-reoxygenation and anoxia-
reoxygenation insult, and to characterize these damage processes.

Glial cell line-derived neurotrophic factor (GDNF) acts as a survival factor for

many classes of sensory and autonomic neurons (Buj-Bello et al., 1995) by suppression
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of apoptotic cell death (Clarkson et al., 1995; 1997). In adult tissues, GDNF has been
shown to protect brainstem dopamine neurons and motorneurons in a variety of injury
models (Beck et al., 1995; Bowenkamp et al., 1995; Tomac et al. 1995, Li et al., 1995).
GDNF and its receptor Ret are also required for the development of the enteric nervous
system (ENS) (Sanchez et al., 1996; Schuchardt et al., 1994); stimulating proliferation of
migratory enteric neural precursor cells and their differentiation into neurons (Hearn et
al., 1998; Heuckeroth et al., 1998). The function of GDNF in the mature ENS is not
known but, in the adult, enteric GDNF concentrations remain high and its receptor Ret is
expressed in adult myenteric neurons (Peters et al., 1998). We hypothesize that, similar to
its neuroprotective role in adult CNS and autonomic neurons, GDNF is involved in the
neuroprotection and maintenance of adult enteric neurons.

We present here a study of the roles of oxidative stress, lipid peroxidation, and
hypoxic processes in enteric neurodegeneration and the neuroprotective effects of GDNF
using an in vitro culture model of adult rat myenteric neurons. Our aim was to evaluate
the sensitivity of cultured myenteric neurons to agents that mediate lipid peroxidation,
oxidative stress, free radical injury, and anoxia-reoxygenation. The ability of the
neurotrophin GDNF to act as a neuroprotective agent against such damage in enteric

neurons was also investigated.
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Materials & Methods

ENS Tissue Isolation

For cultures of dissociated cells from the myenteric plexus of the distal ileum of
the adult rat, laminar sections of myenteric plexus-longitudinal muscle are first isolated
by dissection, then this tissue is dissociated into individual cells for culture. Male
Sprague Dawley rats 200-250g (Charles River laboratories, Canada) were sacrificed by
cervical dislocation according to Canadian Council on Animal Care guidelines, and a 30
cm segment of distal ileum was isolated. This tissue was flushed with freshly-prepared
oxygenated Kreb's solution (7.36 g/L NaCl, 0.385 g/L KCl, 0.166 g/L. NaH,POs(H,0),
0.245 g/L. MgCl,.6H0, 0.368 g/L CaCl».2H;0, 2.0 g/L glucose, and 2.1 g/L NaHCO:s) to
remove intestinal contents, and tissue was maintained in continuously-oxygenated Kreb’s
solution on ice until processed for dissection. Two cm segments of ileum were cut
longitudinally and pinned flat, mucosal side up. Throughout dissection, tissue was
maintained in continuously oxygenated Kreb’s solution. Under a dissecting microscope,
villi were scraped away from underlying muscle layers. Mucosa and circular muscle, as a
single layer, were then separated from the myenteric plexus and longitudinal muscle
layers underneath. Remaining circular muscle fibres were removed. The resulting
'laminar preparations’ were maintained on ice until processed for enzymatic dissociation
of cells.

Enzymatic Dissociation of ENS Cells

Following  dissection, isolated laminar preparations of myenteric

plexus/longitudinal muscle were mechanically and enzymatically dissociated to obtain

single cells for culture. Isolated tissue was placed in 10 ml of filter-sterilized Hanks



Balanced Salt Solution pH 7.3 (Gibco BRL) containing 100U of papain I (Worthington)
and 1.0 mg of L-cysteine (Sigma), and then incubated for 10 min. in a 37°C water bath.
This tissue was rinsed in a L-15 washing medium composed of Leibovitz’s L-15 medium
(Gibco BRL) with 10% fetal bovine serum (Gibco BRL), 2mM L-glutamine (Gibco
BRL), 15 mM glucose (BDH) and 100U penicillin-streptomycin (Gibco BRL). After
rinsing, tissue was incubated in a 37°C water bath for 10 min. in 10 ml of Hanks
Balanced Salt Solution (Gibco BRL) containing 3000U of collagenase type I
(Worthington) and 20U of dispase II (Boehringer Mannheim). Tissue in this solution was
then triturated with a flame-polished Pasteur pipette until cells were dissociated
(approximately 40 triturations). This medium was centrifuged at 4°C for 5 min. at 500
rpm, and the pellet resuspended in 8ml of L-15 washing medium. Centrifugation was
repeated for 5 min. at 500 rpm and 4°C, and the pellet was resuspended in feeding
medium composed of 90% MEM (Gibco BRL), 2.5% rat serum (Gibco BRL), 2 mM L-
glutamine, 15 mM glucose, 100U penicillin-streptomycin (Gibco BRL), 10 uM
fluorodeoxy-uridine, | mM cytosine arabinoside and 0.5 mM uridine triphosphate.

ENS Culture Substrate Selection

A variety of culture substrates were tested to determine the optimal substrate for
ENS neurotoxicological experimentation. Substrates must optimally promote cell
attachment and viability, as well as be able to withstand degradation and prevent cell
detachment upon toxic insult. Culture substrates tested for use in neurotoxicological
experiments included 0.1 mg/ml poly-d-lysine alone or in combination with 20 ug/mi
laminin or 10%, 20%, 30%, 40% or 50% collagen, plated according to standard protocols

(McKeehan and Ham, 1976). Rat tail collagen and Matrigel matrix (VWR Canlab) were
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also tested as culture substrates, and were applied onto culture wells according to
manufacturer’s instructions. Selection of an optimal substrate was based upon adherence
and survival of neurons within culture, as quantitated after 7 days in vitro, and the ability
of substrates to withstand degradation during toxic insult (24 hr exposure of 7 day ENS
cultures to 0.01 mM - 1 mM H»0,). Neuronal adherence and survival was determined for
7 day cultures in which total neuronal numbers present in culture wells were quantitated.
Substrate susceptibility to degradation during toxic insult was characterized by marked
sloughing of large sheets of morphologically normal cells away from the culture well
surface in response to toxic insult. Within cultures plated upon susceptible substrates, the
vast majority of cells present in culture were lost.
Cell Plating Of The Dissociated ENS

Once dissociated cells were obtained from adult ENS tissues, cells were plated at
defined concentrations for extended culture. Cell suspensions were plated at an
approximate concentration of 570 cells / mm?® onto sterile glass LabTek 8 well chamber
slides (VWR Canlab) coated with Matrigel matrix (VWR Canlab). Cultures were
maintained at 37°C in an incubation chamber (gassed with 5% CO. in air), and feeding
medium was changed after the initial 24 hr incubation and every 72 hrs subsequently.
Cultures were generally used in experiments seven days after plating, at which point
cultures were both mature and stable.
Cryopreservation Of Dissociated ENS Cells

Enteric neurons destined for cryopreservation were dissected and dissociated
following procedures identical to those used for cells destined for immediate culture.

However, instead of plating, these dissociated cells were cryopreserved using a
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proprietary protocol (QBM Cell Science, Ottawa, Canada). Following seven days
cryopreservation, cells were thawed and plated according to that cell plating protocol
used for freshly dissociated ENS cells. Cryopreserved cells were cultured according to
standard ENS protocols. For evaluative purposes, dissociated cells from a single animal
were divided equally for immediate plating and for cryopreservation. These sister
cultures were used for direct comparison of freshly plated and cryopreserved cell cultures
from the same animal.
Cortical Cell Cultures

Due to our unfamiliarity with the use of hypoxia chambers for experimentation,
cortical cell cultures with known responses to hypoxic/anoxic insults were used as
positive controls to verify our correct use of hypoxia chambers for our ENS toxicity
experiments. For these controls, mixed neocortical cultures, containing both neurons and
glia, were prepared from fetal rats at 19 days gestation, as generally described previously
for murine neocortical cuitures (Choi et al.,, 1987). Dissociated cells were plated in a
MEM-based plating medium containing 20mM glucose, 2mM glutamine, and 10% heat
inactivated horse serum. Cultures were fed twice weekly with this medium and
maintained at 37°C in a humidified incubator (gassed with 5% CO- in air). Cultures were
used for experimentation fourteen days after plating.
Live Culture Observation

Enteric cell cultures, including both freshly plated and cryopreserved cultures,
were observed microscopically (Zeiss Axiovert S100 TV) upon plating and every
subsequent 24 hrs to monitor the progression of cell adhesion to culture substrate and

process extension. Cultures were removed from their incubator for no longer than 10
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min. at a time for observation. Images were captured digitally using a 10 bit digital
camera (DVC, Austin, TX) and Northern Eclipse image-capture software (Toronto,
Canada).
Immunohistochemical Characterization Of Freshly Plated And Cryopreserved ENS
Cultures

Seven day ENS cultures, selected for use in neurotoxicological experiments, were
characterized to determine both their cellular composition and their relevance to the in
vivo ENS. To that end, the component cell types within ENS cultures were identified,
and the neurochemical, morphological and electrophysiological characteristics of
cultured neurons determined. Seven day cell cultures of freshly plated and cryopreserved
neurons were fixed for 60 minutes in a modified Zamboni’s fixative consisting of 4%
paraformaldehyde and 0.4% picric acid in 0.16 M phosphate buffer (PB), pH 6.9.
Fixative was cleared with several rinses in 0.1M phosphate buffered saline (PBS) prior to
immunohistochemical or histochemical staining. 1 cm tissue segments were also isolated
from the adult rat ileum, and fixed by identical means. Following overnight incubation in
a 20% sucrose solution, this tissue was cryostat sectioned to produce 14 uM thick
sections. These tissue sections were used as positive controls in all
immunohistochemical staining procedures.

Immunohistochemical staining for identification of cell types and specific
neuronal subtypes within cultures was performed using established commercially
available antibodies. The same general procedures were followed for all antibodies used.
Primary antibody diluted to working concentration was applied to culture slides overnight

at 4°C. After rinsing in 10 mM phosphate-buffered saline (PBS), secondary antibody at
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its appropriate working dilution was applied to slides for 35 min. at 37°C. Slides were
again rinsed in PBS, then mounted under a fluorescence fade-retarding mounting medium
(1 mg/ml p-phenylenediamine in 0.9% NaCl, 10% glycerol).

Morphological identification of cell types present in cultures was confirmed
immunohistochemically using cell-type-specific antibodies. Polyclonal anti-neuron-
specific enolase (NSE; 1:400 dilution; Dako) and Cy3-conjugated donkey anti-rabbit
(1:100; Jackson) were used to visualize enteric neurons. Polyclonal anti-glial fibrillary
acidic protein (GFAP; 1:400; DakoPatts) and FITC-conjugated donkey anti-rabbit (1:80;
Chemicon) were used to visualize enteric glia. Monoclonal anti-vimentin (1:20;
DakoPatts) and Cy3-conjugated sheep anti-mouse (1:100; Sigma) were used to visualize
glia and fibroblasts. Double staining using anti-GFAP and and-vimentin was used to
distinguish enteric glia, which positively stain for both GFAP and vimentin, from
fibroblasts, which positively stain exclusively for vimentin. Cultures double-stained to
distinguish glia and fibroblasts were used for quantitative determination of the
proportions of glia and fibroblasts that constitute the non-neuronal cell population present
in ENS cultures. Monoclonal anti-smooth muscle actin (1:100), a gift of Dr. M.
McBurney (Rudnicki et al., 1990) and FITC-conjugated goat anti-mouse (1:80; American
Qualex) were used to visualize smooth muscle cells. Polyclonal anti-macrophage (1:400;
Accurate) and FITC-conjugated donkey anti-rabbit (1:20 dilution; Amersham) were used
to visualize macrophages. Polyclonal anti-histamine (1:200; Incstar) and FITC-
conjugated donkey anti-rabbit (1:20; Amersham) were used to visualize mast cells, gut

endocrine cells and blood cells. Monoclonal anti-c-kit (1:200; Santa Cruz) and FITC-
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conjugated goat anti-mouse (1:20; American Qualex) were used to visualize interstitial
cells of Cajal.

Antibody staining to characterize enteric neuronal subtypes present in cultures
was also performed. Polyclonal anti-nitric oxide synthase (NOS) (1:400; Santa Cruz) and
Cy3-conjugated donkey anti-rabbit (1:100; Jackson) were used to visualize NOS neurons.
Polyclonal anti-vasoactive intestinal polypeptide (VIP) (1:400; Peninsula) and Cy3-
conjugated donkey anti-rabbit (1:100; Jackson) were used to visualize VIP in neurons.
Polyclonal anti-met-enkephalin (Met-Enk) (1:500), a gift of Dr. R. Elde (Giesler and
Elde, 1985), and Cy3-conjugated donkey anti-rabbit (1:100; Jackson) were used to
visualize enkephalin in neurons. Polyclonal anti-gamma aminobutyric acid transaminase
(GABA-T) (1:400) (Nichols et al., 1995) and Cy3-conjugated donkey anti-rabbit (1:100;
Jackson) were used to visualize GABA transaminase within neurons. Monoclonal anti-
somatostatin (SOM) (1:100), a gift of Dr. S. Vincent (Mizukawa et al., 1988), and FITC-
conjugated goat anti-mouse (1:20; American Qualex) were used to visualize somatostatin
in neurons. Polyclonal anti-substance P (1:2000; Peninsula), and Cy3-conjugated donkey
anti-rabbit (1:100; Jackson) were used to visualize substance P immunoreactivity within
neurons. For quantitation of Dogiel/Stach neuronal morphological subtype composition,
polyclonal anti-PGP 9.5 (1:400; Chemicon) and FITC-conjugated donkey anti-rabbit
(1:20; Amersham) were used. For double staining procedures using two polyclonal
rabbit antibodies, the double label Fab antibody kit (Jackson ImmunoResearch) was

employed.
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Quantitation And Analysis Of Cell Types And Neuronal Subtypes Within Freshly-Plated

And Cryopreserved ENS Cultures

Percentages of component cell types in ENS cultures were quantitated, as were
those of component neuronal subtypes. Such quantitation contributes to the
characterization of these cultures and permits their comparison with the in vivo ENS. All
cellular quantitation was performed in 7 day ENS cultures unless otherwise indicated.
Manual counts were performed for all quantitation of cell populations. For all cellular
quantitation, all cells of interest present within an experimental culture well were
counted, unless otherwise indicated. Data were expressed as the mean value + standard
deviation for these n=5 experimental wells. Within culture wells, neurons were
visualized under fluorescent conditions with anti-NSE antibody, and neuronal numbers in
each culture well were counted manually. Total cell numbers, as indicated by Hoechst
33258 histochemical staining of all cell nuclei, were also counted manually.
Immunohistochemically-identified neuronal subtypes were also counted manually and
compared to total neuronal numbers within the same well. The respective percentages of
glia and fibroblasts, which constitute those non-neuronal cells present in culture, were
also determined. The total number of glial cells, those that express both anti-GFAP
immunoreactivity and anti-vimentin immunoreactivity, were counted manually in culture
wells. Total numbers of fibroblasts, as indicated by positive staining for vimentin and
negative staining for GFAP, were also counted manually in these same culture wells.
The composition of non-neuronal cells in cuiture was then determined. Glial percentages
of non-neuronal cells were calculated by determining the percentage of vimentin-positive

cells that were also GFAP-positive. Fibroblast percentages of non-neuronal cells were
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calculated by determining the percentage of vimentin-positive cells that were GFAP-
negative. For quantitative assessment of the percentage of total neurons that express a
specific neurotransmitter, experimental culture wells were double-stained with anti-NSE
antibody and an antibody raised against a specific neurotransmitter. The total number of
neurons immunopositive for that specific neurotransmitter was then determined and
expressed as a percentage of total neurons present in that experimental well. For
quantitation of the Dogiel/Stach type neuronal morphologies present in culture, the
morphological subtypes of 100 anti-PGP 9.5 stained neurons were identified.
Histochemical Evaluation of Nitric Oxide Synthase Activity with ENS Cultures
Histochemical methods were employed to determine the levels of nitric oxide
synthase (NOS) enzyme activity in ENS cultures. NADPH-diaphorase histochemical
staining for NOS activity within cultures was performed according to published methods
(Nichols et al., 1994). Fixed cultures were rinsed in 10 mM PBS, NO synthase reaction
medium [1 mM NADPH, 0.5 mM nitroblue tetrazolium, 0.3% Triton X-100 in 10 mM
PB (pH 8.0)] was applied, and culture slides incubated in a dark, moist chamber at 37°C
for 1 hr. Slides were then rinsed in 10 mM PBS for 15 min., and in decreasing
concentrations of 100 mM PB, 50 mM PB, 25 mM PB, and 12.5 mM PB for |1 min. each.
They were then air-dried and coverslipped under Tris-Glycerol 1:3. The histochemical
product for NADPH-dependent diaphorase, indicating NOS activity, was photographed
under bright-field conditions. Grayscale value quantitation of the intensity of NADPH
diaphorase staining, indicative of the levels of NOS activity within cells, was performed
using UTHSCA ImageTool (version 2.00). Increasing grayscale values are indicative of

decreasing staining intensity.
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Electrophysiology Of Freshly-Plated And Cryopreserved Neurons

Electrophysiological recording of cultured enteric neurons was assayed to
determine the feasibility of such in vitro experimentation, as well as for cuiture
characterization. All electrical recordings were performed using an Axopatch 200A
amplifier attached to a Digidata 1200 A/D interface and controlled by pClamp software.
Signals were lowpass filtered at 2 kHz before being digitized at 10 kHz and saved to the
hard disk of a PC computer, or digitized at 20 kHz and saved on a DAT tape recorder.
Patch pipettes were fabricated from 1.5 mm outer diameter, thin-wall, borosilicate glass
(World Precision Instruments, Sarasota, FL) and typically had resistances of 3-
6 MQ when filled with the electrolyte solution described below. Series resistance in the
whole-cell configuration was 8-25 MQ of which 80% was routinely compensated. The
series resistance was checked periodically and recordings were abandoned if the
resistance rose irreversibly above 25 MQ. Neuronal input resistance was determined by
measuring the steady state current responses to voltage steps of -10 mV from a holding
potential of -60 mV. External solution for electrical recordings was composed of (in
mM): 145 NaCl, 5 KCl, 2 CaCl,, 2 MgCl,, 10 mM glucose, and 10 mM HEPES (300
mOsm, pH adjusted to 7.3 -7.4). Electrode solution for filling patch pipettes consisted of
(in mM) KCI 145; 10 NaCl; 10 HEPES; 1 Na;EDTA; and glucose 20; adjusted to pH 7.2-
7.3. Osmolarity of the pipette solution was adjusted as required by addition of distilled
water or sucrose. Neurons selected for electrophysiological recording were those with

the gross morphological appearance of Dogiel type II neurons.



Identification of Cell Death Mechanisms Within ENS Cultures

To identify and characterize in vitro neurotoxicity, cell death and cell death
mechanisms must be readily identifiable in experimental cultures. In ENS cultures,
initial toxic insults were given expressly to evaluate death mechanism identification
methods in these cultures. Toxicological tests were performed using 0.0l mM-1 mM
hydrogen peroxide (H,0,) added to 7 day cell cultures for 24 hrs prior to fixation. These
toxic insults were used for the evaluation of substrate resistance to degradation during
toxicological insult, and to determine if cell death could be identified and characterized
within our cultures.

Apoptosis was identified in enteric cultures using Hoechst 33258 histochemistry,
annexin V/propridium iodide, and terminal deoxynucleotidyl transferase-mediated dUTP
nick end labeling (TUNEL) staining methods according to established protocols. All
chemicals for TUNEL reactions were purchased from Boehringer Mannheim, Canada,
those for annexin V from R & D Systems, Canada, while Hoechst 33258 was purchased
from Sigma, Canada. Necrosis was visualized using Fluoro-Jade (Histo-Chem, Inc.,
Virginia) following the procedure of Schmued et al. (1997).

Quantitation Of ENS Toxicity

Quantitative determination of cell type specific toxicity was required in ENS
culture experiments. For such quantitation, cultured neurons were visualized under
fluorescent conditions with anti-NSE antibody, and neuronal numbers in each culture
well were counted manually. Neurons actively undergoing apoptosis, as indicated by
Hoechst 33258 staining, were deducted from numbers of surviving neurons. Toxicity was

expressed in terms of cell survival, and compared to that of controls. Total cell numbers
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were counted manually by means of Hoechst 33258 staining of all cell nuclei, excluding
visibly apoptotic and necrotic nuclei from viable cell counts. Non-neuronal cell numbers
were determined as total surviving cell counts less surviving neuronal counts.
Chemical Insult Of ENS Cultures

The toxicity of several known reactive oxygen species was tested in our ENS
cultures. In these experiments, seven day cell cultures were exposed to varying
concentrations of toxins [4-hydroxynonenal (HNE Sigma, Canada) 25, 50, 100, 200 uM;
hydrogen peroxide (H.O», Sigma, Canada) 1, 10, 100 pM, 1 mM; menadione (Sigma,
Canada) 1, 10, 100 uM; sodium nitroprusside (SNP, Sigma, Canada) 0.1, 0.5, 1| mM]
diluted in feeding medium for 24 hrs. Similar experiments were performed involving the
treatment of cultures with combinations of H.O» and SNP (0.5 mM SNP + 1 uM H»0»;
0.5 mM SNP + 10 uM H.0»). Following toxin exposure, cultures were rinsed in fresh
feeding medium, and then fixed for 60 minutes in a modified Zamboni’s fixative
consisting of 4% paraformaldehyde and 0.4% picric acid in 0.16 M phosphate buffer
(PB), pH 6.9. Fixative was cleared with several rinses in 0.1 M phosphate buffered saline
(PBS) prior to immunohistochemical or histochemical staining.
Hypoxic/Anoxic Insult Of ENS Cultures

To determine the neurotoxicity of hypoxia-reoxygenation and anoxia-
reoxygenation insults, cortical and enteric neuronal cultures were exposed to either 2%
O- (hypoxia) or <0.01% O- (anoxia) in a 37°C chamber gassed with either CO» 3%, O»
2%, Hz 5%, N2 90% or CO2 5%, H2 5%, N2 90%, respectively. Cultures were maintained
in these experimental conditions, for either 1, 3, 6, or 24 hrs, after which they were

transferred to normoxic conditions in a 37°C incubation chamber (gassed with 5% CO, in
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air), and were allowed to slowly reoxygenate without changing the medium. Twenty-
four hours following initiation of the experiment, cultures were removed from the
chamber and fixed for 60 minutes in a modified Zamboni’s fixative consisting of 4%
paraformaldehyde and 0.4% picric acid in 0.16 M phosphate buffer (PB), pH 6.9.
Fixative was cleared with several rinses in 0.1 M phosphate buffered saline (PBS) prior
to immunohistochemical or histochemical staining. For these experiments, cortical
neuron cultures (E19 rat cortical cells tested at 14 days in vitro) were used as positive
controls.

For determination of the individual roles of anoxia and reoxygenation in enteric
neurotoxicity, enteric cultures were exposed for a given time period to either anoxia or
anoxia-reoxygenation. Following the general experimental procedure detailed
previously, cultures were exposed to anoxia for either 3 or 5 hrs, and to anoxia-
reoxygenation for either 3 hrs total (1 hr anoxia followed by 2 hrs reoxygenation) or for 5
hrs total (3 hrs anoxia followed by 2 hrs reoxygenation). At the end of these time
periods, cultures were fixed for histochemical and immunohistochemical staining.

GDNF Neuroprotection Against Toxic Insult

Glial cell line-derived neurotrophic factor (GDNF) was tested as a
neuroprotective factor against specific neurotoxic insults to the ENS. GDNF (10 ng/ml,
diluted in PBS, R & D Systems, Canada) was added to feeding medium of 7 day cell
cultures 24 hrs prior to addition of toxin, as in previous culture systems (Clarkson et al.,

1995; 1997; Sawada et al., 2000). The chemical toxins added were 100 uM H,0,, 1| mM
SNP, and 1 puM H;O0» + 0.5 mM SNP, as these produced comparable (approximately

50%) neurotoxicity in ENS cultures. GDNF’s ability to protect against the neurotoxic

102



effects of 1 hr anoxia followed by 23 hr reoxygenation, which also induced
approximately 50% neurodegeneration in ENS cultures, was also tested. Cultures were
first incubated with GDNF for 24 hrs, then exposed to toxic insults for an additional 24
hrs in the presence of GDNF. ENS cultures were then were fixed and stained
immunohistochemically as described previously. For each experimental culture well,
controls were exposed only to GDNF for 48 hrs, to toxic insult for 24 hrs, or were kept in
feeding medium until fixation.

Statistics

Unless otherwise noted, data are expressed as the mean of n=5 independent
experiments. Significant differences in survival between multiple cell groups were
determined using one-way ANOVA followed by post-hoc Tukey/Kramer analysis.
Significant differences between two groups were determined using two-tailed Student’s ¢
tests. Significance was considered established at p values of less than 0.01.

For the statistical evaluation of neuronal and total cell populations in cultures of
cryopreserved ENS cells, viability was expressed as a percentage of control values, i.e.
cell counts from sister cultures which had not been cryopreserved. Data represent the
mean of n=5 independent experiments with significant differences between experimental
and control values determined using two-tailed student’s t test. Significance was
considered established at p values of less than 0.01.

Chemicals

Unless otherwise noted, all chemicals were purchased from Sigma, Canada.
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Resulits

Selection Of An Optimal Culture Substrate

The collagen substrate originally used for culture growth was determined to be
unsuitable for in vitro toxicological experimentation. Marked cell sloughing occurred
within cultures in response to toxic insult and this prevented representative and
quantitative evaluation of toxicity in these ENS cultures. Substrates determined to be
resistant to such toxic degradation and cell sloughing included poly-d-lysine, poly-d-
lysine/laminin, poly-d-lysine/collagen, and Matrigel matrix. These substrates were tested
in subsequent experiments for their ability to promote neuronal adherence and survival in
culture. Neuronal survival upon poly-d-lysine, poly-d-lysine/laminin and poly-d-
lysine/collagen substrates was significantly less than that upon collagen substrate.
However, neuronal survival upon Matrigel matrix substrate did not significantly differ
from that upon collagen substrate (Figure 9).

ENS Culture viability

Upon plating, uniform rounded cells devoid of processes were commonly observed
suspended within the culture feeding medium, while small aggregates of viable cells were
attached to the culture substrate (Figure 10A). At this time point, cell types were
generally difficult to distinguish. However, some glial cells could be identified by their
flattened appearance. Although the majority of cells continued to exhibit a uniform
rounded appearance after 24 hrs in vitro, a small number of cells had extended short
processes (Figure 10B). By 48 hrs, cells were flattened upon the culture substrate and
demonstrated cell-type characteristic morphologies. Neurons were generally clustered

together, and commonly extended several branching processes which intersected with
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Figure 9. Evaluation of ENS culture substrates. Candidate substrates for ENS
cultures were tested for their abilities to promote neuronal adherence and survival, as well
as for their ability to withstand disruption and degradation upon neurotoxicological insult.
Total neuronal numbers in 7 day ENS cultures were counted in n=5 experiments.
Substrate disruption and degradation was evaluated upon 24 hr exposure to 0.0lmM -
ImM H>O», and identified by observation of morphologically normal cell detachment
from the culture plating surface in large sheets. ** indicates that disruption and
degradation of the specific substrate tested was observed in response to experimental
toxic insult. * indicates those substrates for which total neuronal survival differs
significantly from those of cultures plated on collagen substrate (Student’s ¢ test, p<0.01).
Whereas neuronal survival does not differ significantly between collagen- and Matrigel-
coated culture wells, the ability of Matrigel to withstand toxic insult was responsible for

its selection as that substrate used for neurotoxicological experimentation.
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Figure 10. Time course for morphological differentiation of cells in culture. Live
cultures of adult rat enteric neurons were characterized over their incubation time course.
Upon plating (A), cells exhibited uniform rounded appearances. At 24 hrs (B), cells had
attached to the culture substrate and commenced extending processes. By 48 hrs (C),
cells had flattened onto the culture substrate, extended considerable branching processes,
and exhibited characteristic cell-type morphologies. At 7 days (D) cell aggregates
resembled in vivo myenteric ganglia and extended vast networks of interconnecting

processes. Arrows indicate extended processes. Bars represent 100 microns.
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many other cell bodies and/or processes within the same cluster or in neighboring
neuronal clusters. Neurons preferentially adhered to and overlaid sheets of glial cells,
which exhibited characteristic flattened cell bodies with thin membranous expansions and
a few processes (Figure 10C). Cultured cells continued to extend branching processes to
form complex networks of interconnecting ganglia-like structures by 7 days in culture

(Figure 10D).

Immunohistochemical staining was performed to identify the cell types present
within cultures. Neuron-specific enolase (NSE), a distinct form of the glycolytic enzyme
enolase expressed in most differentiated neurons (Schmechel and Marangos, 1983),
identified groups of neurons with interconnecting branched processes within cultures
(Figure 11A). Neurons constituted 13.68% + 2.23% of total cell numbers (n=5
experiments in which 9237 total cells were counted). All enteric glia contain the
intermediate filament protein GFAP (Jessen and Mirsky, 1980; 1983; Jessen et al., 1984).
Anti-GFAP staining in our culitures identified large sheets of glia upon which enteric
neurons were commonly positioned (Fig. 11B). Double staining for GFAP and the
mesenchymal intermediate filament protein vimentin distinguished glia from fibroblasts,
as glia were immunopositive for both GFAP and vimentin, whereas fibroblasts were
immunopositive exclusively for vimentin. Whereas large numbers of glia were present,
only small numbers of fibroblasts were present (Fig. 11C & 11C’). Of all non-neuronal
cells present (which represent approximately 86% of the total cell population in cultures),
glia represent 83.8% + 2.95%, and fibroblasts constitute 16.2% + 2.95% (n=5
experiments in which 7851 total non-neuronal cells were counted). Smooth muscle cells,

lymphocytes, macrophages, mast cells, endocrine cells, and interstitial cells of Cajal were
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Figure 11. Immunohistochemical identification of cell types present in culture.
Fixed 7 day cell culiures were immunohistochemically stained for cell-type
identification. (A) Neurons and their processes are positively stained for the presence of
neuron-specific enolase. (B) Anti-GFAP antibody staining identifies glial cells in culture.
Double staining for GFAP and vimentin distinguishes glia and fibroblasts. Both
fibroblasts and glia positively stain for vimentin (C), but only glia are immunopositive for
GFAP (C'). Those cells, positively stained for vimentin but not GFAP, can be identified

as fibroblasts (indicated by arrows). Bars represent 100 microns.
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Figure 12. Intestinal cell types not present within enteric neuronal culture. Fibres
stained for smooth muscle actin identify circular and longitudinal muscle tissue in vivo
(A). No smooth muscle actin immunoreactivity is present in culture (B). Anti-
macrophage antibody staining positively labels macrophages within rat ileum (C). No
macrophages are identified within cultures (D). Anti-histamine antibody identifies mast
cells, gut endocrine cells, and blood cells in vivo (E). These cell types are not present in
culture, however. (F). Finally, anti-c-kit antibody identifies interstitial cells of Cajal

present in ileal tissue (G), but not in culture (H). Bars represent 100 microns.
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Figure 13. Electrical properties of Dogiel type II enteric neurons. A. Current
responses (top) to 10 mV voltage steps (bottom) from —100 mV in a typical enteric
neuron. Transient inward currents are prominent at the beginning of the responses
followed by large slowly developing outward currents. The brief inward deflections with
latencies longer than 2-3 ms after the beginning of the voltage step indicate the presence
of unclamped voltage-dependent conductance in the processes of these neurons, most
probably in the axon. B. Current-voltage relationship formed by plotting the amplitudes
of the currents in A against the corresponding membrane potentials. The open triangles
and closed circles represent data from early and late in the response respectively (exact
times are indicated by the symbols below the current traces in A. C. Current-clamp
behavior of the same neuron. Current inputs are 30 pA apart. Use of larger current

inputs in this and other selected neurons failed to elicit muitiple spiking.
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not present in our enteric cell cultures (Figure 12). Thus, our cell cultures were

composed exclusively of enteric neurons, glia, and small numbers of isolated fibroblasts.

Electrophysiology

The electrical properties of the morphologically-identified Dogiel type II neurons
tested were similar to those previously described for neurons of the guinea pig myenteric
plexus (Hanani et al., 2000; Tack and Wood, 1992). Figure 13 shows an example of
recordings from one such neuron. Figure 13A illustrates the currents evoked in voltage
clamp on stepping the membrane potential from -100 mV to +10 mV in increments of
10 mV. The corresponding current-voitage relationships at the beginning and end of the
voltage step are plotted in Fig. 13B and reveal that the transient inward component and
the more slowly developing outward component visible in Fig 13A both activate near -30
mV. These currents were able to support the generation of a single action potential as
shown in Fig. 13C.

Neurochemistry and morphology

Staining for neuronal subtypes, as indicated by neurotransmitter content,
demonstrated VIP-, GABA-T-, SOM-, Enk-, and NOS-positive neurons to be present in
cultures (Figure 14). Although extensive networks of neuronal processes were positive
for Met-Enk, very few neurons (4.4% + 2.8% of total neurons) (n=5 experiments in
which 1151 total neurons were counted) were Met-Enk positive (Fig. 14A). VIP-positive
neurons also extended many branched fibres. These neurons accounted for 4.1% + 1.5%
of the total neuronal population (n=5 experiments in which 1202 total neurons were
counted) (Fig. 14B). In ENS cultures, 3.7% + 1.8% of the total neuronal population

demonstrated positive staining for the presence of GABA-T (n=5 experiments in which
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Figure 14. Immunohistochemical and histochemical characterization of cultured
neurons. Neuronal subtypes present in 7 day cultures are identified by
immunohistochemical staining with anti-met-enkephalin (A), anti-VIP (B), anti-GABA-T
(C), anti-somatostatin (D), and anti-NOS (E) antibodies. Histochemical staining with
NADPH-diaphorase indicates nitric oxide synthase activity within NOS-positive neurons.

(F). Bars represent 100 microns.
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1222 total neurons were counted) (Fig. 14C). A similar percentage of neurons (3.7% +
1.3% of total neurons) (n=5 experiments in which 1182 total neurons were counted) was
immunoreactive for somatostatin (Fig. 14D). Large numbers of NOS-positive neurons
were observed, which constituted 33.5% + 7.7% of total neurons (n=5 experiments in
which 1162 total neurons were counted) (Fig. 14E). Finally, substance P
immunoreactivity was observed in 23.5% + 6.4% of total neuronal populations (n=5
experiments in which 1204 total neurons were counted).
Morphological characterization of cultured neurons identified Dogiel/Stach types I and II
neurons (Dogiel, 1899; Stach, 1989) in culture; those morphological subtypes which
constitute the majority of myenteric plexus neurons in vivo (Furness and Costa, 1987b)
(Figure 15). Identification of the Dogiel/Stach type morphologies of 100 cultured
neurons identified 48% Dogiel type I neurons, 36% Dogiel type II neurons, 9% Stach
type IV neurons, and 7% neurons of indeterminate morphology.
ENS Responses to Toxic Insult

Within our ENS cultures, neurodegeneration in response to insuit was readily
detected by several assays. Neuronal loss could be quantitated by comparison of
neuronal numbers (identified by anti-NSE staining) within control (Fig. 16A) and
experimental (Fig. 16B) cultures. TUNEL staining identified apoptotic cells within
cultures (Fig. 16C), while Fluoro-Jade staining marked necrotic cells (Fig. 16D).
Apoptosis was localized to neurons by double staining for NSE and Hoechst 33258.
Identified neurons (Fig. 16E) were examined for chromatin condensation characteristic of

apoptosis (Fig. 16E’, Fig. 16E"). Apoptosis was also identified in live cells by annexin-
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Figure 15. Observation of Dogiel/Stach-type neuronal morphology in cultures.
Fixed 7 day cell cultures were histochemically stained with NADPH-diaphorase for
morphological classification of enteric neurons. Identified type I cells (A & B), indicated
by arrows, are typically flattened neurons with stellate or angular forms, 4-20 short
dendrites and a single axon. Identified type II cells (C & D) are characteristically
angular, star, or spindle-shaped neurons with 3-10 long, often branching dendrites, and

one axon. Bars represent 50 microns.
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Figure 16. Toxicological characterization within cultures. [dentification of neuronal
cell death and characterization of cell death mechanisms are demonstrated in
cytotoxically challenged cultures. Anti-NSE staining demonstrates the decrease in
neuronal numbers from control cell cultures (A) to those exposed to 24 hr cytotoxic
challenge (B). TUNEL staining identifies actively apoptotic cells, as indicated by arrows
(C). Fluoro-Jade staining identifies necrotic cells, as indicated by arrows (D). The NSE-
labeled neuron in (E) (indicated by arrow), is identified as actively undergoing apoptosis
by its characteristic chromatin condensation shown with Hoechst 33258 staining (E'').
This chromatin condensation is also shown at higher magnification (E'). Apoptotic cells
are also distinguished from dead or necrotic cells by annexin - propridium iodide
staining. Annexin staining (F) identifies apoptotic, necrotic, and dead cells
indiscriminately. Non-apoptotic cells (ie. necrotic or dead cells), indicated by arrows, are
identified by propridium iodide (F'). Apoptotic cells are those labeled by annexin but not
propidium iodide. Bars represent 100 microns except in E' in which the bar represents 20

microns.
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Figure 17. Viability of cryopreserved enteric neurons. The viability of both total
neuronal populations and total cell populations within cryopreserved cultures do not
significantly differ from those of freshly plated control cultures isolated from the same
animal. Cell survival in cryopreserved cultures is expressed as a percentage of that of the
same population in freshly plated controls. In all cases, survival is evaluated in 7 day cell

cultures, and the data are the result of n=5 experiments.
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Figure 18. Time course of morphological differentiation of cryopreserved enteric
neurons following plating. Live cultures of cryopreserved enteric neurons were
characterized over their incubation time course. Upon plating (A), all cells exhibited a
uniform rounded appearance. After 24 hrs (B), cells had attached to the culture substrate
and commenced extending processes. By 48 hrs (C), cells had flattened onto the culture
substrate, extended considerable branching processes, and exhibited characteristic cell-
type morphologies. At 7 days (D), cellular clusters were extended over the culture

substrate, and exhibited a vast network of processes. Bars represent 100 microns.
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propridium iodide staining. Cells positively stained for annexin (Fig. 16F) which did not
demonstrate propridium iodide staining (Fig. 16F") were identified as actively apoptotic.
Evaluation of Cryopreserved Cell Culture viability

Quantitative evaluation of cell cultures revealed that cell viability for both
neuronal populations and total cell populations did not significantly differ between
cryopreserved cell cultures and unfrozen controls (Figure 17). The time course of
morphological development following plating of cryopreserved cells was characterized
over their 7 days of incubation (Figure 18). The appearance of live cells under phase
contrast in sister cultures of frozen and control neurons were indistinguishable except
that, at 24 hrs following plating, there was noticeably more fiber outgrowth in the
cryopreserved neuron cultures (Figure 18B). Whereas, in control cultures at 24 hrs
following plating, neuronal aggregates generally extended only a single process, frozen
cultures commonly extended multiple processes. Similar results were seen with cells
frozen for as long as 3 months. As seen in control cultures, cryopreserved cultures
contained glial cells and small numbers of fibroblasts. At 7 days cultures consisted of
several neuronal and glial aggregates resembling small myenteric ganglia with vast
networks of long, branching processes (Figure 18D).

Immunohistochemical staining identified the same cell types present in both
freshly-plated control cultures and cryopreserved cultures. Staining with anti-neuron
specific enolase revealed morphologically normal neurons similar to their freshly plated
counterparts (Figure 19A). Anti-GFAP staining identified large beds of glial cells (Fig.

19B). Double staining for GFAP and the mesenchymal intermediate filament protein
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Figure 19. Cell types present in cultures of cryopreserved cells. (A) Neurons and
their processes are stained for neuron-specific enolase. (B) Anti-GFAP antibody staining
identifies glial cells in culture. Double staining for GFAP and vimentin distinguishes
enteric glia from fibroblasts. Both fibroblasts and glia positively stain for vimentin (C),
but only glia are immunopositive for GFAP (C'). Cells stained for vimentin but not

GFAP are fibroblasts (arrows). Bars represent 50 microns.
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Figure 20. Immunohistochemical characterization of cryopreserved enteric
neuronal cultures. Neuronal subtypes present are revealed by immunohistochemical
staining with anti-GABA-T (A), anti-VIP (B), anti-met-enkephalin (C), anti-NOS (D),
anti-substance P (E), and anti-somatostatin (F). All staining was performed in fixed 7

day cultures. Bars represent 50 microns.
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Figure 21. Dogiel/Stach-type neuronal morphology in cultures. Cell cultures were
reacted for NADPH-diaphorase to classify enteric neurons morphologically. Type I cells
(A & B) are flattened with stellate or angular forms, 4-20 short dendrites, and a single
axon. Type II cells (C & D) are angular, star, or spindle-shaped with 3-10 long,

branching dendrites and one axon. Bars represent 50 microns.
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vimentin distinguished glia from fibroblasts. Whereas large numbers of glia were
present, only small numbers of fibroblasts were present in isolated small clusters (Fig.
19C & 19C").

Staining for neuronal subtypes demonstrated that VIP-, GABA-T-, Met-Enk-, SOM-,
substance P-, and NOS-positive neurons were present in cryopreserved cell cultures
(Figure 20). Quantitation of these neurochemical subtypes of myenteric neurons revealed
that 3.4% + 1.0% of all neurons are VIP-positive (n=5 experiments in which 1385 total
neurons were counted), 2.8% +1.8% of all neurons are GABA-T-positive (n=5
experiments in which 1300 total neurons were counted), Met-Enk-positive neurons
represent 3.3% + 1.0% of total neurons (n=5 experiments in which 1471 total neurons
were counted), SOM-positive neurons represent 3.1% + 0.8% of total neurons (n=5
experiments in which 1282 total neurons were counted), substance P-positive neurons
represent 24.5% + 8.5% of total neurons (n=5 experiments in which 1404 total neurons
were counted), and NOS-positive neurons represent 32.2% + 8.5% of total neurons (n=5
experiments in which 1616 total neurons were counted). NOS neuron activity was shown
by NADPH-diaphorase staining in cryopreserved cell cultures (Figure 21), and permitted
identification of morphological neuron types. Dogiel types I and II neurons and Stach
type IV neurons were identified within cultures (Dogiel et al.,, 1899; Stach, 1989). The
relative distributions of these morphological neuronal subtypes were determined within
anti-PGP 9.5-stained cultures. Of 100 neurons studied, 53% demonstrated Dogiel type I
morphology, 42% were of Dogiel type II morphology, 3% were Stach type IV neurons,

and 2% were of indeterminate morphology.
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Figure 22. Electrical properties of Dogiel type II cryopreserved enteric neurons. A.
Current responses (top) to 10 mV voltage steps (bottom) from —100 mV in a typical
enteric neuron. Transient inward currents are prominent at the beginning of the responses
followed by large slowly-developing outward currents. The brief inward deflections with
latencies longer than 2-3 ms after the beginning of the voltage step indicate the presence
of unclamped voltage-dependent conductances in the processed of these neurons, most
probably in the axon. B. Current-voltage relationship formed by plotting the
amplitudes of the currents in (A) against the corresponding membrane potentials. The
open triangles and closed circles represent data from early and late in the response
respectively (exact times are indicated by the symbols below the current traces in (A). C.
Current-clamp behavior of the same neuron. Dashed line indicates zero millivolts.
Current inputs are 30 pA apart. Use of larger current inputs in this and other neurons

failed to elicit muitiple spiking.
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Electrical recordings in the whole-cell patch configuration were performed on n =
25 cryopreserved enteric neurons with gross morphological characteristics of Dogiel type
IT neurons after 6-9 days in vitro. The basic electrical properties of these neurons,
including the mean values of the resting membrane potential (-52 £2.3 mV), and input
resistance (503 + 71 MQ) were comparable to those of enteric neurons in acutely isolated
whole myenteric ganglia (Hanani et al, 2000). Current-voltage relationships,
determined by holding neurons near -100 mV and stepping to more positive voltages,
revealed transient inward currents and sustained outward currents at potentials more
positive than approximately -30 mV. A typical example is shown in Figs. 22 A, B. The
peak amplitudes of the sustained outward (presumably K* dependent) currents were
considerably larger than those of the transient inward currents (Fig 22B) resulting in a
limited ability to generate action potentials. Thus, only 12 of the 23 neurons tested under
current clamp conditions were capable of supporting action potentials and multiple
spiking was not seen. In those cells that did possess action potentials, however, spikes
were well developed with overshooting peaks and prominent fast afterhyperpolarizations
(Fig. 22C) consistent with the known properties of enteric neurons (Tack et al, 1992).
General observations in chemical insult experiments

Primary cultures of rat myenteric neurons characteristically consisted of neuronal
cell clusters overlaying glial meshworks, and small isolated groups of fibroblasts.
Neurons exhibited round or elongate cell bodies and an extensive network of processes
extending to neighbouring cells and were easily distinguished from other cells. Under
control conditions very few cells (generally less than 1%) were observed undergoing

apoptosis (Fig. 23). Following 24 and 48 hrs serum deprivation, total neuronal numbers
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Figure 23. Cell death mechanisms involved in concentration dependent H»O:
induced cell death. Cultures were exposed for 24 hrs to vehicle (A, B), 0.01 mM H.O»
(C, D), or 0.1 mM H>O- (E, F). Panels on the left (A, C, E) have been treated for
TUNEL indication of actively-apoptotic cells. Panels on the right (B, D, F) have been
treated with Fluoro-Jade to reveal necrotic cells. In this figure, arrows indicate apoptotic
and necrotic cells. Apoptotic cell death predominates at lower toxin concentrations than

necrosis. Bars indicate 100 microns.
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were significantly reduced (67.2% survival + 8.5%, and 2.5% survival =+ 0.4%
respectively), while Hoechst 33258 staining showed increased numbers of actively
apoptotic cells. All toxins tested (HNE, SNP, H,0-) induced apoptosis in cultured enteric
neurons. At low concentrations of toxins, cell death occurred almost exclusively via
apoptosis. At higher toxin concentrations, the occurrence of necrosis increased. Figure
23 illustrates the predominance of these cell death mechanisms in cultures exposed to a
range of H,O-, concentrations.

HNE-induced cytotoxicity

Exposure of cultures to HNE for 24 hrs induced concentration-dependant toxicity
within neuronal populations and total cell populations (Fig. 24). At the highest
concentration of HNE tested (200 uM), the majority of remaining neurons were actively
undergoing apoptosis after 24 hrs insult (93.18% + 1.21%). Following such HNE insult,
neurons were clumped together and exhibited shrunken pyknotic cell bodies and retracted
cell processes. Neurons demonstrated a significantly higher sensitivity to HNE insult than
did other cell types in ENS culture, such that at 50 uM and 100 uM HNE, damage was
almost completely restricted to neurons (Figure 24). HNE induced significantly more
cell death in neurons than in total cell populations at 100 uM concentrations.

NOS neurons showed preferential survival as compared to total neuronal
populations upon 24 hr exposure of cultures to 100 uM HNE (Fig. 25A). These neurons
were not unaffected by HNE insult however, as they exhibited a significant down-
regulation of NOS activity as indicated by NADPH-diaphorase staining. Cultures were
exposed to HNE for longer time intervals to determine if this preferential sparing of NOS

neurons remained, indicating a true resistance of NOS neurons to HNE damage. Little
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Figure 24. HNE-induced cell death. HNE, applied to 7 day cell cultures for 24 hrs,
demonstrates a concentration-dependent toxicity for both neuronal populations and total
cell populations. Neuronal cell loss is significantly greater than that of total cell
populations following exposure to 100 uM and 200 UM HNE. * p<0.0l1 (one-way

ANOVA, Tukey/Kramer analysis).
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Figure 25. Preferential sparing of NOS-positive neurons with concomitant down-
regulation of NOS activity. A) NOS neurons show preferential survival as compared to
total neuronal populations upon 24 hr exposure to 100 uM HNE and upon 72 hr exposure
of cultures to S0 uM HNE. *p<0.01 (two-tailed Student's ¢ test). B) NOS neurons
exposed to 50 uM HNE for 72 hrs exhibit a significant down-regulation of NOS activity
compared to controls, indicated by NADPH-diaphorase staining intensity. Increasing
grayscale values are indicative of a decreasing staining intensity. For this experiment,
n=102 points at which grayscale values were evaluated for each experimental treatment.
Grayscale values were taken at three separate points within each neuron evaluated.
*p<0.01 (two-tailed Student’s ¢ test). C) NADPH-diaphorase staining intensity, indicative

of NOS activity, is visibly reduced in HNE-treated cultures as compared to controls. Bars

indicate 100 microns.
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further cell loss occurred during the additional 48 hr exposure to 50 uM HNE, and, at the
72 hr time point, little active apoptosis was observed. These observations indicate that the
majority of apoptosis occurred during the first 24 hr exposure to HNE. Preferential
sparing of NOS-positive neurons remained after 72 hr HNE exposure (Fig. 25A),
although the intensity of NADPH-diaphorase staining indicated a significant down-
regulation of NOS activity in these cells (Fig. 25B, 25C).
SNP toxicity

Exposure of 7 day-old enteric neuronal cultures to varying concentrations (0.1
mM, 0.5 mM, 1 mM) of sodium nitroprusside (SNP) for 24 hrs was observed to induce
neuronal cell death in a concentration-dependent manner (Fig. 26A). For all
concentrations of SNP tested, neurons exhibited far greater susceptibility to SNP insult
than did fibroblasts and glial cells. Typically, SNP exposure caused a pronounced
retraction of processes, pyknosis of cell bodies, and clumping of neurons.

Hydrogen peroxide toxicity

Within 24 hrs of application to the feeding medium of 7 day-old enteric neuronal
cultures, H>O» induced neuronal cell death. This neurotoxicity was concentration-
dependent, with minimal neuronal death induced at 1uM concentrations, whilst virtually
all neurons died at 1 mM concentrations (Figure 26B). While neurons were preferentially
damaged at 10 and 100 uM concentrations, all cell types present were susceptible to toxic
insult in the presence of | mM H,O.. At all concentrations of H.O- tested, apoptosis was
the predominant mechanism of neuronal cell death (see Fig. 23).

Menadione toxicity

Exposure of neuronal cell cultures to menadione, an endogenous generator of
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Figure 26. SNP, H;O: and menadione demonstrate concentration-dependent
toxicities in cultured enteric neurons. A) 24 hr exposure of enteric neuronal cultures to
concentrations of 0.1 mM to | mM SNP induced concentration-dependent neuronal cell
loss. B) Significant neuronal loss occurred in cultures exposed to concentrations of 10
uM, 100 uM, and 1 mM H>O0,, which induced concentration-dependent toxicity in these
cultures. In C), concentrations of 10 uM-100 pM menadione induced significant

neuronal cell death in cultures in a concentration-dependent manner. In all cases,

*p<0.01 (one-way ANOVA, Tukey/Kramer analysis).

130



H,O,, induced cell death in a concentration-dependent manner (Fig. 26C). 10 uM
and100 pM menadione induced markedly more neuronal cell death than did the same
concentrations of HO». Widespread death was observed in all cell types with exposure
to 100 uM menadione concentrations.
Combined H>0> and SNP_Exposure

Combined application of H.0» and SNP for 24 hrs to enteric cultures induced
neuronal cell death at very low toxin concentrations (Fig. 27). Exposure to 0.5 mM SNP
or 10 uM H,O- individually induced significant, though small amounts of neuronal cell

death, while 1 uM H>O- did not itself induce any significant neurotoxicity in cultures. In
combination, however, these otherwise low-toxicity doses were highly toxic to cultured
neurons. Combination of 1 uM or 10 uM H>O0: with 0.5 mM SNP induced significantly
more neurodegeneration than the sum of neurodegeneration induced by these compounds
individually.
Neuroprotective effects of GDNF

GDNF (10 ng/ml) application to 7 day enteric cell cultures did not itself have any
pronounced effects upon neuronal survival (Fig. 28). 24 hr pretreatment of enteric
cultures with GDNF was assayed to determine its neuroprotective ability against anoxia-
reoxygenation insult, H>O, insult, SNP insult, and combined insult of H,O, + SNP at
equieffective concentrations (those which induced approximately 50% neuronal cell
death after 24 hr exposure). GDNF pretreatment did not significantly attenuate the
toxicity of anoxia-reoxygenation insult, SNP insult, or combined H,0. + SNP insult.
Indeed, for 1 hr anoxia-reoxygenation insult that induced the loss of 48.12% + 9.83% of

enteric neurons, 47.3% + 6.9% neuronal loss occurred with GDNF pretreatment.
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Figure 27. H,O; potentiates the toxic properties of SNP on cuitured enteric neurons.
Combinations of 0.5 mM SNP + 1 uM H»0; and 0.5 mM SNP + 10 uM H>0- induced
significantly more neuronal cell death than would result given an additive toxicity of the
individual toxins. Significant neuronal cell death was induced by 0.5 mM SNP, 10 uM
H>O,, 0.5 mM SNP + | uM H>0, and 0.5 mM SNP + 10 uM H;0,. *p<0.01 (one-way

ANOVA, Tukey/Kramer analysis).
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Figure 28. Ability of GDNF to protect neurons against specific neurotoxic insults.
100 uM H,O- exposure for 24 hrs induced cell death in approximately 50% of cuitured
ENS neurons. 24 hr pretreatment of ENS cultures with 10ng/ml GDNF prior to such
insult effectively prevented this H»O, —induced neurodegeneration. In contrast, GDNF
pretreatment did not significantly aiter the neurotoxicity induced by either | mM SNP or

0.5 mM SNP + | uM H20>. *p<0.01 (one-way ANOVA, Tukey/Kramer analysis).
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However, GDNF pretreatment effectively prevented H,O-»-induced neuronal cell death.
Cortical culture responses to hypoxic/anoxic insults

Cultured cortical neurons, whose susceptibility to hypoxia-reoxygenation and
anoxia-reoxygenation injury has been previously characterized (Goldberg et al., 1987),
were employed as positive controls in hypoxia/anoxia experiments. In previous
experiments using murine cortical cultures, the vast majority of neurons (80-100%)
degenerated following 6 hrs or more of anoxia, whereas little change in neuronal cultures
was observed with anoxic exposure of less than 6 hrs duration (Goldberg et al., 1987).
Similarly, in our rat cortical cultures, cell death ranged from 32.13% + 16.79% of total
neurons following 1 hr anoxia, to 56.58% + 11.96% of total neurons following 3 hrs
anoxia, to 92.46% + 5.73% of total neurons degenerating following 6 hrs anoxia. The
similarity of the neuronal death responses to anoxia-reoxygenation insult in our cortical
neuron cultures to those published previously lends credence to our experimental
protocol, and permits some comparison between CNS and ENS susceptibility to such
insults.

ENS culture responses to hvpoxic/anoxic insults

The effects of hypoxia-reoxygenation and anoxia-reoxygenation insult on cell
survival in ENS cultures are shown in Figures 29A and 29B. Whereas complete oxygen
deprivation was cytotoxic for both neurons and non-neuronal cells, no significant cell
death occurred in response to the oxygen deficiency of hypoxia-reoxygenation. In
cultures exposed to anoxia-reoxygenation insult, significant neuronal loss occurred under
all experimental conditions tested. Thus, for cultured enteric neurons, significant

neuronal loss occurs following even only 1 hr of anoxia, as determined 23 hrs following
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initiation of reoxygenation. Almost complete neuronal loss occurs upon exposure to 6
hrs anoxia followed by 18 hrs reoxygenation, or following 24 hrs anoxia alone. In these
experiments, increases in neuronal cell death corresponded with increases in anoxic
exposure.

Both neuronal and non-neuronal survival were impaired by anoxia-reoxygenation
insult in these 24 hr experiments (see Figures 29A and 29B). However, non-neuronal
cells showed far less sensitivity to anoxia-reoxygenation-induced cytotoxicity than did
enteric neurons. Significant loss of non-neuronal cells occurred only following 6 hr
anoxia — 18 hr reoxygenation and 24 hr anoxic insults, whereas significant neuronal cell
loss was observed following all anoxia-reoxygenation insults tested.

Elucidation of anoxia and reoxygenation processes in ENS degeneration

In further experiments, the roles of anoxia and reoxygenation in neuronal cell
death were examined. Anoxia alone was observed to induce enteric neurodegeneration.
As the duration of anoxic insult was increased, neurodegeneration increased in ENS
cultures (Figure 30). Reoxygenation following anoxic exposure also contributed to the
neurodegeneration of ENS cultures (Figure 30). For both of the insult durations
examined, both anoxia and anoxia-reoxygenation insults induced significant neuronal cell
loss; however, significantly more neuronal cell loss occurred in response to anoxia-
reoxygenation insult than to anoxic insult of the same total duration. 3 hrs anoxia induced
approximately 20% enteric neuronal cell loss in cultures. Subsequent reoxygenation of
cultures for 2 hrs induced a further approximately 60% neuronal cell loss, as compared to
mere additional 30% neuronal cell loss when anoxia was continued for the same 2 hr

period (Figure 30).
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Figure 29. Survival of cultured enteric neurons and non-neuronal cells exposed to
hypoxia-reoxygenation and anoxia-reoxygenation insults. No significant cell loss
occurred as a result of hypoxia-reoxygenation (0> = 2% ) for any of the experimental
insults tested. A. Significant neuronal cell loss was observed at all anoxia-reoxygenation
insults tested (02 <0.01%). Increases in neuronal cell loss correspond with increases in
anoxic exposure duration. B. In contrast to neurons, non-neuronal cells in culture (glia
and fibroblasts) were highly resistant to anoxia-reoxygenation insult. Significant cell loss
occurred only in response to 6 hr anoxia-18 hr reoxygenation and 24 hr anoxia insults.

*p<0.01 (one-way ANOVA followed by post-hoc Tukey/Kramer analysis).
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Figure 30. Comparison of the toxicity of anoxia and anoxia-reoxygenation insults
on enteric neuronal cultures. Anoxia induced enteric neurodegeneration in our ENS
cultures. Significant neuronal death also occurred during the reoxygenation period
following anoxic insult (3 hrs anoxia vs. 3 hrs anoxia followed by 2 hrs reoxygenation).
Substantially more neuronal cell death occurred in response to anoxia-reoxygenation
insult than to anoxic insult for equivalent time periods (3 hrs and S hrs total insult) -
indicating the importance of reoxygenation in neuronal injury. These results demonstrate
that, for this time course of injury, reoxygenation demonstrated greater toxicity for
cultured enteric neurons than did an equivalent time period of anoxia. *p<0.01 (one-way

ANOV A followed by post-hoc Tukey/Kramer analysis).
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Discussion

We report here the successful development of a protocol for culturing dissociated
enteric neurons from the myenteric plexus of the adult rat ileum and the suitability of
these cultures for electrophysiological and neurotoxicological experimentation. This
protocol incorporates an enzymatic digestion followed by mechanical dispersion similar
to the method first developed for neonatal myenteric plexus culture by Nishi and Willard
(1985). Similar to these neonatal cultures, our enteric cell cultures from adult animals
were composed exclusively of neurons, glial cells, and occasional isolated fibroblasts.
The high quality of neurons in our cell cultures may in part be due to the presence of glia
since it has been reported that neuron-glial cell co-culture improves neuronal survival
over that seen during the selective culture of neurons (Saffrey et al., 1991).

Within the dissection, dissociation, and culture processes, several steps are
intrinsic to the success of these ENS cultures of myenteric neurons from the adult rat
ileum. An initial rapid isolation of ileal tissue from the sacrificed animal is required to
minimize hypoxic damage to this tissue. The continuous oxygenation of tissue prior to,
during, and following dissection also minimizes hypoxic damage of cells. Adult tissue
dissection procedures differ from embryonic and neonatal tissue dissection procedures, in
which it is seldom necessary to oxygenate tissue preparation solutions due to the largely
anaerobic metabolism of these tissues (Higgins and Banker, 1998). In contrast,
incubation of tissues in 4°C Kreb’s solution is a common procedure in both neonatal and
adult ENS culture protocols, and is employed for maintenance of tissue viability and for

minimization of degenerative changes (Hanani et al., 2000; Kirchgessner et al., 1997).
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Isolation of the myenteric plexus is a far more difficult procedure in the adult
animal than in fetal or neonatal animals due to the presence of fully developed connective
tissue sheaths and intestinal tissue layers. Dissection to remove surrounding intestinal
tissue layers is commonly performed for the culture of ENS neurons (Kirchgessner et al.,
1997; Nishi and Willard, 1985; Hanani et al., 2000). Although this is a time-consuming
process, it is considered necessary both to prevent contamination of cultures with
unwanted cell types and to minimize the amount of harsh enzymatic digestion required to
dissociate tissue. This dissection procedure permits precise recognition and clean
dissection of the region of interest, key to successful culture of neurons (Higgins and
Banker, 1998).

In ali cell culture protocols, it is necessary to maintain tissue and cells in
osmotically balanced solutions at physiological pH for all stages of dissection,
dissociation and culture (Higgins and Banker, 1998). In our protocol, Kreb’s solution
was used during tissue dissection, as is standard (Hanani et al., 2000; Kirchgessner et al.,
1997). During dissociation, cells were maintained in Hank’s balanced salt solution
(HBSS) and a Leibovitz’s L-15 medium based solution. These solutions are ideal for
maintaining cell viability during dissociation procedures, as they provide pH buffering
capability in an ambient atmosphere (Higgins and Banker, 1998).

Our dissociation procedure was designed so as to permit efficient dissociation of
tissue with minimal damage to the cell types of interest. To that end, tissue was initially
digested in a papain-L-cysteine solution. Papain is a purified protease that is commonly
accepted to be less disruptive to cells than some other proteases such as trypsin, which

can destroy some classes of transmitter receptors on neurons (Segal et al., 1998; Allen et
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al., 1988). L-cysteine, a mild reducing agent, is included for its ability to fully activate
papain (Hatten et al., 1998). Following inactivation of papain by washes in serum-
containing medium, further tissue dissociation is effected by combined collagenase and
dispase treatment. Dispase, like papain, is a purified protease used when careful control
of the dissociation procedure is required. Collagenase is commonly used for the
dissociation of peripheral ganglia from older animals due to the significant amounts of
connective tissue present (Johnson and Argiro, 1983). Final mechanical dissociation was
accomplished by trituration, which mechanically shears tissue. Previous enzymatic
breakdown of cell association components facilitates the mechanical dispersion of cells,
minimizing the possibility of cell damage by this process (Higgins and Banker, 1998).

Cell cultures were maintained in a MEM-based medium supplemented with 2.5%
rat serum, 2mM glutamine, 15mM glucose, 100U penicillin-streptomycin, 10uM
fluorodeoxy-uridine, ImM cytosine arabinoside and 0.5mM uridine triphosphate. This
use of MEM-based media is standard for rat ENS cultures (Nishi and Willard, 1985),
while penicillin-streptomycin is commonly added to prevent bacterial contamination.
Fluorodeoxy-uridine and cytosine arabinoside minimize glial cell proliferation, while
addition of uridine triphosphate enhances neuronal survival by preventing inhibition of
RNA synthesis in these non-proliferating cells (Higgins and Banker, 1998). Rat serum
was added to our culture medium, as this type of serum, unlike horse or fetal bovine
serum, is capable of supporting long-term survival of the cultured rat ENS (Nishi and
Willard, 1985).

In initial experiments, our adult ENS cells were plated onto a collagen substrate,

as is commonly performed in neonatal cultures (Nishi and Willard, 1985). However,
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when subjected to experimental insult, large cell masses dislodged from the glass culture
well surface on which they were grown; producing virtual sheets of cells that sloughed
off of their plating surface. This cellular dissociation effectively prevented quantitation
and characterization of cell injury responses. Neuronal cultures are commonly plated
upon dishes coated with extracellular matrix proteins such as collagen or laminin, which
markedly enhance neuronal adhesion and growth in vitro. During neurodegeneration,
glial cells produce enzyme proteases that degrade extracellular matrix proteins such as
collagen, proteoglycan, and laminin (Gottschall and Deb, 1996). This degradation raises
problems for the in vitro study of neurodegeneration and neurotoxicity, as toxic insults
are likely to induce substrate degradation and sloughing off of adherent cells; preventing
evaluation and quantitation of toxicity. The use of other substrates such as the amino
acid poly-D-lysine, which promotes cell adherence by altering the surface charge on the
substrate (Lein et al., 1991), may circumvent this problem. However, the adhesion and
maintenance of different neuronal populations varies greatly between different substrates.
Thus, for use in neurotoxicological studies, a neuronal substrate that both optimally
promotes cellular adhesion and maintenance, and resists degradation upon insult must be
employed.

Following substrate optimization experiments, we found Matrigel matrix, a
commercially available basement membrane preparation, to optimally promote cell
adhesion and culture viability, and to resist digestion and degradation during cytotoxic
insult. Consequently, Matrigel was selected as the substrate upon which cells were plated
for neurotoxicological experiments. Fundamental requirements for the use of cell

cultures in toxicological experimentation are that cell death responses be readily
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identifiable and quantitable, and that specific cell death mechanisms be identifiable and
distinguishable. Within these cultures, neuronal numbers were easily counted within
both control and toxically insulted cultures; permitting quantitation of cell death
responses. Additionally, both necrotic and apoptotic cell death mechanisms were readily
identified by multiple means within our cultures; indicating the suitability of these ENS
cultures for neurotoxicological study.

Our cultured enteric neurons show morphological characteristics similar to those
described by Dogiel (1899) and Stach (1989) using sections and laminar preparations of
the enteric nerve layers. This suggests that the shapes of neuronal cell bodies, as well as
the number and morphology of their processes, are intrinsic properties of these cells that
have not been altered by the culture environment. The 48% Dogiel type I, 36% Dogiel
type II, 9% Stach type IV, and 7% indeterminate morphology composition present within
our ENS cultures corresponds with the general morphological distribution present in the
in vivo myenteric plexus. Although the proportions of morphological neuronal subtypes
in the rat ileum have not been determined in vivo, within the rat colon, 50% of myenteric
neurons are S type, and 40% are AH type neurons (Browning and Lees, 1996). As there
is a general, though imprecise, correspondence between Dogiel type I and S type neurons,
and between Dogiel type II and AH neurons (Cornelissen et al.,, 1999), approximately
50% of myenteric neurons in rat colon may be considered to be type I neurons, while
approximately 40% may be type II neurons. Quantitation of morphological subtypes has
also be performed in guinea-pig duodenum, in which 27% Dogiel type I, 54% Dogiel
type II, 9% Stach type IV, and 10% unclassified neurons were identified (Lees et al.,

1992). Although variations in the composition of enteric neuronal populations exist both
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between species and between intestinal regions (Schemann et al., 1995; Furness et al.,
1990; Ekblad et al, 1991; Wattchow et al., 1998; Sang and Young, 1996), the
percentages of individual morphological subtypes observed in our ENS cultures can be
considered to correspond to the general morphological subtype distribution characterized
in vivo.

Those cells types found in our cultures are those present within in vivo enteric
ganglia, which consist exclusively of tightly packed neurons, glial cells and their
processes covered by fibroblasts and collagen fibrils (Cook and Burnstock, 1976;
Gabella, 1972). The strong preference of neurons in our cultures for growth on glial cells
versus fibroblasts has previously been observed in explant cultures from several species,
including rat (Jessen et al., 1983). This type of selective adhesion is thought to be
involved in the normal morphogenesis of the enteric plexuses.

Previous electrophysiological studies using our ENS cultures have identified that
approximately 60% of neurons tested demonstrated typical AH responses and that
approximately 40% demonstrated typical electrophysiological S type responses (Poulter
et al., in re-submission). These in vitro findings resemble the 40% AH type neurons and
50% S type neurons identified in vivo for the rat colon (Browning and Lees, 1996).
Within the present study, the electrophysiological characteristics of morphologically
identified type II neurons were investigated. These neurons consistently demonstrated
the single-spike, after-hyperpolarization characteristics of type II/AH neurons, and
support the observed correspondence between specific morphological and
electrophysiological characteristics seen for in vivo myenteric neurons (Browning and

Lees, 1996).

143



The neurochemical subtypes identified in our culture correspond to those present
in vivo, and are similar in frequency and morphological characteristics (Krantis et al.,
1998, Nichols et al., 1995). In the myenteric plexus of adult rat ileum only 2.8% of
neurons show VIP-like immunoreactivity, similar to the 4.1% + 1.5% observed in vitro.
3.9% of myenteric neurons in vivo show Enk-like immunoreactivity, comparable to our
finding of 4.4% + 2.8% of total neurons expressing Met-Enk like immunoreactivity in
vitro. In our ENS cultures, 3.7% + 1.3% of neurons were SOM-immunoreactive,
comparable to the 2% of neurons that demonstrate SOM-like immunoreactivity in vivo
(Schultzberg et al., 1980). Although the percentage of GABAergic neurons in the
myenteric plexus of rat ileum have not been quantitated, they are considered to closely
correspond to the approximately 5% of total myenteric neurons that are GABAergic in
guinea pig myenteric plexus (Jessen et al., 1979; Nichols et al.,, 1995). These numbers
are similar to the 3.7% + 1.8% of total neurons identified as GABAergic in our enteric
cultures. In the myenteric plexus of adult rat ileum 16.4% of neurons display substance P
like immunoreactivity (Schultzberg et al., 1980). Within our cultures, 23.5% + 6.4% of
neurons were substance P-immunoreactive. Finally, our findings that 33.5% + 7.7% of
cultured neurons are NOS-positive are also in accordance with previous findings that
24.4% (Mann et al., 1999) or 30% (Nichols et al., 1993) of all myenteric neurons in the
adult rat ileum localize NOS. The correspondence of these neuronal subtype populations
with those found in vivo indicates an absence of selective survival of particular neuronal
populations in culture. Histochemical staining for nitric oxide synthase activity also

demonstrates the viability and functionality of these cultured neurons.
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In conclusion, we have established a method for primary culture of isolated adult
rat myenteric neurons. Seven day cultures of enteric neurons reveal morphologically
normal cells which demonstrate the electrophysiological and morphological
characteristics, the chemical markers, and neurochemical properties of in vivo tissues.
This cell culture protocol facilitates characterization and investigation of adult enteric
neurons, and provides a physiologically relevant system for in vitro studies of the adult
ENS. In addition, the ability to readily observe cell death and to distinguish, by multiple
means, between cell death mechanisms within our neuronal cultures makes them ideal for
use in neurotoxicological experiments. The quantitation of neuronal survival possible in
these cultures will allow for characterization of ENS responses to toxic insult.

In this study, cryopreserved neurons were determined to be effectively identical to
their freshly-plated counterparts, and we suggest their interchangeable use for
experimentation. The viability of enteric neurons in culture was not significantly
impaired, nor were cellular characteristics markedly altered by the cryopreservation
process. For cryopreserved cells, the time course of morphological cell differentiation
following plating was remarkably similar to that of freshly plated control cultures
(Chapter 2). Additionally, those cell types present and the ratio of neurons to non-
neuronal cells in culture were preserved following cryopreservation. In this study,
neuronal cultures were frozen for 7 days without any quantitative changes in viability,
and cells that have been frozen for 3 months thrive in culture.

Cryopreserved neurons retained those electrophysiological, morphological, and
neurochemical characteristics of both freshly plated ENS cultures and their in vivo

counterparts. The peak amplitudes, spiking limitations, and after-hyperpolarization
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characteristics of the specific Dogiel type II neurons investigated within cryopreserved
neurons were virtually identical to those of type II neurons both in vivo and in freshly
plated enteric cultures (Hanani et al., 2000). The percentage composition of
morphological subtypes has not been specifically determined for the rat ileum in vivo.
However, the percentages of different morphological neuronal subtypes found in our
cryopreserved ENS cultures roughly approximates those found in rat colon and guinea-
pig duodenum (Browning and Lees, 1996; Lees et al., 1992), and are consistent with
those found in freshly plated ENS cultures. All neurochemical subtypes investigated
were determined to be present in cryopreserved cultures at concentrations highly similar
to those present in both freshly plated cultures and in vivo (Schultzberg et al., 1980;
Jessen et al., 1979; Nichols et al., 1993; 1995; Mann et al., 1999). The observation that
all neuronal subtypes identified in freshly plated ENS cultures are present in similar
proportions in cryopreserved ENS cultures suggests a common resistance of all enteric
neuronal subtypes to the freeze-thaw stresses of this cryopreservation procedure.

Thus, we have established the viability for cryopreservation storage of isolated
adult rat enteric neurons. Seven-day cultures of these frozen cells reveal morphologically
normal cells that demonstrate the morphological electrophysiological and neurochemical
characteristics of their freshly plated counterparts. Furthermore, there was no significant
loss of neuronal viability as a result of cryopreservation. This cryopreservation
procedure will be very useful for collaborative work due to the transportability of frozen
cells between laboratories, and should facilitate our studies of cultured adult rat enteric

neurons.
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In this investigation for identification of specific inducers of ENS neurotoxicity, we
provide the first direct evidence that HNE, a major product of lipid peroxidation and
mediator of cellular damage associated with oxidative stress (Esterbauer et al., 1991;
Chen and Yu, 1994; Chen et al., 1997; Tsukamoto et al, 1995), induces
neurodegeneration in primary cultures of rat intestinal myenteric neurons. Our results
indicate that both lipid peroxidation and oxidative stress mechanisms act to damage
myenteric neurons, similar to their actions in CNS neurodegeneration (Bredesen, 1995;
Keller et al., 1997; Blanc et al., 1997; Kruman et al., 1997; Kirchgessner et al., 1997;
Mark et al., 1997).

Our experiments demonstrate the greater sensitivity of myenteric neurons to HNE
insult as compared to glial cells and fibroblasts in culture. However, we also observed a
subset of myenteric neurons, the NO synthesizing neurons, to be preferentially resistant
to HNE-induced neurotoxicity. Interestingly, in a previous study of surgical specimens
from Hirschsprung’s Disease patients, workers in our laboratory observed that NO-
related innervation of the human colon is uniquely unaffected in some patients, with
preservation of a subpopulation of NO synthesizing myenteric neurons (Cuffari et al.,
1993). Similarly, in a study of idiopathic chronic constipation tissue, the low total neuron
density within the myenteric plexus contrasted with the high density of NO synthase
(NOS)-positive neurons (Cortesini et al., 1995). Thus, our observation of NOS neuron
resistance to toxic insult has clinical correlations in the diseased human ENS.

The properties underlying the selective resistance of enteric NOS neurons to
HNE-induced damage are unclear. We observed a down-regulation of NOS activity in

the myenteric NOS neurons resistant to HNE-induced apoptosis, which may represent a
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temporary down-regulation of cellular functions as apoptosis-combating mechanisms are
employed. Alternatively, NO production may be down-regulated as other neuronal
subpopulations, which normally act as targets for NO neurotransmitter activity,
degenerate in response to HNE insult. We propose that the high levels of mitochondrial
manganese superoxide dismutase (MnSOD) present in enteric NOS neurons (Fang &
Christensen, 1995) are most likely to provide protection against HNE-induced damage in
this cell type. MnSOD acts to detoxify oxygen free radicals (Buechter, 1988), and its
overexpression in cultured cortical neurons provides dramatic protection against ROS-
mediated toxicity (Gonzalez-Zulueta et al., 1998).

In our experiments, we examined the involvement of the free radical NO in
enteric neurodegeneration using the NO donor SNP. Due to the high instability and short
half-life of NO, a variety of NO donors, which themselves have only low intrinsic
toxicity, are commonly utilized to slowly release nitric oxide, and any observed effects
are generally ascribed to NO itself (Beckman and Koppenol, 1996). While previous
enteric nervous system studies (Hogaboam et al., 1995) have suggested NO may have
some involvement in enteric neuronal damage, our findings represent the first direct
evidence of a role that NO actions on the ENS induce enteric neurodegeneration in a
concentration-dependent manner.

In this study, exposure of myenteric cell cultures to exogenous H,O- precipitated
neuronal apoptosis which was accompanied by necrosis at higher concentrations; similar
to its effects in cortical and striatal cells (Bonfoco et al., 1995; Desagher et al., 1996;
Whittemore et al., 1994). As seen in CNS cultures (Beckman et al., 1993; Whittemore et

al., 1994), H,O- had greater toxicity for neurons than for non-neuronal cells present in our
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enteric cell cultures. These differences in cell-type sensitivity to H,O» may be due to
differing capacities of cell types to metabolize and detoxify the toxin.

In our culture system, the actions of exogenous H,0O, were confirmed in study of
the neurodegenerative effects of endogenously-generated H,O.. As H»0,, like most
ROS, has high reactivity and a short half-life, endogenous generators of H,O, are
commonly employed to ensure the slow generation and release of H.O- into the system of
interest. The neurotoxic properties of menadione, which is taken up by cells and produces
superoxide anions and H,O: via redox cycling (White and Clark, 1988), were similar to
those of exogenous H>O», except that menadione induced significantly more toxicity in
neurons than could be obtained with the same concentration of H.O.. The greater
neurotoxicity of menadione as compared to H»O» may be due to interaction of the
superoxide and H,O,, both generated by menadione breakdown to produce highly toxic
hydroxyl radicals (Stark and Szurszeweski, 1992; Desagher et al., 1996).

The toxicity of NO within cells is known to be greatly enhanced by diffusion-
limited reaction with superoxide (a product of H.O,), to produce the powerful and toxic
oxidant, peroxynitrite (Beckman et al., 1990; Beckman and Koppenol, 1996). In our
experiments the combined neurotoxic effects of given concentrations of H>O» and the NO
donor SNP were found to be significantly greater than the sum of their individual
toxicities. We suggest that a diffusion-limited reaction between H>0-» and SNP to produce
peroxynitrite in our experiments is reflected in the defined minimal concentrations of
these compounds required for neurotoxicity to be potentiated, and by the increase in

potentiation observed with increasing H,O» and SNP concentrations.
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The reactive oxygen species examined in this in vitro study generally induce ENS
neurotoxicity at physiologically relevant concentrations. There in a paucity of data on in
vivo ROS concentrations in the vicinity of the ENS, however, some data exists on ROS
concentrations within the intestine during inflammatory or toxic injury. Although a
significant body of evidence indicates that H,O, plays an important role in the injury
underlying several intestinal disorders (Williams et al., 1990; Halliwell et al., 1992;
Harris et al., 1992), it is difficult to accurately measure H>O» concentrations under
physiological or pathophysiological conditions due to its very short half-life. Estimates
of H»O, levels produced during toxic insult to the intestine are in the order of 0.5 mM
concentrations. Previous experiments have also noted that 0.5 mM - 10 mM H,O»
induces intestinal epithelial cell injury in vitro (Rao et al., 1997). Thus, our observation
of H,O» —induced neurodegeneration at 10 uM —~ 1 mM concentrations is consistent both
with those concentrations at which H,O, injures other intestinal cell types, and with those
concentrations present during intestinal pathogenesis. Similarly, the concentrations of the

NO donor SNP used in our experiments (0.1 pM — 1 mM) were in the same concentration

range as those used to induce injury in isolated intestinal epithelial cells (1 uM -1 mM)
(Tepperman et al., 1994; 1998).

Enteric neurons in our culture system proved to be highly resistant to damage and
degeneration induced by 2% O hypoxia-reoxygenation insult. Bouts of mild
inflammation regularly occur within the gastrointestinal system (Collins, 1996), and
tissue hypoxia is a common result of such inflammation. ENS resistance to such hypoxic
insult would be advantageous for the maintenance of normal GI function in this variable

environment. That ENS neurodegeneration has not been reported following such bouts
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of mild intestinal inflammation is consistent with our in vitro observations of ENS
resistance to hypoxic insult. CNS neurons also demonstrate resistance to hypoxic insult
(Goldberg et al., 1987; 1988) which is attributed to multiple adaptive responses active
within these cells. These neuronal adaptive responses to hypoxia include metabolic
down-regulation, ionic-induced activation of O. receptors, and the up-regulation of
certain genes; all of which enhance the systemic delivery of oxygen, promote energy
conservation, and help to maintain membrane integrity (Boutilier and St-Pierre, 2000).
Ion channels such as ATP sensitive K+ channels, activated by hypoxia, attenuate cellular
depolarization and contribute to cellular resistance to hypoxic insult (Haddad and Jiang,
1994). Hypoxia also induces the expression hypoxia-induced expression of genes
encoding such anti-apoptotic and survival factors as c-Jun, bFGF, bcl-2, and NGF, that
are associated with prevention of neuronal cell apoptosis (Banasiak et al.. 1999; Yun et
al., 1997). Such mechanisms may also underlie enteric neuronal resistance to hypoxia,
and will be investigated in further studies.

In this study, anoxic insult alone was demonstrated to induce enteric
neurodegeneration, with neuronal cell loss increasing with increasing anoxic exposure
duration. The reoxygenation processes following anoxia were also demonstrated to
contribute to neuronal cell death, as the addition of reoxygenation periods subsequent to
anoxia induced substantially greater neurodegeneration than did anoxia alone. Further
studies indicated that increased anoxic exposure induced substantially less
neurodegeneration than did reoxygenation of cultures for that same time period. These
findings suggest that reoxygenation itself is capable of initiating cell death processes in

enteric neurons, and that this reoxygenation period does not merely serve to provide

151



further opportunity for anoxia-induced neurodegeneration processes to occur. These
findings also indicate that anoxic insult in some way alters enteric neuronal responses to
normoxic conditions. Whereas neurons do not normally die in the presence of 5% CO,,
95% air, prior O» deprivation renders this gaseous mixture toxic to neurons during the
reoxygenation process.

Our findings of enteric neuronal resistance to hypoxia-reoxygenation insult, and
marked susceptibility to injury by anoxia-reoxygenation insult are similar to those
observed in cultured CNS neurons (Goldberg et al., 1987; 1988). Such similarities
between anoxia-induced injury in our enteric neurons and that in CNS neurons suggest
that anoxia injures enteric and central neurons by similar mechanisms, including
depletion of intracellular energy sources, pH decreases to damaging acidic levels, anoxic
depolarization, membrane permeability abnormalities, and increases in intracellular Ca™
levels that induce neuronal damage (Maulucci-Gedde and Choi, 1987; Choi, 1987; White
and Reynolds, 1997; Budd, 1998; Tombaugh and Sapolsky, 1993).

Our observations that both anoxia and subsequent reoxygenation contribute to
neuronal cell death in our ENS cultures have also been noted in CNS cultures (Saikumar
et al., 1998). In CNS neurons, anoxia activates multiple degradative systems to induce
cell death by necrosis. Apoptosis, which is an active process requiring energy, is
commonly prevented during anoxia due to depletion of cellular energy sources (Toescu,
1998; Renvoize et al., 1998). In neurons subjected to sublethal anoxic injury, restoration
of aerobic glycolysis during reoxygenation replenishes cellular energy sources.
Reoxygenation thus generates the energy required for apoptotic processes to occur in

cells damaged by anoxic injury (Saikumar et al., 1998). However, if permanent
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mitochondrial damage occurs during anoxia, impairing neuronal respiration, these cells
will die necrotically due to prolonged ATP depletion either during anoxia or subsequent
reoxygenation processes (Eguchi et al., 1997; Leist et al., 1997; Saikumar et al., 1998).
We propose that such processes also underlie the neurodegeneration that occurs in
response to anoxia and reoxygenation insults.

Glial cell \viability was largely unaffected by either anoxia or
anoxia/reoxygenation in our cultures, similar to that seen in CNS glial cultures (Goldberg
et al., 1987; Giffard et al., 1992). Although the mechanisms underlying the resistance of
glia to hypoxic damage have not been characterized in our experiments, we suggest their
similarity to putative mechanisms identified within other glial populations. For example,
within cultured CNS glia, up-regulation of the stress protein "protein-disulfide
isomerase” is thought to play a critical role in the resistance of these cells to hypoxic and
anoxic damage (Tanaka et al., 2000).

This study establishes the ability of anoxia-reoxygenation to directly induce the
degeneration of enteric neurons, and suggests that such processes may be involved in the
ENS degeneration associated with intestinal ischemia/anoxia in clinical disease. The
marked resistance of ENS neurons to hypoxia contrasts with their high susceptibility to
anoxia; suggesting that even mild relief from anoxia/ischemia may substantially reduce
damage to enteric neurons in vivo. These findings merit further investigation of the role
of intestinal anoxia/ischemia on ENS viability in vivo and in disease pathogenesis.
Investigations of anoxic injury in the ENS are likely to benefit from the extensive
experimentation performed within the CNS. With the suggested similarities between

intracellular damage mechanisms in the ENS and the CNS, current therapeutic treatments
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to prevent and/or attenuate CNS neurodegeneration present as likely candidate treatments
for such degeneration in the ENS. Ischemic injury and enteric neurodegeneration have
widespread occurrence within intestinal disease, and can produce severe damage.
Elucidation of their relationship within disease pathogenesis represents the initial step
towards development of therapeutic treatments for such clinical damage.

An important finding of our study with therapeutic potential was the ability of
GDNF, at a concentration which reduces apoptosis in central dopaminergic neurons in
vitro (Clarkson et al., 1995; 1997), to selectively protect cultured myenteric neurons from
apoptosis induced by H,O,, but not that induced by anoxia-reoxygenation insult, by SNP,
or by combined H-O> and SNP insult. This represents the first evidence for a
neuroprotective action of GDNF in adult enteric neurons. These findings suggest that
GDNF may act as an endogenous neuroprotective factor in the ENS, which may have
potential clinical application for the development of agents to protect against enteric
neurodegeneration. However, the selectivity of GDNF neuroprotection in our study is
intriguing. In the CNS, it is known that different apoptotic stimuli can invoke divergent
apoptotic pathways (Taylor et al., 1997), and that for central neurons undergoing
oxidative stress the survival-promoting effects of neurotrophins require activation of
distinct anti-apoptotic signal transduction pathways (Skaper et al., 1998; Hetman et al.,
1999). We suggest that H»O: induces a separate apoptotic signal transduction pathway
from those of peroxynitrite and SNP within enteric neurons. Thus, the ability of GDNF
to selectively attenuate H>O»-induced neurodegeneration in cultured enteric neurons may

be due either to GDNF interaction with a product of intracellular H,O» reaction not
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generated during SNP or peroxynitrite-induced damage, or to GDNF interference with
that apoptotic pathway initiated by H,O,, but not that initiated by SNP or peroxynitrite.

In summary, our characterization of the sensitivity of cultured myenteric neurons
to both early and late stage mediators of lipid peroxidation and oxidative stress
establishes these processes as potential mechanisms of enteric neurodegeneration in vivo.
The potent protection against particular oxidative stress-induced injuries in myenteric
neurons by applied GDNF identifies this neurotrophin as a potential enteric
neuroprotective agent. /n vivo, GDNF is present in the adult gut wall, located primarily in
the smooth muscle surrounding enteric ganglia (Peters et al., 1998), while the GDNF
receptor (Ret) is found in enteric neurons but not associated glia (Bar et al., 1997). Given
the in vivo production of GDNF in the adult intestine in close proximity to enteric
neurons, and the potential for these neurons to respond to GDNF actions, GDNF
represents a candidate endogenous neuroprotective agent for the adult ENS. We suggest
that GDNF represents a potential therapeutic treatment for treating gastrointestinal

diseases in which neuronal injury is a pathogenic feature.
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Chapter 3

Sensitization to the effects of tumor necrosis factor-a:: macrophage-dependent and -

independent actions of rhTNF on enteric neuron function and viability
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Abstract

Degeneration of enteric neurons within the gastrointestinal tract disrupts intestinal
motility, impairs intestinal absorption, and can cause weight loss and malnutrition.
Clinically, ENS degeneration has been noted as a feature of inflammatory bowel disease
(IBD). Current experimental therapies focus on reducing effective tumor necrosis factor-
o (TNF-a) concentrations for attenuation of IBD symptoms. However, the role that
TNF-a plays in inflammatory intestinal damage mechanisms is unclear, as are its actions
on specific intestinal cell types including enteric neurons. This study determined that, in
the absence of overt inflammation, systemic injection of low-dose thTNF (1.5 nmoles/kg)
induced functional alterations in the murine intestine including epithelial apoptosis, stem
cell activation, crypt cell proliferation, and neurochemical alterations in enteric neurons.
In vitro studies confirmed these actions of rhTNF on enteric neurons, and demonstrated
that, in the presence of macrophages, comparable (1.5nM) rhTNF doses induced
substantial degeneration of enteric neurons. These results indicate that the ability of
rhTNF to injure the intestinal mucosa and alter enteric neuronal function is independent
of inflammatory macrophage infiltration, whereas the ability of this cytokine to induce
enteric neurodegeneration is macrophage dependent. rhTNF also demonstrated the
ability to sensitize intestinal tissues to the effects of further exposure to this cytokine.
This self-sensitization phenomenon displayed both a time-dependency of action and
regional specificity within the murine intestine. These findings further knowledge of
TNF-a actions in the gastrointestinal tract, and are of direct relevance to the therapeutic

targeting of TNF-a in inflammatory GI diseases.
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Introduction

Tumor necrosis factor-a (TNF-o) is an important mediator of inflammatory
bowel disease (IBD) pathogenesis, as increased concentrations of this cytokine maintain
and amplify the inflammation characteristic of IBD (Murch et al., 1993). The correlation
between elevated TNF-a production and IBD pathogenesis has been described in several
animal models employing specific neutralizing antibodies and cytokine gene knockouts
(Neurath et al., 1997; Powrie et al.,, 1994; Watkins, 1997), as well as in human IBD
patients (Hadziselimovic et al., 1995; Gardiner et al., 1995). Most convincingly, a
critical role for TNF-a in the pathophysiology of human IBD has been demonstrated in
clinical trials that report the effectiveness of a single dose of anti-TNF monoclonal
antibody in healing patients with treatment-refractory IBD (Targan et al., 1997; Neurath
et al.,, 1997; Derkx et al., 1993; Van Dullemen et al., 1995; Murthy et al., 1999).
However, the exact role of TNF-a in inflammatory intestinal damage has not been fully
elucidated, and there is a paucity of information on specific TNF-a actions at the cellular
level within the intestine. It is particularly unclear whether TNF-a merely induces
intestinal inflammation that then effectuates intestinal damage, whether TNF-a itself
damages intestinal tissues, or whether TNF-a acts in conjunction with inflammatory cells
to damage intestinal tissues during disease pathogenesis. In this study, we intend to
investigate the specific actions of elevated TNF-a concentrations, in the absence of overt
inflammation, on intestinal tissues, and to determine the involvement of inflammatory
cells such as macrophages in these TNF-a actions.

Functional alterations, axonal necrosis and ganglion cell degeneration in the

enteric nervous system (ENS) can occur within IBD (Dvorak, 1990; Steinhoff et al.,
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1988). To date, mechanisms of enteric neurodegeneration within IBD have not been
identified. However, TNF-a, which has been shown to alter neurotransmitter expression
in the ENS (Hurst and Collins, 1994), and thereby affect enteric neuronal function, has
been identified as a putative mediator of altered ENS function during intestinal
inflammation, and may also be involved in inflammatory degeneration of the ENS.
Indeed, many of the motility disturbances of IBD are hypothesized to result from TNF-a
disruption of enteric neurotransmission (Hurst and Collins, 1993) and/or cytokine
induced enteric neural damage (Collins, 1996). A focus of this paper will be the
elucidation of TNF-a actions, both macrophage-dependent and —independent, on enteric
neuronal function and viability.

Several chemical agents including glucocorticoid receptor antagonists, cytokines,
galactosamine, lipopolysaccharide, and some bacterial infections are known to pre-
sensitize cells and tissues to recombinant human TNF-a (thTNF) toxicity (Brouckaert et
al., 1992; Lehmann et al., 1987; Everaerdt et al., 1989; Rothstein and Schreiber, 1988;
Matsuura and Galanos, 1990). We have recently shown that rhTNF also sensitizes
hormone levels, central neurotransmitter activity, and animal behavior to the effects of
further rhTNF exposure (Hayley et al.,, 1999). Gastrointestinal studies suggest that
sensitization processes also occur within these tissues. These findings indicate that initial
injury may sensitize intestinal tissues to the effects of further gastrointestinal insults, and
that cytokine actions may be involved in this increased gut susceptibility to injury. For
example, in rat models of ulcerative colitis, previous colitis renders the colon more
susceptible to the effects of stress on enteric nerve function and increases some

parameters of inflammation (Collins et al., 1996). Additionally, the nature of gut
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inflammation (acute vs. chronic) and the frequency of cytokine exposure influences
intestinal reactions to inflammatory cytokines such as IL-1 and TNF-o, with initial
reactions differing from subsequent reactions (Kojouharoff et al., 1997). We hypothesize
that, as in CNS tissues, TNF-a sensitizes gastrointestinal tissues to the effects of further
TNF-a exposure. We intend to investigate this proposed phenomenon in the context of
our studies of TNF-a actions on intestinal tissue, and on enteric neurons in particular.
Understanding the specific effects of pro-inflammatory cytokine exposure and re-
exposure upon the intestine would provide important information for the development of

therapeutic strategies to treat inflammatory gastrointestinal diseases.
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Materials and Methods
Animals

Male CD-1 mice, 8-10 weeks of age and approximately 40 g in weight, were
obtained from Charles River (Laprairie, Quebec, Canada). Animals were maintained on a
12 hour light/dark cycle, and mice were permitted an ad libitum diet of Ralston Purina
(St. Louis, MO) mouse chow. All experiments performed were approved by the Carleton
University Committee for Animal Care and met the guidelines set out by the Canadian
Council on Animal Care.

TNF injection protocol

Mice were transferred from the colony holding area to the testing area 24 hrs prior
to initial or second injections to permit acclimatization to the testing environment.
Animals received an initial intraperitoneal (ip) injection of 400 pl volume, composed of
either sterile, non-pyrogenic physiological saline, or saline plus 4 ug of rhTNF (specific
activity, 1.1 x 10° U/ug) (R & D Systems). A varied determinate amount of time (1 day,
7 days, 14 days, or 28 days) elapsed before mice were given a second ip injection of 400
ul volume, consisting of either saline or saline plus 1 ug of rhTNF (1.5 nmoles/kg total
rhTNF added in rhTNF/rhTNF treatments). These experimental rhTNF/rhTNF
treatments (T/t) and experimental controls including initial and second injections of
saline (S/S), initial injections of saline with second injections of saline plus rhTNF (S/t),
and initial injections of saline plus rthTNF with second injections of saline (T/S), were
performed for the different injection time intervals. Mice were sacrificed by decapitation
1, 3, 8, or 24 hrs following second injections. One cm segments of duodenum, jejenum,

ileum, and colon were extracted from animals and placed in modified Zamboni’s fixative
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consisting of 4% paraformaldehyde and 0.4% picric acid in 0.16 M phosphate buffer
(PB), pH 6.9 for a 90 min. fixation. Tissues were then rinsed and stored at 4°C in 10%
sucrose, 0.01% Na azide in 0.1 M PB (pH 7.2) until sectioned.

Immunohistochemistry

Horizontal and cross-cut sections (14 pm thick) of intestine were cryostat-
sectioned and thaw mounted onto coated slides. A standard protocol was followed during
all immunohistochemical staining in which primary antibody was diluted to its working
concentration in 0.3% Triton-X100 in PBS, and applied to slides overnight at 4°C. Slides
were then rinsed in 10 mM PBS, and incubated for 35 min. at 37°C with secondary
antibody diluted to the appropriate concentration in 0.3% Triton-X100 in PBS. Slides
were again rinsed in 10 mM PBS and mounted under a fluorescence fade-retarding
mounting medium (0.1% p-phenylenediamine, pH 7.0, 10mM PBS, 692 g/l glycerol at
pH 7.8). Immunohistochemical staining was performed in tissues from a minimum of five
animals for each experimental treatment.

All immunohistochemicals used in these procedures were commercially available
antibodies of known specificity unless otherwise noted. Prior to use, staining
characteristics and specificity of each antibody were tested and confirmed by staining in
control tissues with established staining patterns. Polyclonal anti-heme oxygenase 1
(HO-1; 1:1000; StressGen), and FITC-conjugated donkey anti-rabbit IgG (1:20;
Amersham), were used to visualize HO-1 activity. Anti-IL-lo and anti-IL-1PB antisera
were a kind gift of Dr. M. Schuitzberg (Karolinska Institute, Stockholm, Sweden).
Polyclonal anti-IL-1o (1:400 dilution) and anti-IL-1B (1:500 dilution) were both used in

conjunction with a secondary Cy3-conjugated donkey anti-rabbit IgG (1:100; Chemicon).
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Polyclonal anti-macrophage (1:200; Accurate Chemicals), and FITC-conjugated donkey
anti-rabbit IgG (1:20; Amersham), were used to visualize this cell type. Double staining
using two rabbit polyclonal antibodies was performed using polyclonal anti-thymidylate
synthase antibody kindly donated by Dr. Birnboim (University of Ottawa, Ottawa,
Canada) (1:400 dilution) and polyclonal anti-c-fos antibody (Cambridge Research
Biochemicals Ltd) (1:1000 dilution) employing a commercial Fab antibody kit (Jackson
ImmunoResearch).
TUNEL

TUNEL (terminal deoxynucleotidyl transferase-mediated dUTP nick end
labeling) staining was performed for identification of early apoptotic cells as per
manufacturer’s protocols (Boehringer Mannheim).
Toluidine blue histochemistry

Toluidine blue staining is used to identify mast cells within tissues by the
characteristic blue/purple staining of this cell type. In this staining procedure, 14 um
thick tissue sections were rinsed three times in 0.66 M HCI. then immersed overnight in
acid toluidine blue solution [6.25 g/L toluidine blue (Sigma) in 0.66 M HCI]. Tissue
sections were then thoroughly rinsed in 0.66 M HCI prior to dehydration and mounting in
permount.
ENS cultures - Tissue Isolation

Male Sprague Dawley rats 200-250 g (Charles River laboratories, Canada) were
sacrificed by cervical dislocation according to Canadian Council on Animal Care
guidelines, and a 30 cm segment of distal ileum was isolated. This tissue was flushed

with freshly-prepared oxygenated Kreb’s solution (7.36 g/L. NaCl, 0.385 g/L KCl, 0.166

176



g/L NaH,PO4(H»0), 0.245 g/L. MgCl,.6H»0, 0.368 g/L. CaCl,.2H,O0, 2.0 g/L glucose, and
2.1 g/L NaHCO;) to remove intestinal contents, and tissue was maintained in
continuously-oxygenated Kreb’s solution on ice until processed for dissection. Two cm
segments of ileum were cut longitudinally and pinned flat, mucosal side up. Throughout
dissection, tissue was maintained in continuously-oxygenated Kreb’s solution. Under a
dissecting microscope, villi were scraped away from underlying muscle layers. Mucosa
and circular muscle, as a single layer, were then separated from the myenteric plexus and
longitudinal muscle layers underneath. Remaining circular muscle fibres were removed.
The resulting 'laminar preparations’ were maintained on ice until processed for enzymatic
dissociation of cells.
Enzymatic Dissociation of Cells

Isolated laminar preparations of myenteric plexus/longitudinal muscle were
enzymatically dissociated. Isolated tissue was placed in 10 ml of filter-sterilized Hanks
Balanced Salt Solution pH 7.3 (Gibco BRL) containing 100 pl of papain II (Worthington)
and 1.0 mg of L-cysteine (Sigma), and then incubated for 10 min. in a 37°C water bath.
This tissue was rinsed in a L-15 washing medium composed of Leibovitz’s L-15 medium
(Gibco BRL) with 10% fetal bovine serum (Gibco BRL), 2mM L-glutamine (Gibco
BRL), 15 mM glucose (BDH) and 100U penicillin-streptomycin (Gibco BRL). After
rinsing, tissue was incubated in a 37°C water bath for 10 min in 10 ml of Hanks Balanced
Salt Solution (Gibco BRL) containing 3000U of collagenase type I (Worthington) and
20U of dispase II (Boehringer Mannheim). Tissue in this solution was then triturated
with a flame-polished Pasteur pipette until celis were dissociated (approximately 40

triturations). This medium was centrifuged at 4°C for 5 min. at 500 rpm, and the pellet
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resuspended in 8ml of L-15 washing medium. Centrifugation was repeated for 5 min. at
500 rpm and 4°C, and the pellet was resuspended in feeding medium composed of 90%
MEM (Gibco BRL), 2.5% rat serum (Gibco BRL), 2 mM L-glutamine, 15 mM glucose,
100U penicillin-streptomycin (Gibco BRL), 10 uM fluorodeoxy-uridine, 1| mM cytosine
arabinoside and 0.5 mM uridine triphosphate.
Cell Plating

Cell suspensions were plated at an approximate concentration of 570 cells / mm?
onto sterile glass LabTek 8 well chamber slides (VWR Canlab) coated with Matrigel
matrix (VWR Canlab). Cultures were maintained at 37°C in an incubation chamber
(gassed with 5% CO: in air), and feeding medium was changed after the initial 24 hr
incubation and every 72 hrs subsequently. Cultures were generally used in experiments
seven days after plating.
ENS-macrophage co-culture experiments

The murine macrophage cell line RAW 264.7 (ATCC, AR) was harvested and
plated according to the supplier’s stipulations, and was maintained in a Dulbecco’s
Modified Eagle Medium-based solution following the protocol of Brana et al. (1999).
Five days following plating of ENS cultures, defined numbers of macrophages were
added to ENS cultures. These RAW 264.7 macrophages, which were harvested from
their respective cultures, were pelleted, resuspended in a minimal volume of ENS culture
medium, and added to ENS cultures at an approximate ratio of 2 macrophages: 5 neurons.
Macrophages were permitted 24 hrs to adhere to culture substrate prior to culture medium
replacement with fresh medium. Macrophages and neurons were co-cultured for 48 hrs

prior to commencement of experimental testing.
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In vitro rhTNF neurotoxicity

The in vitro toxicity of thTNF for enteric neurons was tested on 7 day ENS
cultures using comparable effective doses of rhTNF to those used in vivo. In this
experiment, 0.1 pug/ml of thTNF was added to 7 day cultures, followed after 24 hrs by a
second exposure to 0.025 pg/ml of rhTNF (1.5 nM total thTNF added in rhTNF/rhTNF
treatments). Cultures were fixed 24 hrs following this second rhTNF exposure and
neuronal survival quantitated. Additional experiments using up to 1000 X rhTNF
concentrations confirmed the inability of rhTNF to directly induce enteric
neurodegeneration.

In these experiments, 0.1 pg/ml of rhTNF was added to 7 day macrophage-ENS
co-cultures, followed after 24 hrs by a second exposure to 0.025 pug/ml of rhTNF.
Cultures were fixed 24 hrs following this second rhTNF exposure and neuronal survival
quantitated. Control experiments determined the toxic effect of macrophages themselves
on enteric neuronal survival. In these controls, neuronal viability was assessed following
macrophage-ENS co-culture in the absence of any rhTNF exposure. The role of rhTNF
sensitization in macrophage mediation of rhTNF-induced enteric neurodegeneration was
also assessed in controls in which co-cultures were exposed to either 0.1 pg/ml rhTNF 48
hrs prior to fixation (T/S) or 0.025 ug/ml rhTNF 24 hrs prior to fixation (S/t).

In all experiments in which rhTNF neurotoxicity was quantitated in vitro, treated
cultures were fixed for 60 minutes in picric acid/paraformaldehyde fixative (as detailed
previously). Immunohistochemical staining was then performed to permit identification
of neurons using polyclonal anti-neuron-specific enolase (NSE; 1:800; Dako Corp.) and

Cy3-corjugated donkey anti-rabbit IgG (1:100; Jackson ImmunoResearch Inc.).
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Neuronal Quantitation

Cultured neurons were visualized under fluorescent conditions with anti-neuron-
specific enolase antibody, and neuronal numbers in each culture well were counted
manually. Neurons actively undergoing apoptosis, as indicated by Hoechst 33258
staining, were deducted from numbers of surviving cells. Toxicity was expressed in terms
of total numbers of viable neurons per experimental well.

Statistics

Unless otherwise noted, data are expressed as the mean of n=5 independent
experiments. Significant differences in survival between multiple cell groups were
determined using one-way ANOVA followed by post-hoc Tukey/Kramer analysis.
Significance was considered established at p values of less than 0.01.
NOS histochemistry

NADPH-diaphorase histochemical staining for nitric oxide synthase (NOS)
activity within cultures was performed according to published methods (Nichols et al.,
1994). Fixed cultures were rinsed in 10 mM PBS, NO synthase reaction medium [1 mM
NADPH, 0.5 mM nitroblue tetrazolium, 0.3% Triton X-100 in 10 mM PB (pH 8.0)] was
applied, and culture slides incubated in a dark, moist chamber at 37°C for 1 hr. Slides
were then rinsed in 10 mM PBS for 15 min., and in decreasing concentrations of 100 mM
PB, 50 mM PB, 25 mM PB, and 12.5 mM PB for 1 min. each. They were then air-dried
and coverslipped under Tris-Glycerol 1:3. The histochemical product for NADPH-

dependent diaphorase, indicating NOS activity, was photographed under bright-field

conditions.
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Quantitation of histochemistry and immunohistochemistry

Grayscale value quantification of the intensity of NADPH diaphorase staining and
IL-1 immunofluorescence, was performed using UTHSCSA ImageTool (version 2.00).
For NADPH histochemistry, increasing grayscale values are indicative of decreasing
staining intensity, while for IL-1 immunofluorescence, increasing grayscale values are
indicative of greater immunopositivity. For evaluation of NOS activity, data are
expressed as the mean of 5 experimental culture wells for each experimental treatment.
Within each well, NADPH intensity was measured in a minimum of 15 macrophages. In
the evaluation of IL-la immunofluorescence intensity, stained tissues from 5 separate
animals for each experimental treatment were examined. In tissue from each animal, IL-
lo intensity was measured at 10 points within stained enteric neurons and at 10 points
within adjacent *‘control” unstained smooth muscle. Significant differences between
experimental groups was determined using one-way ANOVA followed by post-hoc

Tukey/Kramer analysis. Significance was considered established at p values of less than

0.01.
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Results
Lack of distinguishable inflammatory cell infiltration within intestinal layers

Toluidine blue staining revealed a small resident population of mast cells within
the intestinal mucosa and villi in control animals. Similarly, antibody staining for
macrophages revealed this cell type to be present primarily within the intestinal mucosa,
submucosa, and, to a far lesser extent, between the circular and longitudinal muscle
layers in control tissues. Experimental T/t treatment did not induce any discernable
infiltration of either mast cells or macrophages into the intestinal wall at any
experimental time point examined (between | and 24 hrs following a second ip injection
of thTNF) (Fig. 31).

Mucosal Responses to rhTNF treatment

rhTNF treatment produced changes in cytological markers within mucosal cells as
early as 1 hr following a second ip injection of this cytokine. Within control tissues,
TUNEL labeling of apoptotic cells was observed in a few scattered cells within villi (Fig.
32A). 1 hr following a second ip injection of thTNF in T/t-treated animals, there was a
marked increase in the number of apoptotic (TUNEL-labeled) goblet and epithelial cells
within the mid- and upper portions of villi (Fig. 32D). Immunohistochemical staining for
the presence of thymidylate synthase, an indicator of active cell division (Chu and
Allegra, 1996), showed low levels of staining in the intestinal crypts of control tissues
(Fig. 32B). Following double injections of rhTNF (T/), the numbers of crypt cells
labeled with thymidylate synthase increased dramatically (Fig. 32E). Finally, within

control tissues, c-fos, a marker of cell activity, was observed immunohistochemically
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Figure 31. No discernable inflammatory cell infiltration occurs within murine
intestine following experimental rhTNF treatment. Toluidine blue staining of mast
cells (A) shows only occasional cells present within villi epithelium of rhTNF-treated
mice (T/t treatment), indistinguishable from resident mast cell populations in S/S control
treatments. Similarly, anti-macrophage staining following T/t treatment (B) indicates
macrophage localization primarily to mucosal and submucosal layers, and to a much
smaller extent, between circular and longitudinal muscle layers, as seen in controls. For
all experimental rhTNF treatments (T, S/t, and T/S), these cell populations were

indistinguishable from those in S/S control tissues. Bars represent 100 microns.
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Figure 32. rhTNF-treatment induces chemical changes within the mucosa of murine
ileum. Within S/S control ileal tissues, low numbers of apoptotic cells are present, as
evidenced by TUNEL staining (A). In contrast, high numbers of actively apoptotic villi
epithelial cells are present 1 hr following injection of Ipg rhTNF in TNF-sensitized
animals (T/t treatment) (D). Low levels of thymidylate synthase activity are present in
S/S control mucosa (B), whereas T/t exposure induces marked thymidylate synthase
immunoreactivity within mucosal crypts (E). C-fos staining is absent in control mucosal
tissues (C), but is induced within the base of mucosal crypts in response to T/t treatment
(F). Double labeling of tissues for thymidylate synthase and c-fos activity (as shown in B
& C and E & F respectively) demonstrates that there is no overlap in the cellular
localization of these proteins. Based upon the known distribution of specific cell types
within intestinal crypts, thymidylate synthase is thought to be confined to newly-formed
epithelial cells within crypt walls, while c-fos is thought to be localized to stem cells

present at the base of crypts. Bars represent 50 microns.
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within only occasional mast cells of the intestinal mucosa (Fig.32C). T/t treatment
induced marked anti-c-fos staining within cells at the base of intestinal crypts 1 hr
following a second ip rhTNF injection (Fig. 32F). Double staining demonstrated that
completely separate populations of cells were stained for c-fos and thymidylate synthase;
anti-c-fos staining was localized to stem cells at the base of crypts, while thymidylate
synthase was confined to newly-formed epithelial cells (Figs. 32E & 32F).
Neuronal Responses to rhiTNF

Enteric neurons showed cytological changes as early as |1 hr following a second
injection of rhTNF in experimental T/t treatments. Heme oxygenase-1 (HO-1), a rapidly
induced indicator of oxidative stress (Maines, 1988), was essentially undetectable within
control tissues, with only a few immunopositive mast cells observed within villi and
mucosal layers (Fig. 33). T/t treatment induced anti-HO-1 immunoreactivity within
neuronal cell bodies and processes of the myenteric plexus and occasional neurons of the
submucosal plexus (Fig. 33). Within control tissues, positive staining for the presence of
the pro-inflammatory cytokine interleukin-la (IL-1ot) was restricted to small numbers of
villi epithelial cells. T/t treatment induced expression of [L-1co within large numbers of
neuronal cell bodies and processes of the myenteric plexus, and within a small number of
neurons of the submucosal plexus lhr following a second ip rhTNF (T/t) treatment.
Immunohistochemically detectable changes in IL-IB expression were not observed,
however.

Within S/S control cultures of myenteric neurons from adult rat ileum, positive
staining for the presence of IL-la was confined to a small subpopulation of enteric

neurons (Fig. 33). Similar staining profiles were seen in control cultures treated with
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single doses of thTNF (S/t and T/S treatments) (Fig. 33). In T/t treated cultures, intense
IL-1a expression was induced in a majority of enteric neurons. For all culture treatments
(S/S, Sit, T/S, and T/t), cultured ileal enteric neurons did not demonstrate any positive
staining for the presence of HO-1.

Sensitization of the intestinal mucosa and enteric neurons to rhTNF

Both intestinal mucosal cells and enteric neurons showed sensitization to a second
injection of rhTNF (T/t treatment). By these means, otherwise sub-effective doses of
rhTNF produced dramatic changes within cells (Fig. 34). Tissues exposed to single doses
of rhTNF in both T/S and S/t controls did not differ from saline controls (S/S). However,
when the initial sub-effective dose of rhTNF was followed by a second much smaller
dose (T/t treatment), dramatic cellular responses occurred. This sensitization of mucosal
cells and enteric neurons to the effects of rhTNF was dependent upon the time interval
between initial and subsequent rhTNF injections (Fig. 35). Sensitization decreased with
the length of time between injections; all cellular responses were maximal at | and 7 day
intervals between rhTNF injections, reduced at 14 day intervals, and undetectable at 28
day intervals between injections (Fig. 35).

Regional variations in cellular responses to rhTNF

The observed cellular responses to rthTNF injection were confined to specific
intestinal regions (Table 3). In contrast to the large number of cellular changes within the
distal ileum, there was a limited effect of thTNF treatment (T/t) in the jejunum, and no
cellular changes were detected within duodenum. Those regions responding to thTNF
treatment varied dependant upon which specific cellular response was being examined.

In tissue sections, rhTNF induced IL-1a expression within enteric neurons of both ileum
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Figure 33. Sensitization of enteric neurons to rhTNF by low dose preexposure to
rhTNF. Injection of either saline alone (S/S treatment), 0.3 nmoles/kg rhTNF (S/t
treatment) or of 1.2 nmoles/kg thTNF (T/S treatment) does not induce detectable
changes in either anti-IL-la or anti-HO-1 immunoreactivity within enteric neurons of the
murine intestine. In constrast, injection of 1.2 nmoles/kg rthTNF followed after 1-14 days
interval by an injection of 0.3 nmoles/kg rhTNF (T/t treatment) induces marked
immunoreactivity for both IL-lac and HO-1 in enteric neurons of the murine colon.
Arrows indicate enteric ganglia within the intestinal wall. Within T/t treated tissues
stained for IL-la and HO-1 immunoreactivity, both horizontal and cross-cut intestinal
sections are used to illustrate the staining characteristics of immunoreactive myenteric
neurons. In culture, saline, 0.3 nM or 1.2 nM rhTNF treatments S/S, S/t, T/S) have no
effect on IL-la immunoreactivity within enteric neurons. However, treatment with 1.2
nM rhTNF followed 1 day later by treatment with 0.3 nM rhTNF increases IL-1 a

immunoreactivity within ENS cultures from adult rat ileum. Bars represent 50 microns.
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Figure 34. Sensitization of enteric neurons by initial thTNF exposure to the effects
of subsequent rhTNF exposure. Injection of 1.2 nmol/kg rhTNF (T), followed after 1
day by a second injection of 0.3 nmolkg rhTNF (t), markedly increased
immunoreactivity for the presence of [L-la in enteric neurons of murine ileum. IL-la
immunoreactivity in T/t treated sections was compared to that of S/S, Sit, and T/
controls. Increasing arbitrary grayscale levels indicate an increase in intensity of IL-la

immunofluorescence.
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Figure 35. Time dependence of the self-sensitization to rhTNF. Injection of 1.2
nmol/kg rthTNF (T) was followed at various time intervals by a second injection of 0.3
nmol/kg rhTNF (t). The marked increase in immunoreactivity for the presence of IL-1a
in enteric neurons of murine ileum in response to this T/t treatment decreased with
increasing time intervals between these two rhTNF injections. Increasing arbitrary

grayscale levels indicate an increase in intensity of IL- 1o immunofluorescence.
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Figure 36. Enteric neurons demonstrate regional variations in their sensitization to
rhTNF treatment. Injection of 1.2 nmolkg rhTNF (T) followed after 1 day by a second
injection of 0.3 nmolkg rhTNF (t), markedly increases immunoreactivity for the
presence of [L-la in enteric neurons in murine ileum and colon, but not in the duodenum
or jejunum. Increasing arbitrary grayscale levels indicate an increase in intensity of IL-lc

immunofluorescence.
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Figure 37. Determination of the role of macrophages in rhTNF-induced
neurotoxicity. No significant neuronal cell death is induced within ENS cultures by
rhTNF treatment (S/t, T/S, or T/t treatments). No significant neuronal cell death is
induced within ENS cultures by co-culture of enteric neurons with macrophages. While
neuron/macrophage co-cultures are insensitive to single dose, non-sensitized exposure to
rthTNF (either S/t or T/S treatments), significant and substantial neuronal cell death
results from rhTNF treatment in rhTNF sensitized co-cultures (T/t treatment). ENS
cultures were isolated from the myenteric plexus of adult rat ileum, and cultured for 7
days prior to initial 0.1pg/ml rhTNF exposure 48 hrs before fixation. For T/t treatment,
cultures were subsequently exposed to 0.025ug/ml rhTNF 24hrs prior to fixation. In
ENS-macrophage co-cultures, macrophages of the murine RAW 264.7 macrophage cell
line were added to 5 day ENS cultures in a 2:5 macrophage: neuron ratio, and co-cultured
for 2 days prior to any rhTNF exposure. All experimental cultures were fixed following
9 days of culture. * p<0.01 (one-way ANOVA followed by post-hoc Tukey/Kramer

analysis).
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Figure 38. Sensitized macrophages increase their NOS activity following a second
rhTNF treatment. In these experiments, NADPH diaphorase histochemical staining
intensity was measured due to its direct proportionality to NOS activity. In macrophage-
ENS co-cultures, NOS activity levels in macrophages do not significantly differ between
S/S controls and cultures exposed to a single treatment of rhTNF (either T/S or S/t
treatments). However, in co-cultures exposed to thTNF 1 day previously, macrophages
display significantly increased NOS activity in response to further administration of
rhTNF (T/t treatment). NOS activity was evaluated 1 day following administration of the
second dose of rhTNF. Increasing grayscale values indicate decreased NADPH
diaphorase staining intensity. *p<0.01 (one-way ANOVA followed by post-hoc

Tukey/Kramer analysis).



and colon (Fig. 36), while HO-1 up-regulation occurred only in colon. [leal cultures of
enteric neurons also responded to rhTNF by up-regulation of Il-1a expression but not that
of HO-1, as predicted from in vivo findings.
Macrophage mediation of rhTNF-induced neurodegeneration

Repeated exposure of enteric cell cultures to rthTNF (T/t treatment) failed to
induce neuronal cell death. Co-culture of enteric neurons together with the RAW 264.7
murine macrophage cell line (at an approximately 2:5 macrophage: neuron ratio) did not
in itself induce neuronal cell death, nor did single exposure of these co-cultures to rhTNF
(T/S or Sh treatments). However, when ENS/macrophage co-cultures were exposed to
rhTNF under sensitized conditions (T/t treatment) nearly 50% of all neurons died within
24 hrs of the second administration of rhTNF (Fig.37).
NOS activity of rhTNF-sensitized macrophages

The NADPH diaphorase staining intensity (indicative of NOS activity) of
macrophages co-cultured with enteric neurons did not differ from saline controls (S/S) in
cultures treated with a single dose of rhTNF (either T/S or S/t treatment). However,
under sensitized conditions (T/t treatment), NOS activity within macrophages increased
significantly, as demonstrated by the marked decrease in NADPH diaphorase grayscale

values (Fig. 38).
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Regional Specificity of rhTNF-a Self-
Sensitization within Murine Intestine

Duodenum Jejenum Ileum Colon
HO-1 No change No change No change sensitization
IL-1¢ No change No change sensitization  sensitization
TUNEL No change No change sensitization  No change
c-fos No change No change sensitization  No change
Thymidylate | No change sensitization  sensitization  No change

synthase




Table 3. Regional specificity of rhTNF self-sensitization effects within the murine
intestine. All observed intestinal responses to rhTNF injection were observed only upon
prior sensitization to rhTNF (T/t treatment). Differences in cell sensitivity within
different intestinal regions (duodenum, jejenum, ileum and colon) to rhTNF exposure
were observed. The majority of detectable intestinal responses were localized to the

ileum and colon, with the duodenum and jejenum demonstrating a relative insensitivity to

rthTNF.

194



Discussion

This study tested the hypothesis that elevated concentrations of rhTNF induce
neurodegeneration within the ENS. Although we found evidence that enteric neurons
were stimulated by cytotoxic concentrations of thTNF both in vivo and in vitro, no
neurodegeneration occurred in either of these experimental systems. The experimental
hypothesis was then modified to test whether rhTNF interaction with inflammatory
macrophages was capable of inducing degeneration within enteric neurons, which was
proven to be the case by in vitro experimentation. Whereas in the absence of
macrophages, rhTNF induced functional alterations within enteric neurons without any
accompanying toxicity, in the presence of macrophages, these same concentrations of
rhTNF induced marked degeneration within enteric neurons. By extrapolation, the
failure of rhTNF to induce neuronal cell death in vivo is suggested to be due to the lack of
inflammatory macrophage infiltration within neuromuscular layers.

Our observed induction of IL-1a expression in enteric neurons by rthTNF (both in
vivo and in vitro) corresponds with the known ability of thTNF to induce IL-1 production
within a variety of cell types (Dinarello et al., 1986; Hoffmann, 1986; Hurst and Collins,
1993). Indeed, TNF has been shown to suppress norepinephrine release from the rat
longitudinal muscle-myenteric plexus preparation, in part via the synthesis and release of
interleukin-1 (Hurst and Collins, 1994). In the in vivo ENS, excessive production of IL-1
has been proposed to induce alterations in myenteric nerve function and lead to motility
alterations characteristic of IBD (Jacobson et al., 1997). Our finding of the selective
induction of IL-1c but not IL-1B by rhTNF was unexpected, as the biological activities of

these cytokines are reported to be indistinguishable (Dinarello, 1997). One explanation of

195



our results is that IL-la may simply be preferentially expressed by enteric neurons. If this
is true, then this may represent a unique pharmacological means of targeting these cells.
We are currently exploring this notion.

Previous studies have found that TNF induces up-regulation of HO-1 expression,
which can protect against intracellular TNF-induced oxidative stress (Terry et al., 1998;
1999; Petrache et al., 2000). On this basis, we propose that our findings of HO-1
induction within enteric neurons following T/t treatment represent an anti-apoptotic
response to thTNF actions. It is noteworthy that this effect was seen within the colon but
not within the ileum.

In vitro studies were used to test our hypothesis that macrophages mediate
rhTNF-induced degeneration of enteric neurons. In these studies, enteric
neurodegeneration occurred only in response to T/t treatment, exclusively within ENS-
macrophage co-cultures. These observations correlate with previous in vitro studies that
have noted macrophage-induced degeneration of sympathetic neurons (Arantes et al.,
2000). The mechanism(s) by which macrophages mediate this rhTNF-induced enteric
neurodegeneration are currently under study in our laboratory. Significant increases in
NOS activity were noted in macrophages exposed to in vitro T/t treatment, indicating
rhTNF activation of these cells. Whether such increases in NO production are involved
in the neurotoxic actions of macrophages is not known. However, macrophages activated
by rhTNF may release neurotoxic compound(s) that can act directly or synergistically
with other compounds to induce neuronal cell death. Substances released from enteric
neurons in response to either rhTNF or to macrophage-derived factors (eg. ROS), may

also modulate or contribute to cytotoxic processes. Indeed, NO released from
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macrophages may react with neuronal ROS produced in response to TNF (Larrick and
Wright, 1990) to produce compounds with high toxicity for enteric neurons.

In our experiments we found no immunohistochemically detectable changes
within the murine intestine in response to an initial exposure of a low dose of rhTNF.
However, upon injection of a second dose one-fourth that of the initial dose, rhTNF
provoked marked intestinal responses. These experimental findings demonstrate that in
the intestine, rhTNF sensitizes both enteric neurons and intestinal mucosa to the effects of
further rhTNF exposures. By these means, otherwise sub-effective doses of rhTNF
induce marked responses within intestinal cells. These findings of rhTNF self-
sensitization within murine intestine correspond with our previous characterization of this
phenomenon within the CNS (Hayley et al., 1999).

The biological processes underlying rhTNF self-sensitization remain unknown.
Within this self-sensitization phenomenon, initial thTNF doses have been suggested to
induce effects similar to those of transcriptional inhibitors, which increase cell sensitivity
to the cytotoxic effects of TNF-receptor interaction by preventing expression of cellular
protective factors. By these means, thTNF may sensitize cells to the toxic effects of
subsequent rhTNF administration by removing endogenous cell death inhibitors or
endogenous protective factors (Sipe et al,, 1996; Venters et al.,, 2000). Alternatively,
synergistic interaction of TNF with other endogenous cytokines on a given cell may
underlie this process. In this scenario, initial administration of rhTNF would enhance
synthesis of a cytokine such as IFN-y, which is known to have direct synergistic action
with TNF (Bundschuh et al., 1997; Nansen et al., 1997). IFN-y could then synergize with

rhTNF injected at a later time point to induce potentiated cellular responses.
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Within our in vivo and in vitro experiments, sensitized cell responses to
otherwise sub-effective doses of rhTNF were highly similar to those induced by single
high doses of rhTNF; indicating that sensitization does not alter the biological targets and
physiological processes of TNF. That these sensitized responses also resembled specific
characteristics of intestinal pathogenesis suggests a possible role for TNF self-
sensitization processes within disease pathogenesis. Our experimental T/t treatment
induced crypt cell proliferation consistent both with the known ability of inflammatory
TNF concentrations to induce crypt cell proliferation, and with the crypt cell hyperplasia
typical of IBD (Ruemmele et al., 1998; Dionne et al., 1998; Bradley et al., 1997,
Mizoguchi et al.,, 1997; MacDonald et al., 2000). Similarly, apoptosis induced in the
villus epithelial cells by T/t treatment resembles both the response to murine TNF-p55
interaction in mice (Piguet et al., 1998), and the severe epithelial cell loss typical of IBD
(Dieleman et al., 1996). TNF is also known to induce synthesis of many proteins
including the transcription factor c-fos (Saklatavala, 1995; Larrick and Wright, 1990).
We observed induction of c-fos expression following rhTNF injection within stem cells
of the intestinal crypts, indicative of activation or injury of these cells. Interestingly, our
observation that rhTNF induced expression of the transcription factor c-fos 1 hr following
a second exposure to thTNF, corresponds with the known ability of TNF to induce c-fos
expression 20-90 minutes after cell excitation (Morgan et al., 1987; Larrick and Wright,
1990; Saklatavala, 1995). Finally, the villi epithelial cell apoptosis induced by TNF self-
sensitization mimics both the severe goblet cell loss and epithelial ceii sloughing

characteristic of IBD pathogenesis, and the actions of elevated levels of TNF on these
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cells (Murch et al., 1993). Neurons demonstrate sensitization to rhTNF both in vivo and
in vitro; suggesting that sensitization processes are intrinsic to cells.

The TNF self-sensitization observed in intestinal cells exhibited a time-
dependency of action; maximal sensitization was evident at 1 and 7 day exposure
intervals, though undetectable by 28 day intervals. A similar sensitization profile is seen
for brain monoamine level changes in response to thTNF treatment (Hayley et al., 1999).
TNEF is the first cytokine for which such a temporal pattern of sensitization has been
identified. We propose that this slow desensitization of tissue responses to thTNF with
time likely represents a gradual breakdown of factors involved in the sensitization
process.

In this study, intestinal cells also displayed regional variations in their responses
to rhTNF exposure. In vivo, thTNF actions were localized predominantly to ileal and
colonic regions, which are those intestinal regions that are the primary sites of IBD
pathogenesis. These findings suggest that TNF, which plays a fundamental role in IBD
pathogenesis, may help determine IBD localization to these intestinal regions. The
correspondence of the in vivo and the in vitro actions of rhTNF on neuronal function
demonstrate that the regional variations in rhTNF actions represent some fundamental
difference between the ENS of ileal and colonic regions.

In conclusion, in the absence of any overt inflammation rhTNF rapidly induces
cell stress responses and damage in many cell types throughout intestinal layers,
including enteric neurons. However, there is an absolute requirement for macrophages to
be present in order for rhTNF to be capable of inducing enteric neurodegeneration. The

mechanisms by which macrophages mediate this thTNF neurotoxicity are currently

199



unknown. Thus, we have shown rhTNF to exert both macrophage-dependent and
macrophage-independent actions within enteric neurons and intestinal tissues. We thus
hypothesize that within IBD, TNF-a also damages intestinal tissues both by itself and by
interaction with infiltrating inflammatory cells.

rhTNF is capable of sensitizing tissue to the effects of further exposure to this
cytokine. However, tissue sensitivity to rhTNF varies between intestinal regions, and
rhTNF actions are subject to a time-dependent self-sensitization effect. TNF is the first
cytokine in which such temporal patterns of self-sensitization have been characterized.
This may provide a new perspective with respect to its actions in IBD pathogenesis as
well as for other disease treatments that target this cytokine. For example, knowledge of
the temporal pattern of TNF sensitization in the intestine could be used to design more
efficacious dosing regimens for the administration of anti-TNF antibodies in the

treatment of IBD.
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Chapter 4. DISCUSSION

Although ENS cell loss and alteration of cell function are characteristic of
intestinal inflammation and disease, little is known of the underlying neuropathogenesis.
Clinical symptoms of enteric nerve damage include disordered or impaired
gastrointestinal movement, nausea, vomiting, weight loss and malnutrition (Oehmichen
and Reifferscheid, 1977). Although a causal relationship between intestinal inflammation
and enteric neurodegeneration has been established (Sanovic et al., 1999), little is known
of the specific inflammatory mediators involved in such damage.

The ENS differs markedly from the other nervous systems of the body, the CNS
and the ANS, at several different levels. At an organizational level, the ENS does not
exhibit the regional specializations of the CNS; instead ganglia are composed of multiple
neuronal subtypes with mixed functions (Eckblad et al., 1988). Neurochemically, all
identified CNS neurotransmitters have also been found within the ENS, however they do
not always provoke the same functional responses (Krantis et al., 1980; Krantis et al.,
1998). Functionally, the ENS also differs from the CNS and PNS; exhibiting
considerable plasticity in its ability to continually remodel neural connections (Collins,
1996; Giaroni et al.,, 1999). Additionally, the blood-ganglia of the ENS, intended to
protect enteric neurons, is considerably more permeable to toxins than the restrictive
blood-brain and blood-nerve barriers (Kiernan, 1996; Allen and Kiernan, 1990; 1994;
Goldstein and Betz, 1986). Thus, the ENS represents a unique nervous system of the
body. Despite considerable understanding of neurotoxic processes in the CNS, the
multiple differences between the CNS and ENS necessitates specific investigation of

neurotoxic processes within the ENS. The similarities noted between the susceptibility of
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ENS and CNS neurons to damage, and the suggestion of common intracellular damage
mechanisms for these two systems were an unexpected finding of our studies, given the
unique properties of these two systems. These results suggest that despite variability in
the organizational structure and specific functional properties of individual neuronal
populations, that neuronal susceptibility to toxic insuits and intracellular damage
mechanisms may represent fundamental properties common to neurons in general.

The primary goal of this research project was to determine the role of specific
inflammatory mediators in enteric neurodegeneration. Standard protocols do not exist for
examination of toxicity and degeneration within the ENS. Thus, the initial goal of this
research project was the development of an experimental system for characterization and
quantitative evaluation of ENS responses to toxic insult. We used the well-characterized
inflammatory neurodegenerative processes within the CNS as a model on which to base
our studies of ENS neurodegeneration. A major outcome of this research was our
development of a versatile and physiologically relevant in vitro system optimized for the
study of toxicity within the adult ENS (Chapter 2). Such ENS cultures represent an ideal
in vitro system in which to study neurodegenerative and neuroprotective processes
specific to the adult ENS.

A common, although widely unrecognized limitation of cell culture systems is
their unsuitability for toxicity studies. Many cellular substrates required to produce
viable cell cultures rapidly degrade as a consequence of cellular insult, effectively
preventing observation of cell culture response to insult. Thus, a feature of our culture
system was the selection of a cell culture substrate that would both maximize cell

viability in culture and resist degradation upon cellular insult. Our culture system
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represents one of the few culture systems specifically designed for neurotoxicological
experimentation that has been extensively characterized and whose physiological
relevance to the in vivo adult ENS has been demonstrated.

The question as to why adult enteric neurons, as opposed to other peripheral
neurons or neurons from the CNS, survive the dissociation process and remain viable in
long term culture, remains unanswered. The high plasticity of enteric neurons into
maturity may be an underlying factor in their ability to survive cell culture. Whereas fetal
neuronal populations are commonly subject to highly variable surroundings, the
environment of adult neurons is generally quite stable. Enteric neurons, however, retain
high plasticity into maturity, as they are subject to a continually changing
microenvironment in which muscular contractions regularly distort the intestine and in
which constant sloughing of villi epithelia necessitates the constant re-establishment of
neural connections (Giaroni et al., 1999). This plasticity of adult enteric neurons may
provide them with the ability to withstand dissociation stresses and to rapidly adapt to the
cell culture environment.

The study of isolated neurons is hampered by the need to use the isolated cells
immediately, which often requires a very large concentration of resources, and in many
instances it is not possible to undertake multiple evaluation of these cells. The ability to
utilize freshly harvested cells and store aliquoted 'sister cells' for subsequent evaluation
affords the researcher with considerable flexibility in timing studies. Our development of
a cryopreservation storage procedure of dissociated ENS cells for culture that are
morphologically, neurochemically, and electrophysiologically identical to freshly plated

cultures, and in which no significant loss of cellular viability occurs, greatly facilitates
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the use of these cultures for experimentation (Chapter 2). These cryopreserved cells are
readily available for use as required, and are easily transported for use in collaborating
laboratories. Additional advantages of such cryopreservation processes include the
access of laboratories to ENS cell cultures without their requirement for animal care
facilities, costly specialized dissection equipment, and specially trained personnel.
Although previous articles have detailed the cryopreservation storage of viable neural
tissues and grafts (Petite and Calvet, 1997; Frodl et al., 1995) there are no previously
published reports of efficient cryopreservation of dissociated neurons. Our development
of this cryopreservation procedure represents the first known case of the cryopreservation
storage of dissociated adult enteric neurons for subsequent culture.

An unexpected characteristic of our cryopreserved enteric neurons was their
superior quality when cultured compared to freshly plated neurons. Typically,
cryopreserved neurons displayed a profusion of extended processes at the 24 hr time
point as compared to only occasional processes extended by freshly-dissociated neuronal
cultures. We propose that some feature of the cryoprotectant permeabilizes cell walls,
accelerating neuronal interactions with the culture environment and conferring an
advantage to cell sustainability. This phenomenon needs to be investigated since
determination of the mechanisms underlying the accelerated plating ability of
cryopreserved neurons may help optimize cell plating and viability in other cell culture
systems. [ndeed, our protocol for the cryopreservation storage of enteric neurons has
recently been adapted and optimized for the cryopreservation storage of several
populations of dissociated fetal CNS neurons. These cryopreserved enteric and CNS

neurons are currently being developed as marketable scientific tools intended to save
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laboratories the considerable time and expense of developing their own primary neuronal
cultures for experimental use.

The results of our neurotoxicological assays showed the neurodegenerative
abilities of the ROS hydrogen peroxide and NO, and of the processes of oxidative stress
and hypoxia/anoxia in the cultured ENS. Our findings constituted the first evidence that
ROS and anoxia-reoxygenation act directly on the ENS to induce enteric
neurodegeneration. These studies also contributed to the functional knowledge of ENS
pathogenesis.

Within these studies, some common characteristics of ENS degeneration were
noted. Our studies showed that for varied toxic insults, neurons were markedly more
susceptible to damage and degeneration than were associated glial cells. Such high
sensitivity to insult may represent a general property of enteric neurons, similar to that of
CNS neurons under such conditions (Goldberg et al., 1987; Regan and Choi, 1991).
Neurons are thought to be highly sensitive to insult due to their high dependency on
constant energy supplies and specific pH levels and ion concentrations for maintenance
of normal cellular functions and cell viability (Sapolsky, 1992). We found that
inflammatory mediators induce primarily apoptotic cell death and this corresponds to the
findings of Kirchgessner et al. (1997) using guinea pig ENS. To date, apoptosis in the
ENS has generally been disregarded as an important cell death mechanism in disease
pathogenesis. However, identification of cell death mechanisms in the ENS is important
for the development of therapeutic treatments for gut disease that address specific cell

death mechanisms. Thus, as these findings suggest the prevalence of apoptosis in ENS



degeneration, it is critical that future studies must focus on the role of this cell death
mechanism in ENS disease pathogenesis.

The clinical significance of ROS, oxidative stress and anoxia/reoxygenation in
inducing ENS degeneration in vitro remains to be determined. Although these
inflammatory mediators have known cytotoxicity in intestinal tissues during
inflammatory bowel diseases (Otamiri and Sjodahl, 1991) at concentrations toxic to ENS
neurons in vitro, it remains to be determined if neurons act as the biological targets of
these agents in vivo. In vivo studies need to establish if neurodegeneration occurs at those
toxin concentrations present during disease pathogenesis and if any cellular interactions
occur that may modulate the effect of toxins on neuronal survival.

Within these initial studies of ENS neurotoxicity, several similarities have been
noted between the susceptibility of enteric neurons and CNS neurons to damage in vitro.
As there is, in general, a paucity of data regarding ENS damage processes, our studies
were, to a high degree, modeled upon CNS toxicity studies. We suggest that such CNS
studies represent a relevant model upon which to base our investigations of ENS
neurodegeneration. We plan to take advantage of the relative wealth of knowledge of
CNS neuropathogenesis for use as a basis for our continued study of ENS
neurodegenerative processes and their underlying mechanisms.

Within our studies, the enteric neuroprotective ability of the neurotrophic factor
GDNF was investigated. GDNF provided significant protection against neuronal damage
in our cultures. However, this neuroprotective ability was limited to neurodegeneration
induced by hydrogen peroxide insult. We postulate that this selective neuroprotective

ability may be due to GDNF's counterposition with only specific apoptotic pathways, as
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found in other neuronal systems (Sawada et al., 2000). GDNF represents the first
reported neuroprotective factor in the adult ENS in vitro. Further studies are required to
establish GDNF's actions in vivo, and to determine a possible therapeutic role for this
molecule. Our discovery of GDNF as a neuroprotective molecule in the adult ENS
suggests that other members of the GDNF family of neurotrophic factors may also have
similar neuroprotective properties. One such candidate molecule that merits investigation
is neurturin, a potent survival factor for several populations of central and peripheral
neurons that is also found at high concentrations in the adult intestine (Golden et al.,
1999).

Our in vivo experiments in Chapter 3 are based upon the recently described
phenomenon that the cytokine rhTNF can sensitize CNS tissues and animal illness
behavior to the effects of further TNF exposures in a time-dependent manner (Hayley et
al.,, 1999). We found that rhTNF sensitizes intestinal tissues to the effects of further
administrations of rhTNF; sensitization decreasing with increasing intervals between
thTNF exposures. TNF is the first cytokine for which such a time-dependent self-
sensitization has been identified. This sensitization phenomenon is likely to occur
physiologically and may have important repercussions for analysis of TNF actions within
disease pathogenesis in that the effects of TNF cannot be determined by simple
measurement of its concentration within tissues, but must rather be evaluated in the
context of its recent tissue concentration history. Indeed, tissue sensitization to the
effects of TNF over a given time period may underlie previous findings that [BD patients
have increased occurrence of irritable bowel syndrome (IBS) and that in animal models,

previous inflammation increases colonic responses to stress (Collins et al., 1996; 1999).
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A possible role for such time-dependent TNF sensitization must be considered for its
implications for inflammatory disease pathogenesis and for the administration of anti-
TNF antibody therapies, as are in clinical trial use for IBD pathogenesis (van Deventer
and Camoglio, 1997).

Our experiments determined that, within a given animal, the temporal patterns of
TNF sensitization varied between tissues. Additionally, those temporal sensitization
patterns for generalized illness behaviors were markedly different from those for the
intestinal effects. Previously, sequence modification of this cytokine has separated the
biological functions and systemic toxicity of TNF (Novakovic et al., 1997). Our current
findings indicate that these TNF functions are inherently dissociable by means of their
differing temporal sensitization profiles. This means of dissociation may have potential
application to the use of TNF as an anti-tumor agent, as it use has been traditionally
hampered by the attendant cytotoxicity which accompanies its anti-tumor efficacy
(Abbruzzese et al., 1990). TNF's time-dependent sensitization of tissues to its further
administration represents a additional level of functional complexity for this cytokine that
requires further study to elucidate the mechanism by which this occurs.

TNF sensitization within tissues also has considerable practical importance. With
sensitization, the amount of TNF required to produce a given effect within tissues is
considerably lessened. For example, by means of sensitization, a dose 1/ 100" that
normally required was used to induce a 50% morbidity in mice (unpublished
observations). Thus, with the use of TNF sensitization, in vivo thTNF experimentation

that is otherwise cost prohibitive can be performed at a fraction of the normal cost. By
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these means, we readily extended our in vitro experimental studies of enteric
neurodegeneration to in vivo models.

In our experiments, we used in vitro cultures as complementary systems for the
rapid resolution of experimental anomalies that presented during in vivo experimentation
and analysis. A marked accordance of in vivo and in vitro data was observed, validating
the use of such dual systems. The use of correlating in vivo and in vitro experimental
systems permit a wide range of questions to be rapidly investigated. We suggest that this
bipartite method of experimentation act as a versatile and comprehensive system for
examination of enteric neuropathogenesis. Future studies are planned to develop a
murine ENS culture system similar to that of the rat ENS. With in vivo cytokine studies
and gene knockout experiments performed in mice, a comprehensive experimental
system employing in vivo and in vitro models from the same species would be extremely
advantageous.

Within our studies, rhTNF was shown to induce IL-1 expression within enteric
neurons of the murine intestine in the absence of overt inflammation. Previous
experiments have noted that in an experimental animal model of colitis, myenteric nerve
function was altered at both inflamed and non-inflamed sites via an IL-1-mediated
process that did not require T lymphocytes (Jacobson et al., 1997). We suggest TNF as a
candidate molecule for the induction of such IL-1 mediated alterations of ENS function.
Interestingly, ultrastructural changes in enteric neurons (Dvorak et al., 1980) and
intestinal transit and motor changes (Rao et al., 1987; Manousos and Salem, 1965) have
been noted within non-inflamed regions of intestine during clinical IBD pathology.

These functional and structural changes of non-inflamed regions are thought to suggest
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some unknown systemic component of the inflammatory process (Jacobson et al., 1995).
We suggest that during IBD pathogenesis, pro-inflammatory cytokine concentrations may
be elevated in regions beyond the extent of overt inflammation. The demonstrated
actions of pro-inflammatory cytokines on the ENS, independent of inflammatory cell
involvement, may participate in the ENS alterations within non-inflamed regions
observed clinically in IBD patients.

Our results showed that while TNF itself could alter neuronal function, activated
macrophages were required to mediate TNF-induced degeneration of enteric neurons.
These findings cast the notion of the clinical prevention of ENS neurodegeneration in
inflammatory bowel diseases in a new light. We have determined that although TNF
itself induces many of the intestinal changes characteristic of IBD, irreparable ENS
damage occurs only upon infiltration of inflammatory macrophages. Furthermore, these
findings illustrate that mechanisms underlying induction of functional stress within
enteric neurons are not necessarily those mechanisms that induce degeneration of these
neurons. This separation of altered neuronal function vs. neurodegeneration has not been
addressed in previous studies. In particular, whether the degree of insult determines one
or other, or both of these outcomes.

We also determined that during ENS degeneration, activated macrophages
displayed increased levels of NOS activity; implicating NO as a neurotoxic agent
released by these cells. These findings correspond with our previous studies that
demonstrated NO, either alone or in combination with other ROS (that may be produced

by direct TNF actions on neurons), can be neurotoxic in the ENS. Further studies will be
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directed towards direct determination of the role that these molecules play in the
macrophage-mediated degeneration of neurons induced by TNF.

Although the mechanism by which TNF and macrophages interact to induce
enteric neurodegeneration is not known, several possibilities are suggested (Figure 39).
Macrophage activation may be induced directly by TNF interaction with TNF receptors
on macrophages themselves. Alternatively, TNF actions on neurons may induce these
cells to produce some factor which, when released, activates macrophages. Once
activated, macrophages may produce some factor that is directly toxic for neurons, or
which indirectly induces neurodegeneration. Scenarios for indirect neurotoxicity include
the reaction of factors released by macrophages with TNF itself or with other factors
released from neurons to produce neurotoxic compounds.

Within these studies, we determined that a wide variety of insults, including
oxidative stress, lipid peroxidation, anoxia-reoxygenation and inflammatory cytokine
actions could induce enteric neurodegeneration in vitro. As stated previously, it remains
to be determined whether such insults induce enteric neurodegeneration in vivo.
However, the fact that enteric neurodegeneration is a feature of a wide variety of both
intestinal and primarily extra-intestinal diseases suggests that amongst these diseases, a
number of different damage mechanisms may be involved in ENS degeneration. Indeed,
the variations noted between ENS damage characteristics of such diseases (as noted
within Table 2, Chapter 1), corresponds with this notion. Within our studies, we noted
that the resistance of NOS neurons to HNE-induced neurodegeneration, and remarked on
its similarity to the selective survival of NOS neurons characteristic of certain intestinal

diseases (Chapter 3). During future studies of ENS neurodegeneration, correlation of
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Figure 39. Schematic of proposed mechanisms whereby macrophages mediate
rhTNF-induced neurotoxicity. In the absence of macrophages, rhTNF likely interacts
directly with TNF receptors on enteric neurons to induce gene transcription, resulting in
IL-1a up-regulation and HO-1 expression. In the presence of macrophages, neuronal cell
death occurs in response to several possible mechanisms of action. rhTNF activation of
macrophages may induce these cells to produce some factor (such as NO) that induces
neuronal cell death either directly or in combination with rhTNF or other molecules
produced as a result or rhTNF actions. Factors produced by neurons in response to
rhTNF could themselves activate macrophages, while thTNF and/or macrophage actions
on neurons could also cause the release of factors which themselves modulate the

cytotoxic processes involved in enteric neurodegeneration.

216



ENS damage characteristics, including those neuronal subtypes preferentially damaged or
spared, with known ENS damage characteristics of specific diseases may identify
candidate molecules involved in clinical ENS damage.

In summary, this thesis research has demonstrated direct actions of specific
inflammatory mediators and inflammatory processes on the ENS that culminate in the
degeneration of enteric neurons in vitro. This work contributes to the sparse data
available on neurodegenerative agents in the ENS, and implicates specific inflammatory
mediators in such actions. These studies reveal the existence of both macrophage-
mediated and macrophage-independent neurotoxic processes within the ENS, provide
some insight into the methodological characteristics of ENS degeneration, and identify a
neuroprotective agent of potential therapeutic use. Our development of a versatile and
physiologically relevant experimental system for such studies is expected to be highly

advantageous for further investigation into inflammatory degeneration of enteric neurons.

217



Chapter S. LITERATURE CITED

Abate, C., N. Patel, F. J. Rauscher I, and T. Curran. 1990. Redox regulation of Fos and
Jun DNA-binding activity in vitro. Science 249: 1157-1161.

Abbruzzese, J. L., B. Levin, J. A. Ajani, J. S. Faintuch, R. Pazdur, S. Saks, C. Edwards,
and J. U. Gutterman. 1990. A phase II trial of recombinant human interferon-gamma and
recombinant tumor necrosis factor in patients with advanced
gastrointestinal malignancies: results of a trial terminated by excessive toxicity.
J. Biol. Response Mod. 9:522-7.

Aderka, D., H. Engelmann, Y. Maor, C. Brakebusch, and D. Wallach. 1992. Stabilization
of the bioactivity of tumor necrosis factor by its soluble receptors. J. Exp. Med. 175: 323-
329.

Aggarwal, B. B. 1992. Comparative analysis of the structure and function of TNF-a and
TNF-B. Immunol. Ser. 56: 61-78.

Aggarwal, B. B., and K. Natarajan. 1996. Tumor necrosis factors: developments during
the last decade. Eur. Cytokine Network 7: 93-124.

Aggarwal, B. B, and R. K. Puri. 1994, Human Cytokines: Their Role in Disease and
Therapy. B. B. Aggarwal, R. K. Puri, eds. Blackwell, Boston.

Aguilar, H. I, R. Botla, A. S. Arora, S. F. Bronk, and G. J. Gores. 1996. Induction of the
mitochondrial permeability transition by protease activity in rats: a mechanism of
hepatocyte necrosis. Gastroenterology. 110:558-66.

Ahmad, F., and B. J. Goldstein. 1997. Effect of tumor necrosis factor-alpha on the
phosphorylation of tyrosine kinase receptors is associated with dynamic alterations in
specific protein-tyrosine phosphatases. J Cell Biochem. 64: 117-127.

Akira, S., T. Hirano, T. Taga, and T. Kishimoto. 1990. Biology of multifunctional
cytokines: IL 6 and related molecules (IL 1 and TNF). FASEB J. 4: 2860-2867.

Allen, D. T., and J. A. Kiernan. 1990. A circulating exogenous protein can enter enteric
nervous tissue in the rat. Neuroreport 1: 33-36.

Allen, D. T., and J. A. Kiernan. 1994. Permeation of proteins from the blood into
peripheral nerves and ganglia. Neuroscience 59: 755-764.

Ames, B. N. 1989. Endogenous DNA damage as related to cancer and aging. Mutat. Res.
214: 41-46.

Anand, P. 1996. Neurotrophins and peripheral neuropathy. Phil. Trans. Royal Soc. Lond.
351: 449-454.



Anderson, K. M., T. Seed, D. Ou, and J. E. Harris. 1999. Free radicals and reactive
oxygen species in programmed cell death. Med. Hyp. 52: 451-463.

Ankarcrona, M., J. M. Dypbukt, E. Bonfoco, B. Zhivotovsky, S. Orrenius, S. A. Lipton,
and P. Nicotera. 1995. Glutamate-induced neuronal death: a succession of necrosis or
apoptosis depending on mitochondrial function. Neuron. 15: 961-973.

Arenas, E., M. Trupp, P. Akerud, and C. F. Ibanez. 1995. GDNF prevents degeneration
and promotes the phenotype of brain noradrenergic neurons in vivo. Neuron 15: 1465-
1473.

Atlante, A., S. Gagliardi, G. M. Minervivi, E. Marra, S. Passarella, and P. Calissano.
1996. Rapid uncoupling of oxidative phosphorylation accompanies glutamate toxicity in
rat cerebellar granule cells. Neurochemistry 7: 2519-2523.

Baggiolini, M., B. Dewald, and B. Moser. 1994. Interleukin-8 and related chemotactic
cytokines — CXC and CC chemokines. Adv. Immunol. 55: 97-179.

Baggiolini, M., P. Kemen, D. A. Deranleau, and B. Dewald. 1991. Control of motility,
exocytosis and the respiratory burst in human neutrophils. Biochem Soc Trans. 19: 55-9.

Banner, D. W., A. D’Arcy, W. Janes, R. Gentz, H. J. Schoenfeld, C. Broger, H.
Loetscher, and W. Lesslauer. 1993. Crystal structure of the soluble human 55 kd TNF

receptor-human TNF beta complex: implications for TNF receptor activation.
Cell. 73: 431-45.

Bar, K. J., P. Facer, N. S. Williams, P. K. Tam, and P. Anand. 1997. Glial-derived
neurotrophic factor in human adult and fetal intestine and in Hirschsprung's disease.
Gastroenterology. 112:1381-1385.

Bartus, R. T. 1997. The calpain hypothesis of neurodegeneration: evidence for a common
cytotoxic pathway. Neuroscientist 3: 314-327.

Bazan, N. G. 1976. Free arachidonic acid and other lipids in the nervous system during
early ischemia and after electroshock. Adv. Exp. Med. Biol. 72: 317-335.

Bazzoni, F., and B. Beutler. 1996. Seminars in medicine of the Beth Israel Hospital.
Boston: the tumor necrosis factor ligand and receptor families. N. Engl. J. Med. 334:
1717-1725.

Beck K. D., J. Valverde T. Alexi, K. Poulsen, B. Moffet, R. A. Vandien, A. Rosenthal
and F. Helfti 1995. Mesencephalic dopaminergic neurons protected by GDNF from
axotomy-induced degeneration in the adult brain Nature 373: 339-341.

219



Beckman, J. S. 1991. The double-edged role of nitric oxide in gastrointestinal and hepatic
function and disease. Gastroenterology 103: 1928-1949.

Beckman, J. S., T. W. Beckman, J. Chen, P. A. Marshall, and B. A. Freeman. 1990.
Apparent hydroxyl radical production by peroxynitrite: implications for endothelial
injury from nitric oxide and superoxide. Proc. Natl. Acad. Sci. USA. 87: 1620-1624.

Beckman, J. S., and J. P. Crow. 1993. Pathological implications of nitric oxide,
superoxide and peroxynitrite formation. Biochem. Soc. Trans. 21: 330-334.

Belai, A., J. Aberdeen, and G. Burnstock. 1992. Differential effect of
immunosympathectomy on the expression of rat enteric neurotransmitters. Neurosci. Lett.
139: 157-160.

Bemelmans, M. H. A_, D. J. Gouma, and W. A. Burman. 1993. Influence of nephrectomy
on tumor necrosis factor clearance in a murine model. J. Immunol. 150: 2007-2017.

Berezin, 1., S. H. Snyder, S. S. Bredt, and E. E. Daniel. 1994. Ultrastructual localization
of nitric oxide synthase in canine small intestine and colon. Am. J. Physiol. 266 (Cell
Physiol. 35): C981-C989.

Bergendi, L., L. Benes, Z. Durackova, and M. Ferencik. 1999. Chemistry, physiology,
and pathology of free radicals. Life Sciences 65: 1865-1874.

Besedovsky, H.O., and A. Del Ray. 1992. Immune-neuroendocrine circuits: integrative
role of cytokines. Front. Neuroendocrinol. 13: 61-94.

Beutler, B., and A. Cerami. 1987. Cachectin: more than a tumor necrosis factor. New
Engl. J. Med. 316: 379-385.

Beutler, B., N. Krockhin, I. W. Milsark, C. Luedke, and A. Cerami. 1986. Control of
cachectin (tumor necrosis factor) synthesis: mechanisms of endotoxin resistance. Science
232: 977-980.

Beyaert, R., and W. Fiers. 1994. Molecular mechanisms of tumor necrosis factor-induced
cytotoxicity. What we do understand and what we do not. FEBS Letters. 340:9-16.

Beyaert, R., and W. Fiers. 1998. Tumor necrosis factor and lymphotoxin. Cytokines 24:
335-359.

Birkedal-Hansen, H. 1993. Role of cytokines and inflammatory mediators in tissue
destruction. J. Period. Res. 28: 500-510.

Boldin, M. P., T. M. Goncharov, Y. V. Goltsev, and D. Wallach. 1996. Involvement of

MACH, a novel Mortl/FADD-interacting protease, in Fas/APOl and TNF receptor-
induced cell death. Cell 85: 803-815.

220



Bonfoco, E., D. Krainc, M. Ankacrona, P. Nicotera, and S. A. Lipton. 1995. Apoptosis
and necrosis: two distinct events induced, respectively, by mild and intense insults with
N-methyl-D-aspartate or nitric oxide/superoxide in cortical cell cultures. PNAS USA 92:
7162-7166.

Bonfoco, E., M. Leist, B. Zhivotovsky, S. Orrenius, S. A. Lipton, and P. Nicotera. 1996.
Cytoskeletal breakdown and apoptosis elicited by NO donors in cerebellar granule cells
require NMDA receptor activation. J. Neurochem. 67: 2484-2493.

Bornstein, J. C., J. B. Furness, and W. A. Kunze. 1994. Electrophysiological

characterization of myenteric neurons: how do classification schemes relate? J Auton
Nerv Syst. 48: 1-15.

Boughton-Smith, N. K., S. M. Evans, C. J. Hawkey, A. T. Cole, M. Balsiti, B. J. Whittle,
and S. Moncada. 1993. Nitric oxide synthase activity in ulcerative colitis and Crohn’s
disease. Lancet 342: 338-340.

Bouvier, M., M. Szatkowksi, A. Amato, and D. Attwell. 1992. The glial cell glutamate
uptake carrier countertransports pH-changing anions. Nature 360: 471-474.

Bowenkamp, K. E., A. F. Hoffman, G. A. Gerhardt, M. A. Henry, P. T. Biddle, B. J.
Hoffer, and A.-C. E. Granholm. 1995. Glial cell line-derived neurotrophic factor supports
survival of injured midbrain dopaminergic neurons. J. Comp. Neurol. 355: 479-489.

Bradley, J. M., E. T. T. L. Tjwa, C. M. Keenan, A. B. A.Kroese, and K. A. Sharkey.
2000. Interleukin-1p (IL-1B) stimulates Fos expression in specific subsets of enteric
neurons through a cyclooxygenase-dependent pathway. Gastroenterology 118: A710.

Braughler, J. M., and E. D. Hall. 1989. Central nervous system trauma and stroke. I
Biochemical consideration for oxygen radical formation and lipid peroxidation. Free Rad.
Biol. Med. 6: 289-301.

Brightman, M. W,, and T. S. Reese. 1969. Junctions between intimately apposed cell
membranes in the vertebrate brain. J. Cell Biol. 40: 668-677.

Browning, K. N., and G. M. Lees. 1996. Myenteric neurons of the rat descending colon:

electrophysiological and correlated morphological properties. Neuroscience 73: 1029-
1047.

Bruce-Keller, A. J., Y. J. Li, M. A. Lovell, P. J. Kraemer, D. S. Gary, R. R. Brown, W. R.
Markesbery, and M. P. Mattson. 1998. 4-hydroxynonenal, a product of lipid peroxidation,

damages cholinergic neurons and impairs visuospatial memvory in rats. J. Neuropathol.
Exp. Neurol. 57: 257-267.

221



Buchan, A. M. J. 1990. Effect of diabetes in the BB Wistar rat on the peptidergic
component of the enteric innervation. Digestion 46 (suppl 2): 142-147.

Budd, S. L. 1998. Mechanisms of neuronal damage in brain hypoxia/ischemia: focus on
the role of mitochondrial calcium accumulation. Pharmacol. Ther. 80: 203-229.

Buja, L., M. Eigenbrodt, and E. Eigenbrodt. 1993. Apoptosis and necrosis. Basic types
and mechanisms of cell death. Arch. Pathol. Lab. Med. 117: 1208-1214.

Bush, T. G., T. C. Savidge, T. C. Freeman, H. J. Cox, E. A. Campbell, L. Mucke, M. H.
Johnson, and M. V. Sofroniew. 1998. Fulminant jejeuno-ileitis following ablation of
enteric glia in adult transgenic mice. Cell 93: 189-201.

Camilleri, M. 1990. Disorders of gastrointestinal motility in neurologic diseases. Mayo
Clin. Proc. 65: 825-846.

Camussi, G., E. Albano, C. Tetta, and F. Bussolino. 1991. The molecular action of tumor
necrosis factor-alpha. European Journal of Biochemistry. 202:3-14.

Carden, D. L., and D. N. Granger. 2000. Pathophysiology of ischaemia-reperfusion
injury. J. Pathol. 190: 255-260.

Cardone, H. H., G. S. Salvesen, C. Widmann, G. Johnson, and S. M. Frisch. 1997. The
regulation of anoikis: MEKK-1 activation requires cleavage by caspases. Cell 90: 315-
323.

Carpenter, M. B. 1976. Human Neuroanatomy, 7" ed. Baltimore: Williams and Wilkins.

Carswell, E. A, L. J. Old, R. L. Kassel, S. Green, N. Fiore, and B. Williamson. 1975. An
endotoxin-induced serum factor that causes necrosis of tumors. PNAS USA 72: 3666-
3673.

Chalazonitis, A. 1996. Neurotrophin-3 as an essential signal for the developing nervous
system. Mol. Neurobiol. 12: 39-45.

Chalazonitis, A., T. P. Rothman, J. Chen, and M. D. Gershon. 1998. Age-dependent
differences in the effects of GDNF and NT-3 on the development of neurons and glia

from neural crest-derived precursors immunoselected from the fetal rat gut: expression of
GFRalpha-1 in vitro and in vivo. Dev. Biol. 204:385-406.

Chalazonitis, A., T. P. Rothman, J. Chen, F. Lamballe, M. Barbacid, and M. D. Gershon.

1994. Neurotrophin-3 induces neural crest-derived cells from fetal rat gut to develop in
vitro as neurons or glia. J. Neurosci. 14: 6571-6584.

222



Chalazonitis, A., T. P. Rothman, and M. D. Gershon. 1997. Age- and cell type-
dependence of the responses of crest-derived cells immunoselected from the fetal rat gut
to GDNF and NT-3 (Abstract). Neuroscience 23: 1430.

Cheng, B., S. Christakos, and M. P. Mattson. 1994. Tumor necrosis factors protect
neurons against metabolic-excitotoxic insults and promote maintenance of calcium
homeostasis. Neuron 12: 139-153.

Chinn, J. S., and M. D. Schuffler. 1988. Paraneoplastic visceral neuropathy as a cause of
severe gastrointestinal motor dysfunction. Gastroenterology 95: 1279-1286.

Chinnaiyan, A. M., K. O’Rourke, M. Tevari, and V. M. Dixit. 1995. FADD, a novel
death domain-containing protein. interacts with the death domain of Fas and initiates
apoptosis. Cell. 81: 505-512.

Choi, D. W. 1987. Ionic dependence of glutamate neurotoxicity in cortical cell culture. J.
Neurosci. 7: 369-379.

Choi, D. W. 1990. Methods for antagonizing glutamate neurotoxicity. Cerebrovasc.
Brain. Metab. Rev. 2: 105-147.

Choi, D. W. 1995. Calcium: still center-stage in hypoxic-ischemic neuronal death. TINS.
18: 58-60.

Clarke, B. F., D. J. Ewing, and I. W. Campbell. 1979. Diabetic autonomic neuropathy.
Diabetologia. 17: 195-212.

Clarkson, E. D., W. M. Zawada, and C. R. Freed. 1995. GDNF reduces apoptosis in
dopaminergic neurons in vitro. NeuroReport 7: 145-149.

Clarkson, E. D., W. M. Zawada, and C. R. Freed. 1997. GDNF improves survival and
reduces apoptosis in human embryonic dopaminergic neurons in vitro. Cell. Tissue Res.
289: 207-210.

Collins, S. M. 1996. The immunomodulation of enteric neuromuscular function:
implications for motility and inflammatory disorders. Gastroenterology 111: 1683-1699.

Collins, S. M., P. A. Blennerhassett, M. G. Blennerhassett, and D. L. Vermilion. 1989.
Impaired acetylcholine release from the myenteric plexus of Trichinella-infected rats.
Am. J. Physiol. 257: G898-G903.

Collins, S. M., K. McHugh, K. Jacobson, I. Khan, R. Riddell, K. Murase, and H. P.
Weingarten.1996. Previous inflammation alters the response of the rat colon to stress.
Gastroenterology. 111:1509-1515.



Collins, S. M., G. Barbara, and B.Vallance. 1999. Stress, inflammation and the irritable
bowel syndrome. Can J Gastroenterol. 13 Suppl A: 47A-49A.

Cooke, H. J. 1994. Neuroimmune signaling in regulation of intestinal ion transport. Am.
J. Physiol. 266: G167-G178.

Cortesini, C., F. Cianchi, A. Infantino, and M. Lise. 1995. Nitric oxide synthase and VIP
distribution in enteric nervous system in idiopathic chronic constipation. Dig Dis Sci. 40:
2450-2455.

Costa, M., and S. J. H. Brookes. 1994. The enteric nervous system. Am. J. Gastro. 89:
S129-S137.

Costa, M., S. J. H. Brookes, P. A. Steele, I. Gibbins, E. Burcher, and C. J. Kandish. 1996.
Neurochemical classification of myenteric neurons in the guinea-pig ileum. Neuroscience
75: 949-967.

Costa, M., G. W. Hennig, and S. J. H. Brookes. 1998. Intestinal peristalsis: a mammalian
motor pattern controlled by enteric neural circuits. Ann. N.Y. Acad. Sci. 860: 464-466.

Cross, C. E., B. Halliwell, E. T. Borish, W. A. Pryor, B. N. Ames, R. L. Saul, J.

M.McCord, and D. Harman. 1987. Oxygen radicals and human disease. Ann. Intern.
Med. 107: 526-545.

Davis, K. A. M., J. Masella, and M. G. Blennerhassett. 1998. Acetylcholine metabolism
in the inflamed rat intestine. Experimental Neurology 152: 251-258.

Dawson, V. L., T. M. Dawson, E. D. London, D. S. Bredt, and S. H. Snyder. 1991.
Nitric oxide mediates glutamate neurotoxicity in primary cortical cultures.
PNAS USA. 88:6368-6371.

Dawson, V. L., T. M. Dawson, E. D. London, and S. H. Snyder. 1992. A novel neuronal
messenger molecule in brain: the free radical, nitric oxide. Annals of Neurology. 32: 297-
311.

De Giorgio, R., J. Arakawa, C. J. Wetmore, and C. Sternini. 2000. Neurotrophin-3 and
neurotrophin receptor immunoreactivity in peptidergic enteric neurons. Peptides 21:
1421-1426.

Dhanasekaran, N., and E. P. Reddy. 1998. Signaling by dual specificity kinases.
Oncogene 17: 1447-1455.

Dogiel, A. S. 1899. Uber den bau der banglien in den geflechten des darmes und der
gallenblase des menschen und der sargetiere. Arch. Anat. Physiol. 5: 130-158.

224



Doray, B., R. Salomon, J. Amiel, A. Pelet, R. Touraine, M. Billaud, T. Atie, B. Bachy, A.
Munnich, and S. Lyonnet. 1998. Mutation of the RET ligand, neurturin, supports
multigenic inheritance in Hirschsprung disease. Hum. Mol. Genet. 7: 1831.

Drapier, J-C., and J. B. Hibbs, Jr. 1986. Murine cytotoxic activated macrophages inhibit
aconitase in tumor cells. Inhibition involves the iron-sulfur prosthetic group and is
reversible. J. Clin. Invest. 78: 790-797.

Drapier, J-C., and J. B. Hibbs, Jr. 1988. Differentiation of murine macrophages to express
nonspecific cytotoxicity for tumor cells results in L-arginine-dependent inhibition of
mitochondrial iron-sulfur enzymes in the macrophage effector cells. J. Immunol. 140:
2829-2838.

Droge, W., H.-P. Eck, and S. Mihm. 1992. HIV-induced cysteine deficiency and T cell
dysfunction — a rationale for treatment with N-acetylcysteine. Immunol. Today 13: 211-
214.

Duan, H., and D. M. Vixit. 1997. RAIDD is a new 'death’ adaptor molecule. Nature. 385:
86-89.

Dvorak, A. M., J. E. Osage, R. A. Monoahan, and G. R. Dickersin. 1980. Crohn’s
disease: transmission electron microscopic studies. III. Target tissues. Proliferation of and
injury to smooth muscle and the autonomic nervous system. Hum. Pathol. 11: 620-634.

Dvorak, A. M., and W. Silen. 1985. Differentiation between Crohn's disease and other
inflammatory conditions by electron microscopy. Ann Surg.201:53-63.

Dypbukt, J. M., M. Ankarcrona, M. Burkitt, A. Sjoholm, K. Strom, S. Orrenius, and P.
Nicotera. 1994. Different prooxidant levels stimulate growth, trigger apoptosis, or

produce necrosis of insulin-secreting RINmSF cells: The role of intracellular polyamines.
J. Biol. Chem. 269: 30553-30560.

Eckert, R., D. Randall, and G. Augustine. Animal Physiology. Mechanisms and
Adaptations. 3" ed.1988. W. H. Freeman and Co. New York.

Edwards, L. L., E. M. M. Quigley, and R. F. Pfeiffer. 1999. Gastrointestinal dysfunction
in Parkinson’s disease: frequency and pathophysiology. Neurology 42: 726-732.

Eguchi, Y., S. Shimizu, and Y. Tsujimoto. 1997. Intracellular ATP levels determine cell
death fate by apoptosis or necrosis. Cancer. Res. 57: 1835-1840.

Ekblad, E., R. Ekman, R. Hakanson, and F. Sundler. 1988. Projections of peptide-
containing neurons in rat colon. Neuroscience. 27: 655-674.

Ekblad, E. R. Hakanson, and F. Sundler. 1984. VIP and PHI coexist with an NPY-like
peptide in intramural neurons of the small intestine. Reg. Pep. 10: 47-55.



Ekblad, E., R. Hakanson, and F. Sundler. 1991. Microanatomy and chemical coding of
peptide-containing neurons in the digestive tract. In: Neuropeptide function in the
Gastrointestinal Tract. Daniel E. E., ed., CRC Press, Boston.

Elson, C. O., R. B. Sartor, G. S. Tennyson, and R. H. Riddell. 1995. Experimental models
of inflammatory bowel disease. Gastroenterology 109: 1344-1367.

Esteban, I., B. Levanti, O. Garcia-Suarez, G. Germana, E. Ciriaco, F. J. Naves, and J. A.
Vega. 1998. A neuronal subpopulation in the mammalian enteric nervous system
expresses TrkA and TrkC neurotrophin receptor-like proteins. Anat. Rec. 251: 360-370.

Esterbauer, H., R. J. Schaur, and H. Zollner. 1991. Chemistry and biochemistry of 4-
hydroxynonenal, malonaldehyde, and related aldehydes. Free Radic. Biol. Med. 11: 81-
128.

Evans, P. 1993. Free radicals in brain metabolism and pathology. Br. Med. Bull. 49: 577-
587.

Farinas, [., K. R. Jones, C. Backus, X. Y. Wang, and L. F. Reichardt. 1994. Severe
sensory and sympathetic deficits in mice lacking neurotrophin-3. Nature 369: 658-661.

Fiest, W., A. J. Olmer, J. Musehold, H. Brade, S. Kusumoto, and H. D. Flad. 1989.
Induction of tumor necrosis factor-alpha release by lipopolysaccharide and defined
lipopolysaccharide partial structures. Immunobiology 179: 293-307.

Fink, S. P., G. R. Reddy, and L. J. Marnett. 1997. Mutagenicity in Escherichia coli of the
major DNA adduct derived from the endogenous mutagen, malondialdehyde. Proc. Natl.
Acad. Sci. USA. 94:8652-8657.

Foley, P., and P. Riederer. 2000. Influence of neurotoxins and oxidative stress on the
onset and progression of Parkinson’s disease. J. Neurol. 247. Suppl. 2: [182-94.

Frade, J. M. and T. M. Michaelidis. 1997. Origin of eukaryotic programmed cell death: a
consequence of aerobic metabolism? Bioessays 19: 827-832.

Frandsen, A., and A. Schousboe. 1993. Excitatory amino acid-mediated cytotoxicity and
calcium homeostasis in cultured neurons. J. Neurochem. 60: 1202-1211.

Frodl, E. M., H. Sauer, O. Lindvall, and P. Brundin. 1995. Effects of hibernation or
cryopreservation on the survival and integration of striatal grafts placed in the ibotenate-
lesioned rat caudate-putamen. Cell Transplant 4: 571-577.

Furness, J. B. 2000. Types of neurons in the enteric nervous system. J. A. N. S. 81: 87-
96.

226



Furness, J. B., and J. C. Bornstein. 1995. The enteric nervous sytem and its extrinsic

onnections. Pp. 2-24. In: Yamada, T., ed. Textbook of Gastroenterology. Vol. 1. 2™ ed. J.
B. Lippincott, Philadelphia.

Fumness, J. B., J. C. Bornstein, S. Pompolo, H. M. Young, W. A. A. Kunze, and H. Kelly.
1994. The circuitry of the enteric nervous system. Neurogastroenterol. Mot. 6: 241-253.

Furness, J. B., J. C. Bornstein, T. K. Smith, R. Murphy, and S. Pompolo. 1989.
Correlated functional and structural analysis of enteric neural circuits. Arch Histol Cytol.
52: Suppl:161-166.

Furness, J. B., N. Clerc, M. Gola, W. A. A. Kunze, and E. L. Fletcher. 2000.
Identification of component neurons and organization of enteric nerve circuits. In: Singer,

M. V., Krammer, H. J. (Eds.), Neurogastroenterology-From the Basics to the Clinics,
Kluwer Academic, Dordrecht, pp. 134-147.

Furness, J. B., and M. Costa. 1987. The Enteric Nervous System, Churchill Livingstone,
Edinburgh.

Furness, J. B., K. C. K. Lloyd, C. Sternini, and J. H. Walish. 1990. Projections of
substance P, vasoactive intestinal peptide and tyrosine hydroxylase immunoreactive

nerve fibres in the canine intestine with special reference to the innervation of the circular
muscle. Arch. Histol. Cytol. 53: 129-140.

Gabella, G. 1972. Fine structure of the myenteric plexus of the guinea-pig ileum. J. Anat.
111: 69-97.

Gabella, G. 1982. On the ultrastructure of the enteric nerve ganglia. Scandinavian J. of
Gastroenterol. Suppl. 71: 15-25.

Gabella, G. 1990. On the plasticity of form and structure of enteric ganglia. J. Auton.
Nerv. Syst. 30: S59-66.

Garthwaite, J. 1991. Glutamate, nitric oxide and cell-cell signalling in the nervous
system. Trends Neurosci. 14: 60-67.

Geboes, K., and S. Collins. 1998. Structural abnormalities of the nervous system in
Crohn's disease and ulcerative colitis. Neurogastroenterol Motil. 10: 189-202

Gershon, M. D. 1990. The enteric nervous system: neurotransmitters and
neuromodulators. Curr. Opin. Neurol. Neurosurg. 3: 517-522.

Gershon, M. D. The Second Brain. 1998. HarperCollins Publishers, Inc. New York.

Gershon, M. D. 1999. The enteric nervous system: a second brain. Hospital Practice. 34:
31-52.

227



Gershon, M. D., A. L. Kirchgessner, and P. R. Wade. 1994. Functional anatomy of the
enteric nervous system. Pp. 381-422. /n: Johnson, L. R. ed. Physiology of the
Gastrointestinal Tract. Raven, New York.

Giaroni, C., F. De Ponti, M. Cosentino, S. Lecchini, and G. Frigo. 1999. Plasticity in the
enteric nervous system. Gastroenterology 117: 1438-1458.

Girotti, A. W. 1998. Lipid hydroperoxide generation, turnover, and effector action in
biological systems. J. Lipid Res. 39: 1529-1542.

Glabinski, A. R., M. Tani, S. Aras, M. H. Stoler, V. K. Tuohy, and R. M. Ransohoff.
1995. Regulation and function of central nervous system chemokines. Int. J. Dev. Sci. 13:
153-165.

Goldberg, M. P., P.-C. Pham, and D. W. Choi. 1987. Dextrorphan and dextromethorphan
attenuate hypoxic injury in neuronal culture. Neurosci. Letts. 80: 11-15.

Golden, J. P, J. A. DeMaro, P. A. Osborne, J. Milbrandt, and E. M. Johnson, Jr. 1999.
Expression of neurturin, GDNF, and GDNF family-receptor mRNA in the developing
and mature mouse. Exp. Neurol. 158: 504-528.

Goldstein, G. W., and A. L. Betz. 1986. The blood-brain barrier. Scientific Amer. 255:
74-83.

Gotz, R., R. Koster, C. Winkler, F. Raulf, F.Lottspeich, M. Schartl, and H. Thenen. 1994.
Neurtorphin-6 is a new member of the nerve growth factor family. Nature 372: 266-269.

Goyal, R. K., and I. Hirano. 1996. The enteric nervous system. New England Journal of
Medicine. 334: 1106-1115.

Granger, D. L., and A. L. Lehninger. 1982. Sites of inhibition of mitochondrial electron
transport in macrophage-injured neoplastic cells. J. Cell Biol. 95: 527-535.

Grisham, M. B. 1994. Oxidants and free radicals in inflammatory bowel disease. Lancet
344: 859-861.

Grisham, M. B., and D. N. Granger. 1988. Neutrophil-mediated mucosal injury. Role of
reactive oxygen metabolites. Dig. Dis. Sci. 33: 6S-15S.

Grisham, M. B., R. D. Specian, and T. E. Zimmerman. 1994. Effects of chronic nitric
oxide inhibition on the pathophysiology observed in a model of chronic granulomatous
colitis. J. Pharmacol. Exp. Ther. 271:1114-1121.

Grossi, L., K. McHugh, and S. M. Collins. 1993. On the specificity of altered muscle
function in experimental colitis in rats. Gastroenterology 104: 1049-1056.

228



Gutteridge, J. M. C. 1986. Antioxidant properties or proteins ceruloplasmin, albumin and
transferrin: a study of their activity in serum and synovial fluid from patients with
rheumatoid arthritis. Biochim. Biophys. Acta. 869: 119-127.

Haines, D. E. 1997. Fundamental Neuroscience, Churchill Livingstone, New York.

Hall, K. E., and J. W. Wiley. 1998. Neural injury, repair, and adaptation in the GI tract. I.
New insights into neuronal injury: a cautionary tale. Am. J. Physiol. 274: G978-G983.

Hansen, A. J. 198S. Effect of anoxia on ion distribution in the brain. Physiol. Rev. 65:
101-148.

Harper, P. S. 1979. Myotonic dystrophy. Volume 9: Major problems_in neurology.
Philadelphia, W B Saunders.

Hausladen, A., and [. Fridovich. 1994. Superoxide and peroxynitrite inactivate
aconitases, nitric oxide does not. J. Biol. Chem. 269: 29405-29408.

Hayley, S., K. Brebner, S. Lacosta, Z. Merali, and H. Anisman. 1999. Sensitization to the
effects of tumor necrosis factor-a: neuroendocrine, central monoamine, and behavioral
variations. J. Neurosci. 19: 5654-5665.

Heller, R. A., K. Song, and D. J. Chang. 1992. The p70 tumor necrosis factor receptor
mediates cytotoxicity. Cell 70: 47-56.

Henderson, C. E., H. S. Phillips, R. A. Pollock, A. M. Davies, C. Lemeulle, M. Armanini,
L. Simmons, B. Moffet, R. A. Vandlen, V. E. Koliatsos, and A. Rosenthal. 1994. GDNF:

a potent survival factor for motoneurons present in peripheral nerve and muscle. Science
266: 1062-1064.

Herrington, J., Y. B. Park, D.F. ngcock, and B. Hille. 1996. Dominant role of
mitochondria in clearance of large Ca™ loads from rat adrenal chromaffin cells. Neuron
16: 219-228.

Heuckeroth, R. O, H. Enomoto, J. R. Grider, J. P. Golden, J. A. Hanke, A. Jackman, D.
C. Molliver, M. E. Bardgett, W. D. Snider, E. M. Johnson, and J. Milbrandt. 1999. Gene
targeting reveals a critical role for neurturin in the development and maintenance of
enteric, sensory, and parasympathetic neurons. Neuron 22: 253-263.

Heuckeroth, R. O, P. A. Lampe, E. M. Johnson, and J. Milbrandt. 1998. Neurturin and
GDNF promote proliferation and survival of enteric neuron and glial progenitors in vitro.
Dev. Biol. 200:116-129.

Hirsch, T., P. Marchetti, S. A. Susin, B. Dallaporta, N. Zamzami, . Marzo, M. Geuskens,
and G. Kroemer. 1997. The apoptosis-necrosis paradox. Apoptogenic proteases activated

229



after mitochondrial permeability transition determine the mode of cell death. Oncogene
15: 1573-1581.

Hirst, G. D. S., M. E. Holman, and I. Spence. 1974. Two types of neurons in the
myenteric plexus of duodenum in the guinea pig ileum. J. Physiol. 236: 303-326.

Hoehner, J. C., T. Wester, S. Pahlman, and L. Olsen. 1996a. Localization of
neurotrophins and their high-affinity receptors during human enteric nervous system
development. Gastroenterology 110: 756-767.

Hoehner, J. C., T. Wester, S. Pahlman, and L. Olsen. 1996b. Alterations in neurotrophin
and neurotrophin-receptor localization in Hirschsprung’s disease. J. Pediatr. Surg. 31:
1524-1529.

Hogaboam, C. M., K. Jacobson, S. M. Collins, and M. G. Blennerhassett. 1995. The
selective beneficial effects of nitric oxide inhibition in experimental colitis. Am. J.
Physiol. 268: G673-G684.

Holman, M. E., G. D. S. Hirst, and I. Spence. 1972. Preliminary studies of the neurons of
Auerbach’s plexus using intracellular microelectrodes. Aust. J. Exp. Biol. Med. 50: 795-
801.

Hopkins, S. J., and N. J. Rothwell. 1995. Cytokines and the nervous system [: expression
and recognition. Trends in Neuroscience 18: 83-88.

Hsu, H., J. Huang, H-B. Shu, V. Baichwal, and D. V. Goeddel. 1996. Immunity 4: 387-
396.

Hsu, H., H. B. Shu, M. G. Pan, and D. V. Goeddel. 1996. TRADD-TRAF2 and TRADD-
FADD interactions define two distinct TNF receptor 1 signal transduction pathways. Cell
84: 299-308.

Hsu, H., J. Xiong, and D. V. Goeddel. 1995. The TNF receptor l-associated protein
TRADD signals cell death and NF-kappa B activation. Cell. 81: 495-504.

Humbert, J-P., N. Matter, J-C. Artault, P. Koppler, and A. N. Malviya. 1996. Inositol
1,4,5-triphosphate receptor is located to the inner nuclear membrane vindicating
regulation of nuclear calcium signaling by inositol 1,4,5-triphosphate. J. Biol. Chem. 271:
478-485.

Hurst, S. M., and S. M. Collins. 1993. Interleukin-1f modulation of noradrenaline release
from rat myenteric nerves. Am. J. Physiol. 264: G30-G35. 1993.

Hurst, S. M., and S. M. Collins. 1994. Mechanism underlying tumor necrosis factor-a
suppression of norepinephrine release from rat myenteric plexus. Am. J. Physiol. 266:
G1123-G1129.

230



Hurst, S., A. Stanisz, K. Sharkey, and S. M. Collins. 1993. Interleukin 1B-induced
increase in substance P in rat myenteric plexus. Gastroenterology 105: 1754-1760.

Ignarro, L. J. 1990. Biosynthesis and metabolism of endothelium-derived nitric oxide.
Annu. Rev. Pharmacol. Toxicol. 30: 535-560.

Im, S-Y, H-M. Ko, Y-S. Ko, J-W. Kim, H-K. Lee, T-Y Ha, H. B. Lee, S-J. Oh, S. Bai, K-
C. Chung, Y-B. Lee, H-S. Kang, and S-B. Chun. 1996. Augmentation of tumor
metastasis by platelet-activating factor. Cancer Research 56: 2662-2665.

Imhof, B. A., and D. Dunon. 1997. Basic mechanism of leukocyte migration. Horm.
Metab. Res. 29: 614-621.

Isaev, N., D. B. Zorov, E. Stelmashook, R. E. Uzbekov, M. B. Kozhemyakin, and [. V.
Vicotov. 1996 Neurotoxic glutamate treatment of cultured cerebellar granule cells
induces Ca’ *-dependent collapse of mitochondrial membrane potential and ultrastructural
alterations of mitochondria. FEBS Lett. 392: 143-147.

Itoh, N., and S. Nagata. 1993. A novel protein domain required for apoptosis. Mutational
analysis of human Fas antigen. J Biol Chem. 268: 10932-7.

Itoh, Y., Y. Kohgo, N. Watanabe, Y. Kanisawa, S. Sakamaki, M. Takahashi, Y.
Hirayama, H. Ono, T. Himeno, and Y. Niitsu. 1991. Apoptosis in cultured rat

hepatocytes: the effects of tumour necrosis factor alpha and interferon gamma. J Pathol.
165: 247-53.

Jacobson, K. K. McHugh, and S. M. Collins. 1995. Experimental colitis alters myenteric
nerve function at inflamed and noninflamed sites in the rat. Gastroenterology 109: 718-
722.

Jacobson, K. K. McHugh, and S. M. Collins. 1997. The mechanism of altered neural
function in a rat model of acute colitis. Gastroenterology 112: 156-162.

Jesberger, J. A., and J. S. Richardson. 1991. Oxygen free radicals and brain dysfunction.
Int. J. Neurosci. 57: 1-17.

Jessen, K. R., and R. Mirsky. 1980. Glial cells in the enteric nervous system contain glial
fibrillary acidic protein. Nature 286: 736-737.

Jing, S., D. Wen, Y. Yu, P. L. Holst, Y. Luo, M. Fang, r. Tamir, L. Antonio, Z. Hu, R.
Cupples, J. C. Louis, S. Hu, B. W. Altrock, and G. M. Fox. 1996. GDNF-induced
activation of the RET protein tyrosine kinase is mediated by GDNFR-a, a novel receptor
for GDNF. Cell 85: 1113-1124.

Johnson, L. R. 1991. Gastrointestinal Physiology 4th ed. Mosby-Year Book, St. Louis.

231



Jones, E. Y., D. L. Stuart, and N. P. Walker. 1989. Structure of tumour necrosis factor.
Nature 338: 225-228.

Karin, M. 1992. Signal transduction from cell surface to nucleus in development and
disease. FASEB J. 6: 2581-2590.

Kawasaki, H., T. Morooka, T. Shimohama, Y. Gotoh, and E. Nishida. 1997. Activation
and involvement of p38 mitogen-activated protein kinase in glutamate-induced apoptosis
in rat cerebellar granule cells. J. Biol. Chem. 272: 18518-18521.

Keller, J. N. K. B. Hanni, and W. R. Markesbery. 1999. 4-hydroxynonenal increases
neuronal susceptibility to oxidative stress. J. Neurosci. Res. 58: 823-830.

Keller, J. N. Z. Pang, J. W. Geddes, J. G. Begley, A. Germeyer, G. Waeg, and M. P.
Mattson. 1997. Impairment of glucose and glutamate transport and induction of
mitochondrial oxidative stress and dysfunction in synaptosomes by amyloid B-peptide:
Role of the lipid peroxidation product 4-hydroxynonenal. J. Neurochem. 69:273-84.

Kelles, A., J. Janssens, and J. Tack. 2000. IL-lbeta and [L-6 excite neurones and suppress
cholinergic neurotransmission in the myenteric plexus of the guinea pig.
Neurogastroenterol. Motil. 12: 531-536.

Kerr, J. F. R, A. H. Wyllie, and A. R. Currie. 1972. Apoptosis: a basic biological

phenomenon with wide-ranging implications in tissue kinetics. Br. J. Cancer. 26: 239-
257.

Keschner, M., and D. Davison. 1933. Dystrophica myotonica: a clinico-pathologic study.
Arch. Neurol. Psychiatr. 30: 1259-1275.

Keshavarzian, A., J. Haydeck, R. Zabihi. M. Doria, M. D’Astice, and J. R. J. Sorenson.
1992. Agents capable of eliminating reactive oxygen species catalase, WR-2721 or
Cu(II)x(3,5-DIPS)4 decreases experimental colitis. Dig. Dis. Sci. 37: 1866-1873.

Khan, I., P. Blennerhassett, J. Gauldie, and S. M. Collins. 1992. Cytokine mRNA profile
in smooth muscle from the inflamed intestine of the nematode-infected rat.
Gastroenterology 102: A645.

Khan, [, and S. M. Collins. 1994. Expression of cytokines in the longitudinal muscle myenteric
plexus of the inflamed intestine of rat. Gastroenterology 107: 691-700.

Khodorov, B., V. Pinelis, V. Golovina, D. Fajuk, N. Andreeva, T. Uvarova, L.
Khaspekov, and L. Vicotorv. 1993. On the origin of a sustained increase in cytosolic Ca**

concentration after a toxic glutamate treatment of the nerve cell culture. FEBS Lett. 324:
271-273.

232



Kiedrowski, L., G. Booker, E. Costa, and J. T. Wroblewski. 1994. Glutamate impairs
neuronal calcium extrusion whilst reducing sodium gradient. Neuron 12: 295-300.

Kiernan, J. A. 1996. Vascular permeability in the peripheral autonomic and somatic
nervous systems: controversial aspects and comparisons with the blood-brain barrier.
Microscopy Res. Tech. 35: 122-136.

Kirchgessner, A. L., and M. D. Gershon. 1989. Identification of vagal efferent fibers and
putative target neurons in the enteric nervous system of the rat. J. Comp. Neurol. 285: 38-
53.

Kirchgessner, A. L., and M. D. Gershon. 1990. Innervation of the pancreas by neurons in
the gut. J. Neurosci. 10: 1626-1642.

Kirchgessner, A. L., M-T. Liu, and F. Alcantara. 1997. Excitotoxicity in the enteric
nervous system. J. Neurosci. 17: 8804-8824.

Kitson, J., T. Raven, Y. P. Jiang, D. V. Goeddel, K. M. Giles, K. T. Pun, C. J. Grinham,
R. Brown, and S. N. Farrow. 1996. A death-domain-containing receptor that mediates
apoptosis. Nature. 384: 372-375.

Knoblach, S. M., L. Fan, and A. I. Faden. 1999. Early neuronal expression of tumor

necrosis factor-o after experimental brain injury contributes to neurological impairment.
J. Neuroimmunol. 95: 115-1285.

Knowles, R. G., M. Palacios, R. M. J. Palmer, and S. Moncada. 1989. Formation of nitric
oxide from L-arginine in the central nervous system: a transdcution mechanism for
stimulation of the soluble guanylate cyclase. PNAS USA. 86: 5159-5162.

Korsching, S. 1993. The neurotrophic factor concept: a reexamination. J. Neurosci. 13:
2739-2748.

Kostka, P. E., E. Jang, E. G. Watson, J. L. Stewart, and E. E. Daniel. 1993. Nitric oxide

synthase in the autonomic nervous system of canine ileum. J. Pharmacol. Exp. Ther. 264:
234-239.

Kraig, R. P., W. A. Pulsinelli, and F. Plum. 1985. Hydrogen ion buffering during
complete brain ischemia. Brain. Res. 342:281-290.

Krantis, A., M. Costa, J. B. Furness, and J. Orbach. 1980. gamma-Aminobutyric acid
stimulates intrinsic inhibitory and excitatory nerves in the guinea-pig intestine. European
Journal of Pharmacology. 67: 461-468.

Krantis A., K. Nichols, and W. Staines. 1998. Neurochemical characterization and
distribution of enteric GABAergic neurons and nerve fibres in the human colon. Journal
of the Autonomic Nervous System. 68:33-42.

233



Kriegler, M., C. Perez, K. DeFay, I. Albert, and S. D. Lu. 1988. A novel form of
TNF/cachectin is a cell surface cytotoxic transmembrane protein: ramifications for the
complex physiology of TNF. Cell 53: 45-53.

Kristal., B. S., B. K. Park, and B. P. Yu. 1996. 4-Hydroxyhexenal is a potent inducer of
the mitochondrial permeability transition. J. Biol. Chem. 271: 6033-6038.

Kristian, T., B. K. Siesjo. 1996. Calcium-related damage in ischemia. Life Sci. 59: 357-
367.

Kristian, T., and B. K. Siesjo. 1998. Calcium in ischemic cell death. Stroke 29: 705-718.
Kroemer, G. 1997. Mitochondrial control of apoptosis. Immunol. Today 18: 44-51.

Kubota, Y., R. E. Petras, C. A. Ottaway, R. R. Tubbs, R. G. Farmer, and C. Fiocchi.
1992. Colonic vasoactive intestinal peptide nerves in inflammatory bowel disease.
Gastroenterology 102: 1242-1251.

Kukreja, R. C., H. A. Kontos, M. H. Hess, and E. F. Ellis, 1986. PGH synthase and
lipoxygenase generate superoxide in the presence of NADH or NADPH. Circ. Res. 612-
619.

Kunze, W. A. A., and J. B. Furness. 1999. The enteric nervous system and regulation of
intestinal motility. Annu. Rev. Physiol. 61: 117-142.

Larramendy, M., A. C. Mello-Filho, E. A. L. Martins, and R. Meneghini. 1987. Iron-
mediated induction of sister-chromatid exchanges by hydrogen peroxide and superoxide
anion. Mutat. Res. 178: 57-63.

Larrick, J. W., and S. C. Wright. 1990. Cytotoxic mechanism of tumor necrosis-factor c.
FASEB J. 4: 3215-3223.

Laster, S. M,, J. G. Wood, and C. R. Gooding. 1988. Tumor necrosis factor can induce
both apoptic and necrotic forms of cell lysis. J. Immunol. 141: 2629-2635.

Lazarewicz, J. W., J. T. Wroblewski, and E. Costa. 1990. N-methyl-D-aspartate-sensitive
glutamate receptors induced calcium-mediated arachidonic acid release in primary
cultures of cerebellar granule cells. J. Neurochem. 55: 1875-1881.

Ledgerwood, E. C., J. S. Pober, and J. R. Bradley. 1999. Recent advances in the
molecular basis of TNF signal transduction. Laboratory Investigation 79: 1041-1050.

Lees, G. M., G. M. MacKenzie, and G. T.Pearson. 1992. Complex correlations between
the morphology, electrophysiology and peptide immunohistochemistry of guinea-pig
enteric neurones. Eur. J. Morphol. 30: 123-136.



Leist, M., and P. Nicotera. 1997. Breakthroughs and views. The shape of cell death.
Biochem. Biophys. Res. Commun. 236: 1-9.

Leist, M., B Single, A. F. Castoldi, S. Kuhnle, and P. Nicotera. 1997. Intracellular
adenosine triphosphate (ATP) concentration: a switch in the decision between apoptosis
and necrosis. J. Exp. Med. 185: 1481-1486.

Leist, M. and P. Nicotera. 1997. The shape of cell death. Biochem. Biophys. Res.
Commun. 236: 1-9.

Lemasters, J. L., T. Qian, C. A. Bradham, D. A. Brenner, W. E. Cascio, L. C. Trost, Y.
Nishimura, A-L. Nieminen, and B. Herman. 1999. Mitochondrial dysfunction in the
pathogenesis of necrotic and apoptotic cell death. J. Bioenerg. Biomem. 31: 305-319.

Lennon, S. V., S. J. Martin, and T. G. Cotter. 1991. Dose-dependent induction of
apoptosis in human tumor cell lines by widely diverging stimuli. Cell Prolif. 24: 203-214.

Leonard, N. D. O. Hourihane, and A. Whelan. 1995. Neuroproliferation in the mucosa is
a feature of coeliac disease and Crohn's disease. Gut. 37:763-5.

Li, H., H. Zhu, C. J. Xu, and J. Yuan. 1998. Cleavage of BID by caspase 8 mediates the
mitochondrial damage in the Fas pathway of apoptosis. Cell 94: 491-501.

Li, L., W. Wu, L-F. H. Lin, M. Lei, R. W. Oppenheim, and L. J. Houenou. 1995. Rescue
of adult mouse motoneurons from injury-induced cell death by glial cell line-derived
neurotrophic factor. Proc. Natl. Acad. Sci. U.S.A. 92: 9771-9775.

Li, S., and P. K. Stys. 2000. Mechanisms of ionotropic glutamate receptor-mediated
excitotoxicity in isolated spinal cord white matter. J. Neurosci. 20: 1190-1198.

Li, S, G. A. R. Mealing, P. Morley, and P. K. Stys. 1999. Novel injury mechanism in
anoxia and trauma of spinal cord white matter: glutamate release via reverse Na’-
dependent glutamate transport. J. Neurosci. 19: 1-9.

Lindgren, S., B. Lilja, I. Rosen, and G. Sundkvist. 1991. Disturbed autonomic nerve
function in patients with Crohn's disease. Scand J Gastroenterol. 1991. 26:361-6.

Lindsay, R. M. 1996. Therapeutic potential of the neurotrophins and neurotrophin-CTNF
combinations in peripheral neuropathies and motor neuron disease. Pp. 39-53. In: Growth
Factors as Drugs for Neurological and Sensory Disorders. Wiley, Chichester.

Lipton, S. A. 1997. Janus faces of NF-kB: neurodestruction versus neuroprotection. Nat.
Med. 3: 20-22.

Lipton, S. A., and P. Nicotera. 1998. Calcium, free radicals and excitotoxins in neuornal
apoptosis. Cell Calcium 23: 165-171.

235



Liu, X., C. N. Kim, J. Yang, R. Jemmerson, and X. Wang. 1996. Induction of apoptotic
program in cell-free extracts: requirement for dATP and cytochrome c. Cell 86: 147-157.

Liu, M. T., J. D. Rothstein, M. D. Gershon, and A. L. Kirchgessner. 1997. Glutamatergic
enteric neurons. J. Neurosci. 17: 4764-4784.

Lloyd, A. R,, J. J. Oppenheim, D. J. Kelvin, and D. D. Taub. 1996. Chemokines regulate
T cell adherence to recombinant adhesion molecules and extracellular matrix porteins. J.
Immunol. 156: 932-938.

Lovell, M. A,, C. Xie, and W. R. Markesbery. 1998. Decreased glutathione transferase
activity in brain and ventricular fluid in Alzheimer’s disease. Neurology 51: 1562-1566.

Lundgren, O., J. Svanvik, and L. Jivegard. 1989. Enteric nervous system. [. Physiology
and pathophysiology of the intestinal tract. Dig. Dis. Sci. 34: 264-283.

Luster, M. L, P. P. Simeonova, R. Gallucci, and J. Matheson. 1999. Tumor necrosis
factor a and toxicology. Critical Reviews in Toxicology 29: 491-511.

MacCannell, K. 1993. Gastrointestinal inflammation: focus on the vascular endothelium.
Can. J. Phys. Pharm. 71: 65-66.

Main, C., P. Blennerhassett, and S. M. Collins. 1993. Human recombinant interleukin 13

suppresses acetylcholine release from rat myenteric plexus. Gastroenterology 104: 1648-
1653.

Maisonpierre, P. C., L. Belluscio, B. Friedman, R. F. Alderson, S. J. Wiegand, M. E.
Furth, R. M. Lindsay, and G. D. Yancopoulos. 1990. NT3, BDNF and NGF in the

developing rat nervous system: parallel as well as reciprocal patterns of expression.
Neuron 5: 501-509.

Malinin, N. L., M. P. Boidin, A. V. Kovalenko, and D. Wallach. 1997. MAP3K-related
kinase involved in NFxB induction by TNF, CD95 and IL-1. Nature 385: 540-544.

Manousos, O. N, and S. N. Salem. 1965. Abnormal motility of the small intestine in
ulcerative colitis. Gastroenterologica 104: 249-257.

Marc, R.E., W-L. Liu, M. Kalloniatis, S. F. Raiguel, and E. Haesendock. 1990. Patterns
of glutamate immunoreactivity in the goldfish retina. J. Neurosci. 10: 4006-4034.

Marcaida, G., E. Kosenko, M-D. Minana, S. Grisolia, and V. Felipo. 1996. Glutamate

induces a calcineurin-mediated dephosphorylation of Na*, K'-ATPase that results in its
activation in cerebellar granule neurons in culture. J. Neurochem. 66: 99-104.

236



Mark, R. J., M. A. Lovell, W. R. Markesbery, K. Uchida, and M. P. Mattson. 1997a. A
role for 4-hydroxynonenal in disruption of ion homeostasis and death induced by amyloid
B-peptide. J. Neurochem. 68: 255-264.

Mark, R. J., Z. Pang, J. W. Geddes, K. Uchida, and M. P. Mattson. 1997b. Amyloid beta-
peptide impairs glucose transport in hippocampal and cortical neurons: involvement of
membrane lipid peroxidation. J. Neurosci. 17: 1046-1054.

Markesbery, W. R., and M. A. Lovell. 1998. Four-hydroxynonenal, a product of lipid
peroxidation, is increased in the brain in Alzheimer’s disease. Neurobiol. Aging 19: 33-
36.

Markgraf, C. G.,, N. L. Velayo, And M. P. Johnson. 1998. Six-hour window of
opportunity for calpain inhibition in focal cerebral ischemia in rats. Stroke 29: 152-158.

Marletta, M. A. 1989. Nitric oxide: biosynthesis and biological significance. Trends Biol.
Sci. 14: 488-492.

Martiney, J. A., C. Cuff, M. Litwak, J. Berman, and C. F. Brosnan. 1998. Cytokine-
induced inflammation in the central nervous system revisited. Neurochem. Res. 23: 349-
359.

Martucciello, G., H. Thompson, C. Mazzola, A. Morando, M. Bertagnon, F. Negri, A.
Brizzolara, L. Rocchetti C. Gambini, and V. Jasonni. 1998. GDNF deficit in
Hirschsprung’s disease. J. Pediatr. Surg. 33: 99-102.

Massberg, S., S. Eisenmenger, G. Enders, F. Krombach, and K. Messmer. 1998.
Quntitative analysis of small intestinal microcirculation in the mouse. Res. Exp. Med.
198: 23-25.

Masu, M., Y. Tanabe, K. Tsuchida, R. Shigemoto, and S. Nakanishi. 1991. Sequence and
expression of a metabotropic glatamate receptor. Nature 349: 760-765.

Mathias, J. R., and M. H. Clench. 1995. Neuromuscular diseases of the gastrointestinal
tract. Specific disorders that often get a nonspecific diagnosis. Postgrad Med. 97: 95-8,
101-2, 105-8.

Mattson, M. P. 1998. Modification of ion homeostasis by lipid peroxidation: roles in
neuronal degeneration and adaptive plasticity. Trends Neurosci. 20: 53-57.

Mattson, M. P., K. Furukawa, A. J. Bruce, R. J. Mark, and E. M. Blanc. 1996. Calcium
homeostasis and free radical metabolism as convergence points in the pathophysiology of
dementia. Pp 103-143. /n: W. Wasco, R. E. Tanzi, eds. Molecular Mechanisms of
Dementia. Humana, Totowa, NH.

237



Maulucci-Gedde, M. and D. W. Choi. 1987. Cortical neurons exposed to glutamate
rapidly leak preloaded St chromium. Exp. Neurol. 96: 420-429.

McConalogue, K., and J. B. Furness. 1994. Gastrointestinal neurotransmitters. Baillieres
Clinical Endocrinology & Metabolism. 8: 51-76.

McConkey, D. J., and S. Oreenius. 1996. The role of calcium in the regulation of
apoptosis. Leuk. Biol. 59: 775-783.

McCord, J. M. 1985. Oxygen-derived free radicals in post ischemic tissue injury. N.
Engl. J. Med. 312: 159-163.

McCord, J. M. 1987. Oxygen-derived radicals: a link between reperfusion injury and
inflammation. Fed. Proc. 46: 2402-2406.

McCord, J. M., and I. Fridovich. 1968. The reduction of cytochrome ¢ by milk xanthine
oxidase. J. Biol. Chem. 243: 5753-5760.

Meneghelli, U. G. 1985. Chagas’ disease: a model of denervation in the study of
digestive tract motility. Braz. J. Med. Biol. Res. 18(3): 255-264.

Meyer, M., R. Schreck, and P. A. Baeuerle. 1993. H,O- and antioxidants have opposite
effects on activation of NF-xB and AP-1 in intact cells: AP-1 as secondary antioxidant-
responsive factor. EMBO J. 12: 2005-2015.

Miller, M. J. S., S. Chotinaruemol, H. Sadowska-Krowicka, J. G. Kakkis, U. K. Munshi,
X-J. Zhang, and D. A. Clark. 1993. Nitric oxide: the Jekyll and Hyde of gut
inflammation. Agents Actions 39: C180-C182.

Minaire, Y. 1989. Nervous control of intestinal motility. Presse Med. 18:255-263.

Mishra, O. P., and M. Delivoria-Papadopoulos. 1999. Cellular mechanisms of hypoxic
injury in the developing brain. Brain Res. Bull 48: 233-238.

Moncada S., and A. Higgs. 1993. The L-arginine-nitric oxide pathway. New England
Journal of Medicine. 329: 2002-2912.

Moncada, S., R. M. J. Palmer, and E. A. Higgs. 1989. Biosynthesis of nitric oxide from
L-arginine. A pathway for the regulation of cell function and communication. Biochem.
Pharmacol. 38: 1709-1715.

Moncada, S., R. M. J. Palmer, and E. A. Higgs. 1991. Nitric oxide: physiology,
pathophysiology, and pharmacology. Pharmacol. Rev. 43: 109-142.

238



Moore, M. W.,, R. D. Klein, I. Farinas, H. Sauer, M. Armanini, H. Philips, L. F.
Reichardt, A. M. Ryan, K. Carver-Moore and A. Rosenthal. 1996. Renal and neuronal
abnormalities in mice lacking GDNF. Nature 382: 76-79.

Mulholland, M. W., G. Romanchuk, K. Lally, and D. M. Simeone. 1994. Nerve growth
factor promotes neurite outgrowth in guinea pig myenteric plexus ganglia. Am. J.
Physiol. 267: G716-722.

Murthy, S., H. S. Cooper, H. Yoshitake, C. Meyer, C. J. Meyer, and N. S. Murthy. 1999.
Combination therapy of pentoxifylline and TNFalpha monoclonal antibody in dextran
sulphate-induced mouse colitis. Alimentary Pharmacology & Therapeutics. 13:251-60.

Muzio, M., A. M. chinnaiyan, F. C. Kischkel, K. O’Rourke, A. Shevchenko, J. Ni, C.
Scaffidi, J. D. Bretz, M. Zhang, R. Gentz, M. Mann, P. H. Krammer, M. E. Peter, and V.
M. Dixit. 1996. FLICE, a novel FADD-homologous ICE/CED3-like protease, is recruited
to the CD95 (Fas/APO1) death-inducing signaling complex. Cell 85: 817-827.

Nakaki, T., M. Nakayama, and R. Kato. 1990. Inhibition by nitric oxide and nitric oxide-
producing vasodilators of DNA synthesis in vascular smooth muscle cells. Eur. J.
Pharmacol. 189: 347-353.

Nathan, C. and Q. Xie. 1994. Nitric oxide synthases: roles, tolls and controls. Cell 78:
915-918.

Natoli, G., A. Costanzo, F. Guido, G. Moretti, and M. Levrero. 1998. Apoptotic, non-

apoptotic, and anti-apoptotic pathways of tumor necrosis factor signalling. Biochem.
Pharmacol. 56: 915-920.

Neurath, M. F., I. Fuss, M. Pasparakis, L., Alexopoulou, S. Haralambous, K-H. M. zum
Buschenfelde, W. Strober, and G. Kollias. 1997. Predominant pathogenic role of tumor
necrosis factor in experimental colitis in mice. Eur. J. Immunol. 27: 1743-1750.

Nichols, K., W. Staines, and A. Krantis. 1993. Nitric oxide synthase distribution in the rat
intestine: a histochemical analysis. Gastroenterology 105: 1651-1661.

Nicholson, D. W. 1996. ICE/CED3-like proteases as therapeutic targets for the control of
inappropriate apoptosis. Nature Biotech. 14: 297-301.

Nicotera, P., B. Zhivotovsky, G. Bellomo, and S. Orrenius. 1994. Ion signaling in
apoptosis. Pp. 97-115. In: R. T. Schimke, and E. Mihich, eds. Apoptosis. Plenum, New
York.

Nicotera, P., M. Ankarcrona, E. Bonfoco, S. Orrenius, and S. A. Lipton. 1996. Neuronal
apoptosis versus necrosis induced by glutamate or free radicals. Apoptosis 1: 5-10.

239



Novakovic, S., V. Menart, V. Gaberc-Porekar, A. Stalc, G. Sersa, M. Cemazar, and B.
Jezersek. 1997. New TNF-alpha analogues: a powerful but less toxic biological tool
against tumours. Cytokine. 9: 597-604.

Nowak, T. V., V. Ionasescu, and S. Anuras. 1982. Gastrointestinal manifestations of the
muscular dystrophies. Gastroenterolgy 82: 800-810.

Oakley, R. A., A. S. Garner, T. H. Large, and E. Frank. 1995. Muscle sensory neurons
require neurotrophin-3 from peripheral tissues during the period of normal cell death.
Development 121: 1341-1350.

Oehm, A.. I. Behrmann, W. Falk, M. Pawlita, G. Maier, C. Klas, M. Li-Weber, S.
Richards, J. Dhein, B. C. Trauth, et al., 1992. Purification and molecular cloning of the
APO-1 cell surface antigen, a member of the tumor necrosis factor/nerve growth factor
receptor superfamily. Sequence identity with the Fas antigen. J Biol Chem. 267: 10709-
10715.

Oehmichen, M. and P. Reifferscheid. 1977. Intramural ganglion cell degeneration in
inflammatory bowel disease. Digestion 15: 482-496.

Oppenheim, R. W., L. J. Houenou, J. E. Johnson, L. F. Lin, L. Li, A. C. Lo, A. L.
Newsome, D. M. Prevette, and S. Wang. 1995. Developing motor neurons rescued from
programmed and axotomy-induced cell death by GDNF. Nature. 373: 344-6.

Oshitani, N., A. Kitano, H. Okabe, S. Nakamura, T. Matsumato, and K. Koyashi. 1993.

Location of superoxide anion generation in human colonic mucosa obtained by biopsy.
Gut 34: 936-938.

Otamiri, T., and R. Sjodahl. 1991. Oxygen radicals: their role in selected gastrointestinal
disorders. Dig. Dis. 9: 133-141.

Pachnis, V., B. Mankoo, and F. Constantini. 1993. Expression of c-ret proto-oncogene
during mouse embryogenesis. Development 119: 1005-1007.

Pahl, H. L., and P. A. Baeuerle. 1994. Oxygen and the control of gene expression.
Bioessays 16: 497-502.

Palmen, M. J,, L. A. Dieleman, M. Soesatyo, A. S. Pena, S. G. Meuwissen, and E. P. van
Rees. 1998. Effects of local budesonide treatment on the cell-mediated immune response
in acute and relapsing colitis in rats. Dig. Dis. Sci. 43: 2518-2525.

Pan, G., K. O’'Rourke, A. M. Chinnaiyan, R. Gentz, R. Ebner, J. Ni, and V. M. Dixit.
1997. The receptor for the cytotoxic ligand TRAIL. Science. 276: 111-113.

Pasini, B., [. Ceccherini, and G. Romeo. 1996. RET mutations in human disease. Trends
Genet. 12:138-44.

240



Patole, M. S., A. Swaroop, and T. Ramasarma. 1986. Generation of H,O: in brain
mitochondria. J. Neurochem. 47: 1-8.

Pauling, L. 1964. Oxidation reduction reactions. Pp. 338-360. In: College Chemistry, 3™
ed. W. H. Freeman, New York.

Pellegrini-Giampietro, D. E., G. Cherici, M. Alesiani, V. Carla, and F. Moroni. 1988.
Excitatory amino acid release from rat hippocamapal slices as a consequence of free-
radical formation. J. Neurochem. 51: 1960-1963.

Perry, S. W., J. A. Hamilton, L. W. Tjoelker, G. Dbaibo, K. A. Dzenko, L. G. Epstein, Y.
Hnnun, J. S. Whittaker, S. Dewhurst, and H. A. Gelbard. 1998. Platelet-activating factor

receptor activation: an initiator step in HIV-1 neuropathogenesis. J. Biol.Chem. 273:
17660-17664.

Peters, R. J., M. A. Osinski, J. A. Hongo, G. L. Bennett, A. J. Okragly, M. Haak-
Frendscho, and M. L. Epstein. 1998. GDNF is abundant in the aduit rat gut. J. Auton.
Nerv. Syst. 70: 115-122.

Petit, P. X., M. Goubern, P. Diolez, S. A. Susin, N. Zamzami, and G. Kroemer. 1998.
Disruption of the outer mitochondrial membrane as a result of large amplitude swelling:
the impact of irreversible permeability transition. FEBS Lett. 426: 111-116.

Petite, D., and M. C. Calvet. 1997. Morphometric characteristics of cryopreserved
mesencephalic dopamine neurons in culture. Brain Res. 769: 1-12.

Pichel, J. G., L. Shen, H. Z. Shenz, A-C. Granhom, J. Drago, A. Grinberg, E. J. Lee, S. P.
Huang, M. Saarma, B. J. Hoffer, H. Sariola, and H. Westphal. 1996. Defects in enteric
innervation and kidney development in mice lacking GDNF. Nature 382: 73-76.

Pinckard, J. K., K. C. Sheehan, and R. D. Schreiber. 1997. Ligand-induced formation of
p55 and p75 tumor necrosis factor receptor heterocomplexes on intact cells. J. Biol.
Chem. 272: 10784-10789.

Piper, H. M., T. Noll, and B. Siegmund. 1994. Mitochondrial function in the oxygen
depleted and reoxygenated myocardial cell. Cardiovasc. Res. 38: 291-300.

Polyak, K., Y. Xia, J. L. Zweier, K. W. Kinzler, and B. Vogelstein. 1997. A model for
p53-induced apoptosis. Nature 300-305.

Porter, N. A., S. E. Caldwell, and K. A. Mills. 1995. Mechanisms of free radical
oxidation of unsaturated lipids. Lipids 30: 277-290.

Powis, G., M. Briehl, and J. Oblong. 1995. Redox signaling and the control of cell
growth and death. Pharmacol. Ther. 68: 149-173.

241



Pruzanski, W., and A. G. Huvos. 1967. Smooth muscle involvement in primary muscle
disease. I. Myotonic dystrophy. Arch. Pathol. 83: 229-233.

Pryor, W. A. 1986. Oxy-radicals and related species: their formation, lifetimes and
reactions. Annu. Rev. Physiol. 48: 657-667.

Quigley, E. M. 1996. Gastrointestinal dysfunction in Parkinson’s disease. Semin. Neurol.
16: 245-250.

Rachmilewitz, E., J. S. Stamler, F. Karmeli, M. E. Mullins, D. J. Singel, J. Loscalzo, R. J.
Xavier, and D. K. Podisky. 1993. Peroxynitrite-induced rat colitis: a new model of
colonic inflammation. Gastroenterology 105: 1681-1688.

Radi, R. 1998. Peroxynitrite reactions and diffusion in biology. Chem. Res. Toxicol. 11:
720-721.

Radi, R., J. S. Beckman, K. M. Bush, and B. A. Freeman. 1991a. Peroxynitrite oxidation
of sulfhydryls. The cytotoxic potential of superoxide and nitric oxide. J. Biol. Chem. 266:
4244-4250.

Radi, R., J.S. Beckman, K. M. Bush, and B. A. Freeman. 1991b. Peroxyntirite-induced
membrane lipid peroxidation: the cytotoxic potential of superoxide and nitric oxide.
Arch. Biochem. Biophys. 288: 481-487.

Rao, S.S.C., N. W. Read, C. Brown, C. Bruce, and C. D. Holdsworth. 1987. Studies on
the mechanism of bowel disturbances in ulcerative colitis. Gastroenterology 93: 934-940.

Reed, J. C,, J. M. Jurgensmeier, and S. Matsuyama. 1998. Bcl-2 family proteins and
mitochondria. Biochim. Biophys. Acta 1366: 127-137.

Regan, R. F., and D. W. Choi. 1991. Glutamate neurotoxicity in spinal cord cell culture.
Neuroscience 43: 585-591.

Remacle, J., M. Raes, O. Toussaint, P. Renard, and G. Rao. 1995. Low levels of reactive
oxygen species as modulators of cell function. Mutat. Res. 316: 103-122.

Renvoise, C., A. Biola, M. Pallardy, and J. Breard. 1998. Apoptosis: identification of
dying cells. Cell Biol. Toxicol. 14: 111-120.

Ribiero, U., A. V. Safatle-Ribiero, A. Habr-Gama, J. J. Gama Rodrigues, J. Sohn, and J.
C. Reynolds. 1998. Effect of Chagas’ disease on nitric oxide-containing neurons in
severely affected and unaffected intestine. Dis. Colon Rectum 41: 1411-1417.

Richter, C., M. Schweizer, A. Cossarizza, and C. Franceshi. 1996. Control of apoptosis
by the cellular ATP level. FEBS Lett. 378: 107-110.

242



Riemann, J. F., and H. Schmidt. 1982. Ultrastructural changes in the gut autonomic
nervous system following laxative abuse and in other conditions. Scand J Gastroenterol
Suppl. 71: 111-124.

Rosenthal, A. 1999. The GDNF protein family: gene ablation studies reveal what they
really do and how. Neuron 22: 201-202.

Rosst, J., K. Luukko, D. Poteryaev, A. Laurikainen, Y. F. Sun, T. Laakso, S. Eerikaeinen,
R. Tuominen, M. Lakso, H. Rauvala, U. Arumae, M. Pasternack, M. Saarma, and M. S.
Airaksinen. 1999. Retarded growth and deficits in the enteric and parasympathetic

nervous system in mice lacking GFR aplha2, a functional neurturin receptor. Neuron 22:
243-252.

Rothe, M., V. Sarma, V. M. Dixit, and D. V. Goeddel. 1995. TRAF2-mediated activation
of NFxB by TNF-receptor 2 and CD40. Science 269: 1424-1427.

Rothe, M., S. C. Wong, W. J. Henzel, and D. V. Goeddel. 1994. A novel family of
putative signal transducers associated with the cytoplasmic domain of the 75 kDa tumor
necrosis factor receptor. Cell 78: 681-692.

Ruhl, A., S. Hurst, and S. M. Collins. 1994. Synergism between interleukins 18 and 6 on
noradrenergic nerves in rat myenteric plexus. Gastroenterology 107: 993-1001.

Saffrey, M. J., T. Wardhaugh, T. Walker, J. Daisley, and A. T. Silva. 2000. Trophic
actions of neurotrophin-3 on postnatal rat myenteric neurons in vitro. Neurosci. Lett. 278:
133-136.

Saido, T., H. Sorimachi, And K. Suzuki. 1994. Calpain: new perspectives in molecular
diversity and physiological-pathological involvement. FASEB J. 8: 814-822.

Saikumar, P. Z. Dong, J. M. Weinberg, and M. A. Venkatachalam. 1998. Mechanisms of
cell death in hypoxia/reoxygenation injury. Oncogene 17: 3341-3349.

Sanchez, M. P., L. Silos-Santiago, J. Frisen, B. He, S. A. Lira, and M. Barbacid. 1996.
Renal agenesis and the absence of enteric neurons in mice lacking GDNF. Nature 382:
70-73.

Sanicola, M., C. Hession, D. Worley, P. Carmillo, C. Ehrenfels, L. Walus, S. Robinson,
G. Jaworski, H. Wei, R. Tizard, A. Whitty, R. B. Pepinsky, and R. L. Cate. 1997. Glial
cell line-derived neurotrophic factor-dependent RET activation can be mediated by two
different cell-surface accessory proteins. PNAS USA. 94: 6238-6243.

Sang, Q., and H. M. Young. 1996. Chemical coding of neurons in the myenteric plexus
and external muscle of the small and large intestine of the mouse. Cell Tissue Res. 284:
39-53.

243



Sanovic, S., D. P. Lamb, and M. G. Blennerhassett. 1999. Damage to the enteric nervous
system in experimental colitis. Am J Pathol. 155: 1051-7.

Sapolsky, R. M. Stress, the Aging Brain, and the Mechanisms of Neuron Death.
Cambridge, Mass., MIT Press, 1992.

Sartor, R. B. 1995. Current concepts of the etiology and pathogenesis of ulcerative colitis
and Crohn’s disease. Gastroenterol. Clinics of North Am. 24: 475-507.

Sawada, H., M. Ibi, T. Kihara, M. Urushitani, A. Akaike, and S. Shimohama. 2000.
Neuroprotective mechanism of glial cell line-derived neurotrophic factor in
mesencephalic neurons. J. Neurochem. 74: 1175-1184.

Schemann, M. C. Schaaf, and M. Mader. 1995. Neurotransmitter coding of enteric
neurones in the guinea pig stomach. J. Comp. Neurol. 353: 161-178.

Scheurich, P., G. Kobrich, and K. Pfizenmaier. 1989. Antagonistic control of tumor
necrosis factor receptors by protein kinases A and C: enhancement of TNF receptor
synthesis by protein kinase A and transmodulation of receptors by protein kinase C. J.
Exp. Med. 170: 947-957.

Schmidt, H. H. H. W. and U. Walter. 1994. NO at work. Cell 78: 919-925.

Schoenberg, M. H., and H. G. Beger. 1993. Reperfusion injury after intestinal ischemia.
Critical Care Medicine. 21: 1376-1386.

Schuchardt, A., V. D’Agati, L. Larsson-Bloomberg, F. Costantini, and V. Pachnis. 1994.
Defects in the kidney and enteric nervous system of mice lacking the tyrosine kinase
receptor Ret. Nature 367: 380-383.

Schuffler, M. D. 1981. Chronic intestinal pseudo-obstruction syndromes. Med. Clin.
North Am. 65: 1331-1358.

Schuffler, M. D. 1984. Diagnosis and treatment of chronic idiopathic intestinal pseudo-
obstruction syndromes. Survey Dig. Dis. 2: 104-14.

Schuffler, M. D., C. A. Rohrmann, R. G. Chaffee, D. L. Brand, J. H. Delaney, and J. H.
Young. 1981. Chronic intestinal pseudo-obstruction: a report of 27 cases and review of
the literature. Medicine 60: 173-96.

Schulz-Osthoff, K., D. Ferrari, M. Los, S. Wesselborg, and M. E. Peter. 1998. Apoptosis
signaling by death receptors. Eur. J. Biochem. 254: 439-459.

244



Schwarz, B., N. Salak, H. Hofstotter, W. Pajik, H. Knotzer, A. Mayr, and W. Hasibeder.
1999. Intestinal ischemic reperfusion syndrome: pathophysiology, clinical significance,
therapy. Wien. Klin. Wochenschr. 111: 539-548.

Semkova, L., and J. Krieglstein. 1999. Neuroprotection mediated via neurotrophic factors
and induction of neurotrophic factors. Brain Research Reviews. 30: 176-188.

Sen, C. K., and L. Packer. 1996. Antioxidant and redox regulation of gene transcription.
FASEB J. 10: 709-720.

Senchez, M., 1. Silos-Santiago, J. Frisen, B. He, S. Lira, and M. Barbacid. 1996. Renal
agenesis and the absence of enteric neurons in mice lacking GDNF. Nature 382: 70-73.

Sevanian, A., and E. Kim. 1985. Phospholipase A; dependent release of fatty acids from
peroxidized membranes. J. Free Radic. Biol. Med. 1: 263-271.

Shen, L., A. Figurov, and B. Lu. 1997. Recent progress in studies of neurotrophic factors
and their clinical implications. J. Mol. Med. 75: 637-644.

Shimizu, S. Y., W. Eguchi, Y. Kamiike et al. 1996. Induction of apoptosis as well as
necrosis by hypoxia and predominant prevention of apoptosis by Bcl-2 and Bcl-xL.
Cancer Res. 56: 2161-2166.

Siesjo, B. K. 1981. Cell damage in the brain: a speculative synthesis. J. Cereb. Blood
Flow Metab. 1: 155-185.

Siesjo, B. k., H. Memezawa, and M. L. Smith. 1991. Neurocytoxicity: pharmacological
implications. Fundam. Clin. Pharmacol. 5: 755-767.

Simonian, N. A, and J. T. Coyle. 1996. Oxidative stress in neurodegenerative diseases.
Annu. Rev. Pharmacol. Toxicol. 36: 83-106.

Simmonds, N. J., R. E. Allen, T. R. J. Stevens, R. N. Van Someren, D. R. Blake, and D.
S. Rampton. 1992. Chemiluminescence assay of mucosal reactive oxygen metabolites in
inflammatory bowel disease. Gastroenterology 103: 177-18S.

Singaram, C., W. Ashraf, E. A. Gaumnitz, C. Torbey, A. Sengupta, R. Pfeiffer, and E. M.
Quigley. 1995. Dopaminergic defect of enteric nervous system in Parkinson’s disease
patients with chronic constipation. Lancet 346: 861-864.

Smith, C. A., T. Davis, D. Anderson, L. Solam, M. P. Beckmann, R. Jerzy, S. K. Dover,
D. Cosman, and R. G. Goodwin. 1990. A receptor for tumor necrosis factor defines an
unusual family of cellular and viral proteins. Science 248: 1019-1023.

Smith, R. A_, and C. Baglioni. 1987. The active form of tumor necrosis factor is a trimer.
J. Biol.Chem. 262: 6951-6954.

245



Snyder, S. H., and D. S. Bredt. 1991. Nitric oxide as a neuronal messenger. Trends
Pharmacol. Sci. 12: 125-128.

Sodum, R. S., and F-L. Chung. 1988. l,Nz-Ethenodeoxyguanosine as a potential marker
for DNA adduct formation by trans-4-hydroxy-2-nonenal. Cancer Res., 48: 320-323.

Sofrinew, M. V_, T. G. Bush, N. Blumauer, L. Kruger, L. Mucke, and M. H. Johnson.
1999. Genetically-targeted and conditionally-regulated ablation of astroglial cells in the

central, enteric and peripheral nervous systems in adult transgenic mice. Brain Res. 835:
91-95.

Spitz, D. R., R. R. Malcolm, and R. J. Roberts. 1990. Cytotoxicity and metabolism of 4-
hydroxy-2-nonenal and 2-nonenal in H>O.-resistant cell lines. Do aldehyde by-products
of lipid peroxidation contribute to oxidative stress? Biochem J. 267: 453-459.

Stach, W. 1989. A revised morphological classification of the neurons in the enteric
nervous system. Pp. 29-46. In: M. W. Singer and H. Gobell, eds. Nerves and the
Gastrointestinal Tract. MTP Press, U.K.

Stahl, N., and G. D. Yancopoulos. 1994. The tripartite CNTF receptor complex:
activation and signaling involves components shared with other cytokines. J. Neurobiol.
25: 1454-1466.

Stanger, B. Z., P. Leder, T. H. Lee, E. Kim, and B. Seed. 1995. RIP: a novel protein
containing a death domain that interacts with Fas/APO-1 (CD95) in yeast and causes cell
death. Cell. 81: 513-523.

Steinhardt, R. A., and J. Alderton. 1988. Intracellular free calcium rise triggers nuclear
envelope envelope breakdown in the sea urchin embryo. Nature 332: 364-366.

Steinhoff, M. M., . J. Kodner, and K. DeSchryver-Decskemeti. 1988. Axonal
degeneration/necrosis: a possible ultrastructural marker for Crohn's disease.
Mod Pathol. 1:182-7.

Sternini, C. 1988. Structural and chemical organization of the myenteric plexus. Annual
Review of Physiology. 50: 81-93.

Stokkers, P. C., L. Camoglio, and S. J. H. van Deventer. 1996. Tumor necrosis factor
(TNF) in inflammatory bowel disease: gene polymorphisms, animal models, and
potential for anti-TNF therapy. J. Inflammation 47: 97-103.

Strobach, R. S., A. H. Ross, R.S. Markin, R. K. Zetterman, and J. Linder. 1990. Neural
patterns in inflammatory bowel disease: an immunohistochemical survey. Mod. Pathol. 3:
488-493.



Surprenant, A. 1994. Control of the gastrointestinal tract by enteric neruons. Ann. Rev.
Physiol. 56: 117-140.

Susin, S. A, H. K. Lorenzo, N. Zamzami, I. Marzo, B. E. Snow, G. M. Brothers, J.
Mangion, E. Jacotot, P. Costantini, M. Loeffler, N. Larochette, D. R. Goodlett, R.
Aebersold, D. P. Siderovski, J. M. Penninger, and G. Kroemer. 1999. Molecular
characterization of mitochondrial apoptosis-inducing factor. Nature 397: 441-446.

Susin, S. A., N. Zamzami, M. Castedo, T. Hirsch, P. Marchetti, A. Macho, E. Daugas, M.
Geuskens, and G. Kroemer. 1996. Bcl-2 inhibits the mitochondrial release of an
apoptogenic protcase. J. Exp. Med. 184: 1331-1341.

Susin, S. A., N. Zamzami, and G. Kroemer. 1998. Mitochondria as regulators of
apoptosis: doubt no more. Biochim. Biophys. Acta. 1366: 151-165.

Suzuki, Y. J., H. J. Forman, and A. Sevanian. 1997. Oxidants as stimulators of signal
transduction. Free Radic. Biol. Med. 22: 269-285.

Swain, M. G., A. Agro, P. Blennerhassett, A. Stanisz, and S. M. Collins. 1992. Increased
levels of substance P in the myenteric plexus of Trichinella-infected rats.
Gastroenterology 102: 1913-1919.

Swain, M. G., P. A. Blennerhassett, and S. M. collins. 1991. Impaired sympathetic nerve
function in the inflamed rat intestine. Gastroenterology 100: 675-682.

Szuszewski, J. H., and S. M. Miller. 1994. Physiology of prevertebral ganglia. Pp. 751-
794. In: Johnson, L. R., ed. Physiology of the gastrointestinal tract. 3 ed. Raven Press,
New York.

Taraviras, S., C. V. Marcos-Gutierrez, P. Durbec, H. Jani, M. Grigoriou, M. Sukumaran,
L. C. Wang, M. Hynes, G. Raisman, and V. Pachnis. 1999. Signalling by the RET
receptor tyrosine kinase and its role in the development of the mammalian enteric
nervous system. Development 126: 2785-2797.

Tartaglia, L. A., T. M. Ayres, G. H. W. Wong, and D. V. Goeddel. 1993. A novel domain
within the 55 kDa TNF receptor signals cell death. Cell 74: 845-853.

Tartaglia, L. A., and D. V. Goeddel. 1992. Two TNF receptors. Immunol. Today. 13:
151-153.

Tartaglia, L. A., D. Pennica, and D. V. Goeddel. 1993. Ligand passing: the 75-kDa tumor
necrosis factor (TNF) receptor recruits TNF for signaling by the 55-kDa TNF receptor. J.
Biol. Chem. 268: 18542-18548.

Taub, D. D., and J. J. Oppenheim. 1994. Chemokines, inflammation and the immune
system. Ther. Immunol. 1: 229-246.

247



Taylor, D. E. 1998. Revving the motor of multiple organ dysfunction syndrome. Gut
dysfunction in ARDS and multiorgan failure. Respiratory Care Clinics of North America.
4:611-631.

Taylor, G. S., and R. A. Bywater. 1988. Intrinsic control of the gut. Baillieres Clin
Gastroenterol. 2: 1-22.

Terenghi, G. 1999. Peripheral nerve regeneration and neurotrophic factors. J. Anat. 194:
1-14.

Thoma, B., M. Grell, K. Pfizenaier, and P. Scheurich. 1990. Identification of a 60-kD
tumor necrosis factor (TNF) receptor as the major signal transducing component in TNF
responses. J. Exp. Med. 172: 1019-1023.

Thomas, C. E., L. A. Morehouse, and S. D. Aust. 1985. Ferritin and superoxide
dependent lipid peroxidation. J. Biol. Chem. 260: 3275-3280.

Thompson, C. B. 1995. Apoptosis in the pathogenesis and treatment of disease. Science
267: 1456-1462.

Ting, A. T., F. X. Pimentel-Muinos, and B. Seed. 1996. RIP mediates tumor necrosis
factor receptor 1 activation of NF-kappaB but not Fas/APO-1-initiated apoptosis. EMBO
J. 15: 6189-6196.

Toescu, E. 1998. Apoptosis and cell death in neuronal cells: where does Ca** fit in? Cell
Calcium 24: 387-403.

Tomac, A, E. Lindqgvist, L. F. H. Lin, S. O. Ogren, D. Young, B. J. Hoffer, and L. Olson.

1995. Protection and repair of the nigrostriatal dopaminergic system by GDNF in vivo.
Nature 373: 335-339.

Tombaugh, G. C., and R. M. Sapolsky. 1993. Evolving concepts about the role of
acidosis in ischemic neuropathology. J. Neurochem. 61: 793-803.

Tombes, R. M., C. Simerly, G. G. Borisy, and G. Schatten. 1992. Mei§osis. egg
activation, and nuclear envelope breakdown are differentially reliant on Ca™ whereas

germinal vesicle breakdown is Ca®* independent in the mouse oocyte. J. Cell Biol. 117:
799-811.

Tracey, K. J., and A. Cerami. 1994. Tumor necrosis factor: a pleiotropic cytokine and
therapeutic target. Ann. Rev. Med. 45: 491-503.

Tracey, K. J., H. Vlassara, and A. Cerami. 1989. Cachectin/tumour necrosis factor.
Lancet 20: 1122-1126.

248



Tracey, K. J., H. Wei, K. R. Manogeu, Y. Fong, D. G. Hesse, H. T. Nguyen, G. G. Kuo,
B. Beutler, R. S. Cotran, A. Cermai, and S. F. Lowry. 1988. Cachectin/tumor necrosis
factor induces cachexia, anemia, and inflammation. J. Exp. Med. 167: 1211-1227.

Treanor, J. J., L. Goodman, D. M. Stone, K. T. Poulsen, C. D. Beck, and C. Gray. 1996.
Characterization of a multicomponent receptor for GDNF. Nature 382: 80-83.

Troy, C. M., L. Stefanis, A. Prochantz, L. A. Greene, and M. L. Shelanski. 1996. The
contrasting roles of ICE family proteases and interleukin-1B in apoptosis induced by

trophic factor withdrawal and by copper/zinc superoxide dismutase down-regulation.
PNAS USA. 93: 5635-5640.

Tsujimoto, Y. 1997. Apoptosis and necrosis: intracellular ATP level as a determinant for
cell death modes. Cell Death Differ. 4: 429-434.

Turetskaya, R. L., S. J. Fashena, N. L. Paul, and N. H. Ruddle. 1992. Genomic structure,
induction, and production of TNF-f. Immunol. Ser. 56: 35-60.

Vaday, G. G., and O. Lider. 2000. Extracellular matrix moieties, cytokines, and enzymes:
dynamic effects on immune cell behavior and inflammation. J. Leukoc. Biol. 67: 149-
159.

Valentine, J. F., C. L. Tannahill, S. A. Stevenot, J. E. Sallustio, H. S. Nick, and E. Y.
Eaker. 1996. Colitis and interleukin lbeta up-regulate inducible nitric oxide synthase and
superoxide dismutase in rat myenteric neurons. Gastroenterology 111: 56-64.

Vandenabeele, P., W. Declerq, R. Beyaert, and W. Fiers. 1995. Two tumor necrosis
factor receptors: structure and function. Trends Cell Biol. 5: 392-399.

van den Pol, A. N. 1991. Glutamate and aspartate immunoreactivity in hypothalamic
presynaptic axons. J Neurosci.;1: 2087-101.

van Deventer, S. J., and L. Camoglio. 1997. Monoclonal antibody therapy of
inflammatory bowel disease. Pharm. World Sci. 19: 5§5-59.

Van Dullemen, H. M,, S. J. H. van Deventer, D. W. Hommes, H. A. Bigj, J. Jansen, G. N.
J. Tytgat, and J. Woody. 1995. Treatment of Crohn’s disease with anti-tumour necrosis
factor chimeric monoclonocal antibody (cA2). Gastroenterology 109: 129-135.

Van Kuijk, F. J. G. M,, A. Sevanian, G. J. Handelman, and E. A. Dratz. 1987. A new role

for phospholipase Ai: protection of membranes from lipid peroxidation damage. TIBS
12: 31-34.

Van Zee, K. J., T. Kohno, E. Fischer, C. S. Rock, L. L. Moldawer, and S. F. Lowry. 992.
Tumor necrosis factor soluble receptors circulate during experimental and clinical

249



inflammation and can protect against excessive tumor necrosis factor-a in vitro and in
vivo. PNAS USA 89: 4845-4849.

Vassali, P. 1992. The pathophysiology of tumor necrosis factor. Ann. Rev. Immunol. 10:
411-452.

Venters, H. D., R. Dantzer, and K. W. Kelley. 2000. A new concept in
neurodegeneration: TNFa is a silencer of survival signals. Trends Neurosci. 23: 175-180.

Verdi, J. M., A. K. Groves, L. Farinas, K. Jones, M. A. Marchionni, L. F. Reichardt, and
D. J. Anderson. 1996. A reciprocal cell-cell interaction mediated by NT-3 and

neuregulins controls the early survival and development of sympathetic neuroblasts.
Neuron 16: 515-527.

Waeg, G., G. Dimsity, and H. Esterbauer. 1996. Monoclonal antibodies for detection of
4-hydroxynonenal modified proteins. Free Radical Res. 25: 149-159.

Wahl, S. M. 1994. Transforming growth factor B: the good, the bad, and the ugly. J. Exp.
Med. 180: 1587-1590.

Wakabayashi, K., H. Takahashi, S. Takeda, E. Ohama, and F. Ikuta. 1988. Parkinson’s
disease: the presence of Lewy bodies in Auerbach’s and Meissner’s plexuses. Acta
Neuropathol. 76: 217-222.

Wakabayashi, K, H. Takahashi, S. Takeda, E. Ohama, and F. Ikuta.1989. Lewy bodies in
the enteric nervous system in Parkinson’s disease. Arch. Histol. Cytol. 52. Suppl. 191-
194.

Wakabayashi, K., H. Takahashi, E. Ohama, and F. Ikuta. 1990. Parkinson’s disease: an
immunohistochemical study of Lewy-body-containing neurons in the enteric nervous
system. Acta Neuropathol. 79: 581-583.

Wallach, D., M. Boldin, E. Varfolomeev, R. Beyaert, P. Vandenabeele, and W. Fiers.
1997. Cell death induction by receptors of the TNF family: towards a molecular
understanding. FEBS Lett 410: 96-106.

Ward, P. A. 1991. Mechanisms of endothelial cell injury. J. Lab. Clin. Med. 118: 421-
426.

Ward, J. F.,, C. L. Limoli, P. Calabro-Jones, and J. W. Evans. 1987. Radiation versus
chemical damage to DNA. Pp. 321-327. In: P. A. Cerutti, O. F. Nygaard, and M. G.
Simic. eds. Anticarcinogenesis and Radiation Protection. Plenum, New York.

Wattchow, D. A. Furness, J. B., and M. Costa. 1988. Distribution and coexistence of

peptides in nerve fibers of the external muscle of the human gastrointestinal tract.
Gastroenterology 95: 32-41.

250



White, R. J, and L. J. Reynolds. 1995. Mitochondria and Na+/Ca2+ exchange buffer
glutamate-induced calcium loads in cultured cortical neurons. J Neurosci. Feb;15:1318-
28.

White, R. J., and L. J. Reynolds. 1997. Mitochondrial accumulate Ca® following intense
glutamate stimulation of cultured rat forebrain neurons. J. Physiol. 498: 31-47.

Willard, A. L. 1992. Excitatory and neurotoxic actions of platelet-activating factor on rat
myenteric neurons in cell culture. Ann. N. Y. Acad. Sci. 664: 284-292,

Wong, G. H., J. H. Elwell, L. W. Oberley, and D. V. Goeddel. 1989. Manganese
superoxide dismutase is essential for cellular resistance to cytotoxicity of tumor necrosis
factor. Cell 58: 923-931.

Wood, J. D. 1991. Communication between minibrain in gut and enteric immune system.
NIPS 3: 64-69.

Wood, J.D. 1994. Application of classification schemes to the enteric nervous system.
Journal of the Autonomic Nervous System. 48:17-29.

Wood, J. W. 2000. Neuropathy in the brain-in-the-gut. Eur. J. Gastroenterol. Hepatol. 12;
597-600.

Xia, Y., H-Z. Hu, S. Liu, J. Ren, D. H. Zafirov, and J. D. Wood. 1999. IL-1B and II-6
excite neurons and suppress nicotinic and noradrenergic neurotransmission in guinea pig
enteric nervous system. J. Clin. Invest. 103: 1309-1316.

Xian, C. J., B. R. Huang, and X. F. Zhou. 1999. Distribution of neurturin mRNA and
immunoreactivity in the peripheral tissues of adult rats. Brain Res. 835: 247-258.

Yamaguchi, S., K. Endo, T. Kitajima, H. Ogata, and Y. Hori. 1998. Involvement of the
glutamate transporter and the sodium-calcium exchanger in the hypoxia-induced increase
in intracellular Ca2+ in rat hippocampal slices. Brain Res.813: 351-358.

Yamamoto, S. 1983. Enzymes in the arachidonic acid cascade. Pp. 171-202. In: C. Pace-
Ascieak and E. Granstrom, eds. Prostaglandins and Related Substances. Elsevier,
Amsterdam.

Yang, C-S., N-N. Lin, P-J. Tsai, L. Liu, and J-S. Kuo. 1996. In vivo evidence of hydroxyl
radical formation induced by elevation of extracellular glutamate after cerebral ischemia
in the cortex of anesthetized rats. Free Radic. Biol. Med. 20: 245-250.

Yoshida, M. M., S. Krishnamurthy, D. A. Wattchow, J. B. Furness, and M. D. Schuffler.

1988. Megacolon in myotonic dystrophy caused by a degenerative neuropathy of the
myenteric plexus. Gastroenterology 95: 820-827.

251



Young, H. M., C. J. Heamn, P. G. Farlie, A. J. Canty, P. Q. Thomas, and D. F. Newgreen.
2001. GDNEF is a chemoattractant for enteric neural cells. Dev. Biol. 229: 503-516.

Yuan, J., S.Shaham, S. Ledouz, H. M. Ellis, and H. R. Horvitz. 1993. The C. elegans cell

death gene ced-3 encodes a protein similar to mammalian interleukin-1B-converting
enzyme. Cell 75: 641-652.

Yue, T-L., M. M. Gleason, J-L. Gu, P. G. Lysko, J. Hallenbeck, and G. Feuerstein. 1991.
Platelet-activating factor (PAF) receptor-mediated calcium mobilization and
phosphoinositide turnover in neurohybrid NG108-15 cells: studies with BN50739, a new
PAF antagonist. J. Pharmacol. Exp. Ther. 257: 374-381.

Yue, T-L., M. M. Gleason, J. Hallenbeck, and G. Feuerstein. 1991. Characterization of
platelet-activating factor-induced elevation of cytosolic free-calcium level in neurohybrid
NCB-20 cells. Neurscience 41: 177-185.

Zamzami, N., P. Marchetti, M. Castedo, D. Decaudin, A. Macho, T. Hirsch, S. A. Susin,
P. X. Petit, B. Mignotte, and G. Kroemer. 1995a. Sequential reduction of mitochondrial

transmembrane potential and generation of reactive oxygen species in early programmed
cell death. J. Exp. Med. 181: 1661-1672.

Zamzami, N., P. Marchetti, M. Castedo, J-L. Vayssiere, P.X. Petiti, and G. Kroemer.
1995b. Reduction in mitochondrial potential constitutes an early irreversible step of
programmed lymphocyte death in vivo. J. Exp. Med. 181:1661-1672.

Zhang, L., R. E. Schmidt, Q. Yan, and W. D. Snider. 1994. NGF and NT-3 have differing

effects on the growth of dorsal root axons in developing mammalian spinal cord. J.
Neurosci. 14: 5187-5201.

Zhang, M., and K. J. Tracey. 1998. Tumor necrosis factor, /n The Cytokine Handbook.
Academic Press, San Diego, 19: 517-548.

Zoratti, M. and I. Szabo. 1995. The mitochondria permeability transition. Biochim.
Biophys. Acta 1241: 139-176.

252





