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This thesis has examined neuronal plasticity in autonomic neurons in both the 

mature and ageing peripheral nervous system. By examining the growth and 

survival responses of rat enteric neurons in both the aging process and as a 

response to changes in their environment, I have tried to identify some of the 

factors which influence such responses. Initially, several established 

immunohistochemical and histochemical techniques were used to examine the 

rodent enteric nervous system (ENS). Quantitative methods were established to 

count the overall number of autonomic neurons in the ENS through a number 

of age stages. The possibility that particular neuronal phenotypes were 

vulnerable to cell death was examined using a range of different markers. Data 

from this initial study contradicted previous findings by concluding that there 

was very little evidence for loss of any neuron type in the myenteric plexus of 

the aged Sprague Dawley rat. In contrast to earlier studies made on ad libitum 

fed animals, our aged rats had been kept on a restricted diet, which has been 

shown to enhance the longevity of small laboratory animals. The mechanism 

by which it does so is unknown. Several aspects of ENS morphology were 

therefore examined in Sprague Dawley rats maintained on ad libitum and 

restricted diets for different time periods. The most striking observation was 

that aged (24M) animals fed ad libitum showed large scale death of their 

myenteric neurons, in contrast to animals of a similar age fed on a restricted 

diet, which showed maintained numbers of enteric neurons. The effect of 

restricted diet extended through to 30M of age. It was determined that cell



death commenced at approximately 16 months in ad libitum fed rats. To 

investigate the mechanisms underlying cell death, I examined the occurrence 

of programmed cell death (apoptosis) in the ENS, changes in expression of the 

low affinity neurotrophin receptor, p75, in the ENS and altered levels of free 

radicals, all of which are implicated in neurodegeneration elsewhere in the 

nervous system. Some adult neurons are able to grow in response to changes 

in their target tissues. The induction of hypertrophy in vivo in the small 

intestine (a possible consequence of feeding regime) was used to examine the 

capacity for compensatory growth in associated autonomic neurons. 

Differential changes within neuronal subtypes were observed. The work I 

present in this thesis has identified some of the factors which may influence 

different aspects of neuronal plasticity in maturity, and has determined that 

increased functional demands and dietary conditions may contribute 

significantly to altered plasticity in the adult and ageing autonomic nervous 

system.
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Introduction
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1.1 General introduction to this thesis

Current concepts in neuroscience regard the nervous system in both 

development and maturity as a dynamic structure, able to respond to changes 

in its environment with an appropriate action; be it growth, retraction or even 

cell death. Neurons are the driving force behind every thought or movement we 

make, whether voluntary or involuntary, and exert their control through many 

effector target cells. Since all nerve cells in the human body are post mitotic, 

they are essentially irreplaceable. Many debilitating pathologic conditions 

affect the nervous system, particularly in the elderly, but what happens to our 

nervous system as we advance in years? It is widely believed that large scale 

neuron loss is a feature of old age. As this thesis will show, many areas are 

indeed severely affected. By what mechanism does neuron cell death occur; is 

it 'programmed' intrinsically within the neurons, or are they responding to 

changes within their environment? Does cell death occur uniformly throughout 

the nervous system, or are there differences in how neuronal populations 

respond to senescence? A primary aim of this thesis will be to answer these 

questions using as our main experimental model the Enteric Nervous System 

(ENS).

The introduction to this thesis will firstly describe how neurons respond to 

changes within their environment during development, and introduce the 

important concept of 'neuronal plasticity'. I will also briefly examine the 

mechanisms involved in developmental processes. Plasticity in the adult and
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ageing peripheral nervous system will then be described, together with some of 

the theories which have been formulated to explain the responses observed 

during both development and ageing. The ENS will then be discussed in 

general, and its suitability for the majority of experimental methods assessed, 

together with the applicability of findings from these studies to other nerve 

groups in the body. Finally, since the study of neuronal alterations is a complex 

task, I will compare several of the quantification techniques used to count 

neurons with the method used throughout this thesis.

1.2 Neuronal plasticity during development

The development of the nervous system has been well documented since the 

turn of the century, when Ramon y. Cajal made exhaustive studies of the 

structure of neurons in early embryos in the late 1920's (Cajal, 1928). The study 

of developmental processes is briefly described here, to demonstrate that the 

solutions to many of the problems encountered during development continue 

to be used later in life, during both the regeneration of the nervous system, and 

in the response of neurons to environmental changes which often occur during 

disease and ageing.

The formation of the nervous system begins with neural induction and 

migration of cells from the neural crest. Once the developing neuroblasts have 

acquired the characteristics of adult neurons, such as excitability and their 

distinct metabolic properties, they extend neurites in specific directions and
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along specific pathways to form the mature nervous system. Initially, synaptic 

connections are formed on the target cells. There then follows a period of 

consolidation which has, as one of its key events, cell death and the retraction 

and elimination of many neurite branches. Thus an initial vast overproduction 

of nerve cells is removed by large scale cell death, the mechanisms of which 

will briefly be described here. Neurons die in large numbers in the vertebrate 

embryo shortly after axons reach and begin to innervate their targets 

(Hamburger and Oppenheim, 1982). Classical experiments performed on the 

chick embryo have revealed that a large determinant in the extent of cell death 

is the size of the target which they innervate. In many respects, the events 

occurring during development resemble evolution in a biological ecosystem. 

Neurons best able to innervate a certain target survive and establish their 

contacts, those which do not atrophy and die. Thus it is apparent that the 

establishment of neuronal connections is not a complex and ultimately wasteful 

process, but rather a competitive interaction between neurons to eliminate 

errant connections and match the level of innervation to the target size. 

Transplantation experiments whereby chick lumbro-sacral cord was 

transplanted into quail and vice versa have revealed that target size does have 

a role in cell survival. Chicks are larger than quails, and have a greater number 

of muscle fibres. More quail neurons survived in the chick than in the quail, 

and fewer chick neurons survived in the quail than in the chick (Tanaka and 

Landmesser, 1986), evidence that target size may be a determinant of neuronal 

survivability.

21



However, there are other possible reasons for cell death in the developing 

embr>'o. It could be a means of eliminating neurons which have developed 

incorrectly, or innervate inappropriate targets. For example, in the neonatal rat, 

errant projections from the nasal retina to the ipsilateral superior colliculus have 

been shown to be removed by cell death (Jeffer>  ̂and Perry, 1982). Thus, cell 

death is seen as a beneficial process which ultimately results in the creation of 

the adult pattern of innervation.

1.2.1 Mechanisms o f neuronal plasticity and cell death in development 

In the previous section, I described that, during development, neurons compete 

with each other to establish connections, and that unsuccessful neurons undergo 

cell death. What are the neurons competing for? In this section, I will examine 

the mechanism of cell death in the developing nervous system, and go on to 

examine some of the factors involved.

It is generally believed that during development, neurons compete for a limited 

supply of a target derived growth or 'trophic' factor. Failure to receive enough 

of this factor or factors results in cell death. By providing this factor in such 

limited amounts, targets are able to regulate precisely the level of innervation 

which they receive. Those cells and connections best able to uptake an 

adequate supply, spatially or otherwise, are selected for and will survive. There 

is a negative feedback loop which limits the supply of the trophic molecules, 

forcing the neurons to compete with each other for survival and the elaboration 

of neural branches. Neuronal development could be likened to a Darwinian
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struggle between populations of neurons and the cells they innervate; thus 

neurons may be viewed as competing for these trophic resources, the fittest 

cells and connections survive, whilst others wither and die. It also provides an 

explanation for why errant corrections are eliminated; if they receive none or 

the wrong trophic factor, neurons will die. This model was proposed by several 

researchers, notably Purves (Purves, 1988), who suggests that target tissues are 

the source of specific neurotrophic molecules, but that the amount of trophic 

substance is regulated by the activity of the neurons which depend on the 

trophic material. Thus a negative feedback loop limits the supply of trophic 

molecules, forcing the neurons which depend on them to compete in order to 

survive and elaborate neural branches. This idea is commonly known as the 

'neurotrophic theory’. In later sections, I will show that this theory can, in part, 

explain the responses observed in the mature and ageing nervous system.

However, this idea would remain theoretical were it not for the characterization 

over a number of years of a large number of candidate trophic molecules and 

the appropriate, matching, receptors. The most famous are those in the 

neurotrophin family, which include nerve growth factor, NGF [discovered in 

1951 by Levi-Montalcini, who observed that extracts of mouse sarcoma 

promoted neurite outgrowth (Levi-Montalcini, 1951)], brain derived 

neurotrophic factor (BDNF), which supports the survival of sensory neurons 

(Conover, 1995; Liu et al. 1995) and, more recently, neurotrophin 3 (NT-3, 

Maisonpierre et a l 1990). NT-4 and NT-5 are amphibian and mammalian 

homologues of what may be the same molecule (Berkemeier et al. 1991). The
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most recent molecule to be characterised was NT-6 (Gotz et al, 1994). Each of 

the neurotrophins can promote the survival of separate populations of neurons, 

although there is also much overlap, that is different neurotrophins are able to 

act on the same population of neurons.

The receptors which mediate the biological activity of the neurotrophins have 

been largely determined. The first receptor to be cloned was a 75-80kDa 

protein which was found to bind all neurotrophins with equal affinity, and was 

referred to as p75 (Squinto et at. 1991). Subsequently, several receptors of the 

tyrosine kinase proto-oncogene trk have been identified to act as high affinity 

binding sites for the neurotrophins in conjunction with p75 and are known as 

trk A, B and C (Bothwell, 1995). These receptors, in conjunction with p75, 

mediate the biological actions of the neurotrophins, and bind specifically to 

different neurotrophins. Thus NGF binds with high affinity to a ^HSItrkk 

dimer, whilst BDNF and NT-3 do so with trk B and C together with p75. This 

system is far more complex than can be described here, however, it will be seen 

that such complexity allows the neurotrophin system to play a major, and 

varied, role in the regulation of development and in the adult function of the 

nervous system. For further background referring specifically to the ENS and 

neurotrophins, refer to section 1.4.6 Development o f the ENS. Other trophic 

factors, not of the neurotrophin family, are present and can influence neuronal 

survivability in development and ageing. These will also be discussed later in 

appropriate subsequent sections of this thesis. Although the neurotrophic theory 

is now widely accepted, alternative proposals have been made which share a

24



Darwinian theme with Purves, notably by Edelman (see Crick, 1989), who 

suggested, albeit with scant evidence, that a large repertoire of neural circuits 

is formed with diverse properties, functionally appropriate connections being 

selected, while errant corrections are removed.

However, other possible mechanisms apart from trophic support are operating. 

For instance, it is possible that electrical activity of the target can directly 

influence neuron survival. Direct stimulation of target muscle causes a greater 

amount of motor neuron cell death, whilst pharmacological inactivation of the 

target causes greater survival of motor neurons (Oppenheim et al. 1982). It is 

possible that the above two mechanisms are linked, as the uptake of trophic 

factors into the nerve cell body can be influenced by electrical activity 

(Campenot, 1977).

In conclusion, this section has summarised the importance of cell death in the 

developing nervous system, and has analysed some of the mechanisms involved 

in this process, many of which will be encountered again in the next section.

1.3 Neuronal plasticity and ageing

Many of the experiments described in this thesis are concerned with the changes 

which occur within an organism with the passage of time. Ageing in higher 

animals has been defined as the, mainly intrinsic, progressive accumulation of 

structurally altered molecules with time associated with, or responsible for, the
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increasing probability of developing disease or having an increased risk of 

dying. Most ageing changes commence at maturity and are both irreversible 

and progressive until death. Physiological or 'normal' ageing is associated with 

definite structural and functional changes that would be considered pathological 

if observed at a younger age (Zurcher and Slagboom, 1994). Some age-related 

can certainly affect tissue and organ function, and ultimately be life threatening. 

For example, glycation of proteins and the formation of proteins can irreversibly 

affect structurally important long-lived proteins such as those located in the 

lens, blood vessels and skin (Lee and Cerami, 1990). On the other hand, other 

age-associated changes appear to have little effect on function, such as 

increases in intracellular ageing pigments (lipofuscins) in cells of various 

tissues, as seen, for example, in many neurons (Tappel et a l 1973). In this 

short introduction, I will examine three general theories of ageing, which 

suggest that ageing, to a large extent, is genetically determined. These theories 

have been extensively discussed by Kirkwood (Kirkwood, 1989).

The first concept sees ageing as having an evolutionary advantage for a 

population, in that it would allow survival of a population in times of hardship, 

such as food shortages. Thus ageing is an orderly process, to help species 

survival. The second concept regards ageing as the consequence of a molecular 

programme to enhance reproduction, which ultimately has detrimental effects 

later in life. This concept sees ageing as being brought on accidentally in an 

unorganized way. Finally, the 'disposable soma' theory suggests that the life 

span of a species is limited by the balance between maintenance of the soma

26



and reproductive effort. Thus ageing would involve the accumulation of life

long damaged macromolecules (for example, DNA), and life span would be 

influenced by the rate at which these abberrant molecules can be repaired or 

replaced. As we shall see, this last theory will be predominately examined in 

this thesis.

In the previous section, I described how neuronal plasticity plays a large role in 

development. In this section, I will discuss plasticity in the mature and ageing 

peripheral nervous system, and will demonstrate that ageing could be 

considered to be a final stage in an ongoing developmental process, which may 

involve the breakdown, for reasons outlined above, of some of the mechanisms 

established during development and used to maintain the adult pattern of 

innervation. I will examine age changes in the PNS, and briefly describe the 

mechanisms involved, together with a concise review of the phenomenon of 

neuron cell death in the ageing nervous system, and reasons why this occurs.

1.3.1 Age changes in peripheral nerve groups

The effects of age on the nervous system are difficult to summarise, as nerve 

populations have been shown to decrease, remain constant or even increase 

depending on the area of the body which is investigated (for a review, see 

(Cowen, 1993a ). For example, projections to the iris from the superior cervical 

ganglion are largely unaffected by age (Mione et al. 1988 a), whilst projections 

from the same ganglia to some of the cerebral blood vessels show many age 

related changes (Santer, 1991). The innervation of the heart has also been
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shown to vary with age, although this this observation appears to be dependant 

on the nerve population examined (Jew et a l 1996; Santer, 1982). In general 

these studies have used immunohistochemical techniques to analyse nerve 

presence, a technique extensively used in the work described in this thesis. 

Results from this method must be treated with a degree of caution, as it is 

possible that reductions in neurotransmitter content, with concurrent reduced 

staining levels, could be confused with fibre loss. For example, levels of the 

neurotransmitter noradrenaline (NA) have been shown to be reduced in 

sympathetic ganglia with age, whilst levels of the rate limiting enzyme, tyrosine 

hydroxylase (TH - a generally accepted immunohistochemical marker for 

sympathetic nerves), have been shown to increase (Santer, 1979). 

Morphological changes with age have, however, also been shown using other 

methods. At the level of the electron microscope, there are distinctive axonal 

abnormalities in many sympathetic ganglia wdth age, although this again varies 

depending with location (Schmidt et a l 1983). The innervation to the gut 

provides many examples of age-related degeneration of fibres. There is a 

reduction in the extrinsic sympathetic control to the small intestine with age in 

rats (Baker et al 1991), and immunoelectron microscope studies have revealed 

large reductions in many peptidergic fibres in the myenteric plexus of the 

ageing rat (Fehér and Pénzes, 1987). Overall, it appears that there is no general 

rule to describe the degeneration of neurons and fibres in the ageing peripheral 

nervous system, but that neurodegeneration is locally specific to certain 

neuronal types. Some sections of this thesis will attempt to examine why 

certain neurons appear to be selectively vulnerable.
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1.3.2 Mechanisms o f changes in innervation patterns in the ageing peripheral 

nervous system

In section 1.2, I described the neurotrophic theor>' as a mechanism for how 

neural connections are established and refined during development. With 

respect to ageing, it will be apparent that if mature neurons continue to depend 

on extrinsic factors, then reductions in these trophic factors, or limited access 

to them, may account for some of the deficits seen in the both the ageing central 

and peripheral nervous system. Purves (see Purves, 1988) has suggested that 

the growth response of mature neurons remains under the trophic influence of 

the target tissue with age. The growth responses of mature neurons to NGF 

declines with age, implicating changes in the expression or sensitivity of the 

receptors. There is currently some controversy over the roles of the two NGF 

receptors, p75 and Irk, in neuronal plasticity in the ageing peripheral nervous 

system (see Cowen, 1998). Endogenous changes in neurons, such as a 

reduction in the rate of retrograde axonal transport may also contribute. Non

neuronal and neuronal target tissues have been shown to influence the axonal 

(Oppenheim, 1989) and dendritic (Voyvodic, 1989) arborization of mature 

sympathetic neurons, as well as influencing the phenotype of the target.

Transplantation studies in this laboratory have also suggested that age related 

changes in the peripheral nervous system are dictated by the target tissue, and 

are not due to some inherent fault within the neurons themselves. For example, 

transplants of young cerebral blood vessels are reinnerv ated in a young pattern' 

by old host nerves, whilst old vessels are innervated in an 'old pattern' by young
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nerves (Gavazzi et al. 1992). As in development, this effect is likely to be 

mediated by availability of, or access to, a trophic molecule to the ageing 

neurons. Levels of NGF have been investigated in several tissue types but have 

so far yielded conflicting results. Predicted declines in NGF levels do not occur 

in most tissues which receive a sympathetic nerve supply that is reduced with 

age (Cowen et at. 1996). Other mechanisms may be operating, such as other 

growth factors and extracellular matrix molecules. Changes in the glycoprotein 

laminin has been implicated in alterations of nerve density in both ageing, and 

pathological states such as diabetes. These observations are strengthened by 

studies showing that laminin immunoreactivity is reduced in aged cerebral 

blood vessels (Gavazzi et al. 1996). Thus, although the neurotrophic 

hypothesis has the capacity to explain most changes which are observed with 

age in the nervous system, the influence of other mechanisms should be 

acknowledged.

1.3.3 Neuron cell death in the ageing nervous system

Until very recently, neuronal cell death in the brain was thought to be an 

inevitable result of normal ageing. Several papers in the early 1950's had noted 

neuronal losses in the hippocampus to be in the region of 25-50% of the total 

(for a review, see Morrison and Hof, 1997). However, with the advent of more 

rigorous procedures for counting neurons, this view has been modifed slightly. 

Whilst cell loss has been identified in several areas of the brain, for example in 

the red nucleus (Sturrock, 1990) and medial septal nucleus (Stroessner-Johnson 

et al. 1992), it should be acknowledged that many areas show no apparent
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change in cell number (see Sturrock, 1992; Sturrock, 1991). An overall neuron 

loss in the ageing brain of approximately 10% has recently been described, 

although this should not be accepted as strong evidence for actual physical cell 

loss (Pakkenberg and Gunderson, 1997). In aged rats, there does not appear to 

be any significant cell loss in hippocampal regions which could explain noted 

memory defects in such animals (Morrison and Hof, 1997). Overall, it appears 

that age-related defects are more likely to reflect subtle alterations and 

molecular changes in specific neurons than loss of such neurons, changes which 

are less apparent using quantitative techniques.

Again, contrary to popular belief, the vast majority' of neurons in the peripheral 

nervous system survive into old age. In many sympathetic ganglia, neuron 

numbers remain unchanged (for example, see Santer, 1982; Warburton and 

Santer, 1993), although there are other visible changes in autonomic ganglia, 

such as reduced packing density of neurons (Warburton and Santer, 1993) and 

an increased vulnerability to damaging environmental factors. For example, 

sympathetic neurons become increasingly vulnerable to ethanol exposure with 

age (Jaatinen and Hervonen, 1994). As has been noted above, there is also 

some evidence for a reduction in neurotransmitter synthesis in some 

sympathetic ganglia (Santer, 1979). Changes in neurotransmitter expression 

within the neuron provide a further dimension of neuronal plasticity. It appears 

that developing and mature neurons depend on contacts with their target tissue 

for the specification of a precisely appropriate pattern of neurotransmitter 

expression. As an example, cholinergic expression is upregulated in
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sympathetic neurons when they make contact with sweat glands, which appear 

to possess a factor, known as cholinergic differentiation factor (CDF), which 

can switch the phenotype of sympathetic neurons (Cowen, 1996). For a general 

review of changes in neurotransmitter expression with age, see Bumstock 

(Burnstock, 1990). Thus the situation in the PNS will be seen to be just as 

unclear as in the CNS, with no obvious losses of neurons to explain functional 

deficits with age. The only area of the peripheral nervous system where neuron 

cell loss with age has consistently been identified is the ENS. Here, loss of 

myenteric neurons has been reported in rat (Santer and Baker, 1988) and guinea 

pig (Gabella, 1989; Gabella, 1967). These losses are of great magnitude, 

usually between 40 and 70% of total neuron numbers. This observation has also 

been made on post-mortem material in a series of studies, where neuron number 

is reduced by between 20 and 60?/o (de Souza et a i 1993; Gomes et al. 1997; 

Santer, 1979). To conclude this section, although it appears that neuron cell 

loss is not a typical feature of the ageing peripheral nervous system, a small 

number of nerve populations appear to be selectively vulnerable to the ageing 

process. Why this is so will be examined in subsequent chapters of this thesis.

1.3.4 Mechanisms o f neuron cell death

Cell death is a common enough process in diseased and healthy tissue of all 

ages. In the embr)o, cell death occurs at precise developmental stages in 

organogenesis. In the adult, cell death must keep pace with cell production in 

organs who rely upon renewal, so that no expansion occurs. What is the 

mechanism by which neurons die and are removed? A new classification for
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cell death was described in 1980 by Wyllie (Wyllie, 1980). Called apoptosis, 

the process could be described as a form o f  cell suicide', in that the molecular 

mechanism for cell death is contained within the cell, and awaits activation by 

some extrinsic signal, ultimately culminating in a fonn of cell death which 

features characteristic apoptotic fragments. Apoptosis is a key mechanism by 

which programmed cell death occurs during development. It is an active 

process requiring synthesis of certain digestive enzymes, activation of 

extracellular receptors and some form of energy input from the cell. So called 

'suicide genes' involved in apoptosis have been characterised, such as c-inyc 

(Fanidi ei al. 1992), and the molecular mechanism of the process is also 

reasonably well understood (for a review, see Alison and Sarraf, 1992). 

Apoptosis will be described in greater detail in subsequent chapters in this 

thesis.

In contrast to apoptosis, passive cell death normally results in a series of 

pathological changes after death which are collectively known as necrosis, 

which occur in response to severe environmental insults. The cell swells up, 

and its outer membrane deteriorates until it finally fragments. Whatever the 

mechanism involved, it is now being increasingly accepted that most 

mammalian cells carry the necessary components for cell death, which are only 

activated if certain environmental signals are encountered (Warner, 1996). 

Reduction in cell numbers is often necessary in many parts of the body. 

However, with special reference to neurons, which cannot be replaced, when 

deleterious cell death occurs in certain pathological conditions of the nervous
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system, it would perhaps be beneficial to slow or inhibit this process.

1.4 An Introduction to the Enteric Nervous System

In this section, I will provide the reader with a detailed review of the main 

experimental model used in this thesis, the myenteric plexus, a neuronal 

network located within the enteric ner\ous system. I will concentrate on 

neuron type and function, and bring to the readers attention many aspects of this 

system similar to the CNS.

1.4.1 Classification o f the ENS

The mammalian enteric nervous system or ENS is now regarded as a third 

branch of the autonomic nervous system (ANS). The re-introduction of this 

early view by Langley (Langley, 1921), after an ignominious classification in 

many text books as being merely part of the parasympathetic nervous system, 

was inspired by the discovery of certain structural and chemical features of the 

ENS in the mid 1970’s which were similar or identical to those found in the 

CNS. In 1979, an excellent review of the mammalian enteric nervous system 

re-iterated Langley's proposal of a separate classification (Gershon et al, 1979), 

and elevated the ENS to the position it holds today, where it is regarded as 

almost a second, peripheral 'brain', with a tremendous diversity of cell types and 

function.
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1.4.2 Structure o f the ENS

The gastrointestinal (GI) tract is essentially a muscular tube lined by mucous 

membranes exhibiting regional variations in structure, which in turn reflect 

different local functional requirements as the organ winds its way through the 

torso (see Figure 1.1 Regions o f the Gl tract), ft is the portal by which nutritive 

substances from foodstuffs enter the body, and are digested and absorbed to 

provide the dietary requirements necessar>  ̂ for life (for a review of all gut 

functions, see Johnson, 1991). It is perhaps not surprising that an organ of this 

size, which has such a large number of differing functions, is innervated by its 

own intrinsic nervous system, the enteric nervous system, which has a 

complexity second only to the CNS. The ENS consists of two neuronal 

networks or plexuses, the submucous, or Meissner's plexus and the myenteric, 

or Auerbach's plexus (see Figure 1.2 The enteric plexuses and Figure 1.3 The 

myenteric plexus). Both consist of large numbers of neuronal cell clusters or 

ganglia, together with interconnecting nerve strands, and are sandwiched 

between outer longitudinal muscle and inner circular muscle (in the case of the 

myenteric plexus) or between the inner circular muscle and the mucosa (in the 

case of the submucous plexus) over the entire surface of the GI tract. The ENS 

contains vast numbers of neurons, approximately 10  ̂ to 10* arranged within 

these ganglia (Furness and Costa, 1980). The myenteric plexus will be the only 

component described in detail here, as it is used in much of the experimental 

work described in this thesis. The reader is referred to several excellent reviews 

of the ENS for further information (see, for example, Furness et al. 1990a; 

Gabella, 1990; Gershon et al. 1979).
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Figure 1.1 Regions o f  the Gastrointestinal Tract.

In an anal direction they are: oesophagus, stomach, duodenum, jejenum, ileum, 

caecum, colon and rectum.
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Figure 1.2 The enteric plexuses

Diagram showing the location of the myenteric and submucous plexus.

Top - A partially separated view of a segment of the intestine showing both 

muscle layers and both plexuses.

Bottom - Section of the intestinal wall showing intrinsic nerves arranged in the 

two plexuses and the extrinsic input.

Diagram adapted with pennission from Furness and Costa (1980). Courtesy of 

Pergamon Press.
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Figure 1.3 The myenteric plexus

Low power image of the rat myenteric plexus as stained with antibodies to 

neuronal cell adhesion molecule (NCAM), a component of the extra-cellular 

matrix. The lattice like structure is clearly observed. Scale bar = 250jum.
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The myenteric plexus is a relatively organised structure, forming a mesh-like 

network of individual ganglia (see Figure 1.4 The structure o f the myenteric 

plexus) containing large numbers of neurons (see Figure 1.5 Myenteric 

neurons) surrounded by a neuropil, and connected by large nerve bundles 

known as primary strands. Fine nerve fibres also run between the myenteric 

ganglia and are know as the tertiary plexus (Llewellyn-Smith et ah 1993). 

Supporting cell types can be reliably identified by immunohistochemical means, 

using antibodies to glial fibrillary acidic protein (GFAP) and S-100, both of 

which are useful markers of peripheral and central glia (Nada and Kawana, 

1988). Blood vessels and connective tissue are excluded from the ganglia by 

the neuropil soon after birth (Gabella, 1982). Interstitial cells of Cajal have been 

identified, and are closely associated with enteric ganglia (Komuro, 1989).
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Figure 1.4 The structure o f  the myenteric plexus

Image of the myenteric plexus stained with NCAM. The primary, secondary 

and tertiary components are labelled as 1,2 and 3 respectively. Scale bar = 

50/im
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Figure 1.5 Myenteric neurons

Myenteric neurons, as demonstrated by antibodies to neurofilament R39, which 

detects all three molecular sub-units of the neurofilament protein (Light, 

Medium and Heavy). This antibody stains many, but not all, of the myenteric 

neurons. Axonal projections from the neurons can be clearly seen running 

along the main nerve trunks. Scale bar = 50/um.
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1.4.3 Types o f  nerves in the ENS

Early researchers, such as Dogiel (Dogiel, 1899), attempted to sub-divide 

enteric neurons by means of their morphological appearance. With the advent 

of histochemical and immunohistochemical techniques, much research has 

centred upon identifying the large number of neuronal sub-types present in the 

ENS by these means (for a review of staining methods in the ENS, refer to 

Furness and Costa, 1987b). In this section, I will review some of the principal 

nerve types characterised in the ENS, with special reference to those examined 

subsequently in this thesis.

The presence of cholinergic neurons in the gastrointestinal tract has been known 

for some years from functional and electrophysiological studies. However, until 

recently methods of detection of these neurons were unsatisfactory, the 

acetylcholinesterase method being the most popular method by which 

cholinergic neurons were identified. This method has been subsequently 

demonstrated not to be specific for cholinergic neurons, but also detects many 

neurons which only receive cholinergic input (Kokko, 1965). The introduction 

of reliable antibodies to choline acetyl transferase (ChAT) by two different 

groups (Schemann et al 1993; Steele et al 1991), allowed an assessment of the 

proportion of cholinergic neurons to that of all enteric neurons, together with 

detailed descriptions of their morphology and projections. Cholinergic neurons 

are one of the most common neuronal type in the ENS, comprising 

approximately 60-70% of all enteric neurons in man (Porter et a l 1996). This 

is not surprising, as acetyl choline is the most abundant neurotransmitter in the
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gut, and is extensively involved in motor function and mucosal secretion in the 

small intestine.

Within the last decade, nitric oxide (NO) has been increasingly associated with 

many roles throughout the body (for example, see Culotta and Koshland, 1992; 

Dawson and Dawson, 1994). The presence of neuronal nitric oxide synthase 

(nNOS) has been demonstrated extensively in the ENS and the peripheral 

nervous system (PNS) where it is now considered to be one of the most 

important of the non-cholinergic non-adrenergic (NANC) neurotransmitters. 

It is easily identified by the NADPH-diaphorase method or by NOS 

immunohistochemistry (Aimi ei a i 1993; Belai et a l 1992b), and is present in 

many areas of the gut, including both muscle layers, the enteric ganglia and 

blood vessels (Costa et al 1992). Neurons immunoreactive for NOS constitute 

approximately 8-15% of the total in the myenteric plexus (Ekblad et a l 1994).

In the last 20 years, the presence of an increasing number of peptides has been 

discovered in ENS neurons. Immunohistochemical techniques are able to 

define sub-populations of peptide-containing enteric neurons, and analyse their 

projections. Of principal interest due to their abundance in the gut, are neurons 

containing vasoactive intestinal polypeptide (VIP), a neurotransmitter which is 

extensively colocalised with NO in enteric neurons (Costa et a l 1992), and 

neuropeptide Y (NPY) (Browning and Lees, 1994; Ekblad et a l 1988). 

Somatostatin (SOM) is found in a small number of enteric neurons (5%, Costa 

el al 1980), as has been observed elsewhere in the nervous system (Buchan et
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al 1985). Of interest for later sections is the presence of the opioid octapeptide 

met-enkephalin (met-ENK), which is distributed throughout the GI tract 

(Domoto et a i 1994; Wang and Lindberg, 1986). This list is by no means 

exhaustive, many other chemically diverse neurotransmitter substances are 

located in the ENS, for example, y-aminobutyric acid (GABA) (Hills et a l 

1987; Furness et al 1989b) and substance P (SP) (Li et al 1993) have both been 

localised in the ENS, together with other histochemical markers not directly 

related to specific neurotransmitters, such as the cytosolic calcium binding 

protein, Calbindin (Furness et a l 1990b).

1.4.4 The extrinsic innervation o f the ENS

The brain supplies both parasympathetic and sympathetic innervation to the gut. 

There is an extensive array of extrinsic afferents of central origin, some of 

which synapse on neurons within the ENS. The parasympathetic fibres, derived 

from the dorsal vagal nucleus, are mainly cholinergic preganglionic fibres. 

These enter the myenteric plexus to synapse with its intrinsic nerves and can 

therefore be described as postganglionic fibres of the PNS (Gershon et a l

1979). The sympathetic fibres originate in the mesenteric ganglia and reach the 

intestine in the splanchnic nerves where they synapse either on the myenteric 

plexus or directly on the smooth muscle cells themselves. S>nipathetic function 

is generally to inhibit GI tract movement (Gershon, 1967). The extrinsic system 

could be described as relatively unsophisticated, with each preganglionic fibre 

innervating several thousand ENS neurons to provide a limited amount of basic 

extrinsic control. Functionally, it appears most likely that the extrinsic
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innervation provides general commands over the more specialized enteric 

neurons. Under 'fight or flight' conditions, the extrinsic innervation inhibits 

peristalsis and increases vascular tone (Loewy, 1990).

Although many aspects of gut function are maintained after destruction of the 

extrinsic nerves, including peristalsis, their experimental destruction can 

produce large changes in the myenteric ganglia. Immunosympathectomy 

increases the expression of certain peptides in enteric neurons (Belai et a i 

1992a), an effect thought to be mediated by NGF. Interestingly, another group 

has reported increases in NADPH-diaphorase staining (present in all NOS 

neurons in the ENS), but not in VIP, with which NOS is extensively 

colocalised. This effect was limited to the myenteric ganglia (Yunker and 

Galligan, 1994).

1.4.5 A brief overview o f neurotransmitters and ENS physiology.

As we have seen in 1.4.3, the list of putative agents which are released by, or 

modify the action of, intrinsic enteric nerves is extensive and probably still 

incomplete. To confuse the issue even further is the observation that some 

transmitters are present in the gut in both nervous and endocrine cells, and 

therefore may have differing effects depending on the site of release and their 

mode of action. The sheer number of neurotransmitter types expressed in the 

rat intestine suggest that there may be considerable overlap. The term 

'neurochemical coding' is now widely used to describe the use of combinations 

of neuronal markers to identify individual groups of neurons (see, for example,
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Costa et al. 1991; Fumess et al. 1989c; Schemann et al. 1995). With reference 

to the previous section, this section will summarise the roles of the major 

neuronal types in the gut.

Enteric neurons appear to perform similar functions in most species. Therefore, 

enteric excitatory motor neurons are cholinergic in most mammals, whereas 

enteric inhibitory neurons predominately use NO and VIP as their 

neurotransmitters. Acetyl choline (ACh) has been established for many years 

to be essential for the regulation of motility in the gut, as well as playing a role 

in many mucosal functions (Bennett, 1965). However, as described earlier, it 

is only recently that cholinergic neurons have been reliably identified in the 

human gut (Porter et al. 1996). Pharmacologically opposing the action of ACh 

on enteric smooth muscle are several substances, one of which is NO, the 

principle transmitter of inhibitory enteric neurons (Brookes, 1993), a molecule 

which increases levels of cGMP in enteric muscle cells (Young et al. 1993b). 

NO is responsible for direct inhibition of mechanical activity in human and 

canine jejenum (Stark et al. 1993), although it is also possible that, as 

elsewhere, it may modulate some forms of neurotransmission in the ENS 

(Addicks et al. 1994). NO has also been shown to have a direct effect on 

myenteric neurons (Tamura et al. 1993).

The extensive distribution, and diversity of, peptides in the ENS means that any 

concise description must be rudimentary. The reader is referred to many 

excellent reviews of the role of peptides in the ENS (for example, see Dockray,
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1987; Woollard et al. 1994). Peptidergic nerve fibres immunoreactive for VIP 

and SP connect the myenteric plexus with the sub-mucous plexus (lessen et at.

1980). As well as having a direct inhibitory action on enteric muscle itself, VIP 

may regulate NO release from enteric muscle, but not myenteric neurons 

(Grider and Jin, 1993). Interestingly, many patterns of peptide innervation 

observed in the mammalian ENS are also observed in other species, such as 

amphibians (Li et al 1993) and reptiles (Scheurmann et a l 1991). SOM has no 

direct action on muscle, but a slight effect on other enteric neurons (Fumess and 

Costa, 1979). This, together with analysis of projections from SOM neurons 

(Costa et a l 1980), suggest a role for SOM neurons as intemeurons. Finally, 

ENK is involved in many different aspects of ENS function, chiefly inhibitory 

control of the enteric muscle coat (Fumess et a l 1992).

Enteric neurons can also be identified by their electrophysiological properties 

(for a review, see Bomstein ei al 1994), and it has proved possible to associate 

enteric neuronal morphology and neurochemistry with their electrical properties 

(see Fumess et al 1989a), allowing the circuits for motility control to be well 

understood. For an overall review of how enteric neurons control the GI tract, 

see Surprenant (Surprenant, 1994).

Research into ENS physiology has been aided by another property of the 

myenteric plexus which allows extensive research into it is its accessibility for 

experimental manipulation. It can be ablated by the cationic surfactant, 

benzalkolium chloride (BAG). This process removes 94% of all myenteric
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neurons, as well as all extrinsic innervation (Ramalho et al. 1993). This results 

in profound alterations of intestinal structure, such as crypt depth and muscle 

thickness (Hadzijahic et al. 1993). The calcium responsiveness of the enteric 

muscle coat is also altered (Osinski and Bass, 1995). Surgical interruption of 

the myenteric plexus (myectomy) can be used to investigate oral/anal 

projections of nerves, as well as examining propagation of the myoelectric 

wave, a component of peristalsis (Galligan et al. 1989).

1.4.6 Development o f  the ENS

Enteric neurons and glia are all derived from two regions of the neural crest, 

vagal and sacral, being from somites 1-7 and those regions caudal to somite 28 

respectively. Both cell types migrate through well defined pathways. Powerful 

cues must be operating, as cells from the wrong region of the crest will migrate 

to the developing gut if they are placed on a path which leads them there 

(Gershon et al. 1993). Extra-cellular matrix molecules are important in 

accurately locating the neurons and glia to their final positions, a laminin 

binding protein has been shown to be expressed once the neural crest cells reach 

the bowel (Pomeranz et al. 1991), and causes the developing cells to extend 

neurites. Lethal spotted mutant mice have an aganglionic terminal segment of 

their gut, because an overexpression of laminin leads to developing neurons 

halting their migration early (Jacobs-Cohen et al. 1987). Abnormalities in the 

distribution of molecules such as laminin and collagen in the bowel are also 

believed to contribute to the etiology of developmental pathologies of the gut 

such as Hirschsprung's disease (Lake, 1990; Parikh et al. 1992).
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In addition to matrix molecules, soluble growth factors are also important for 

correct development of the ENS. Both NGF and its low affinity receptor, p75, 

have been detected in the human and rat intestine (Kuroda et al. 1994, 

Kobayashi et a l 1994). However, enteric neurons are able to grow in the 

absence of NGF in vitro, although its addition results in enhanced neurite 

outgrowth (Mulholland et al 1994). Perhaps of greater interest with respect to 

the ENS is NT-3, which is present in equavalent levels to NGF in most 

peripheral and central tissues, and in higher levels in the spleen (Maisonpierre 

et a l 1990). This factor specifically promotes the differentiation of enteric 

neural crest-derived cells as either neurons or glia (Chalazonitis et a l 1994). 

However, NT-3 knockout mice have been shown to have no noticeable 

morphological defects in their intestinal morphology, in contrast to sensory and 

sympathetic ganglia which registered declines of up to 80%. As no cell counts 

were carried out and only one simple anionic stain type was used for 

morphological examination, it is possible that certain defects may subsequently 

be found (Farinas et a l 1994).

The low affinity growth factor receptor, p75, is strongly expressed throughout 

the development of the ENS, and this expression remains into adulthood 

(Gershon et a l 1993). In the ENS of adult rats, both neurons and glia express 

p75. In contrast to the CNS, immunoreactivity is localized in the plasma 

membrane, and absent from the perikarya, suggesting that there is more rapid 

membrane assembly of the receptor molecule after synthesis, or slower turnover 

of membrane assembled p75 (Aimi et a l 1997). As described in section 1.3.2,
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the ability of cells to bind neurotrophins with high affinity is dependant on 

combined expression of p75 with high affinity receptors of the trk family of 

tyrosine receptor kinases. During late development, trkk  is expressed in rat 

(Lamballe et al. 1994) and human intestine (Hoehner et a l 1996). In both 

cases, trkC is exclusively localized to enteric neurons, whereas other members 

of the trk family, trkA and trkC are found in glia and neurons. The presence of 

trkQ in enteric neurons, together with evidence of NT-3's role in ENS 

development, is compelling evidence that NT-3 could be the principal 

neurotrophin in the developing ENS. In maturity, trkC immunoreactivity 

continues to be expressed, suggesting that the regulatory function of 

neurotrophins continues in the adult ENS (Sternini et al. 1996).

1.4.7 The ENS as a model for the CNS

Many features distinguish the ENS from other areas of the peripheral nervous 

system, but quite closely resemble the CNS. Like the CNS, enteric neurons gain 

support from supporting cell types which closely resemble astroglia found in the 

brain (Bernstein and Vidrich, 1994). The cell types are so tightly packed there 

is little extracellular space (Gabella, 1971). Once again, like the CNS. A 

structure similar to the blood-brain barrier in the CNS encapsulates myenteric 

ganglia and prevents small protein molecules crossing (Gershon and Bursztajn, 

1978). Perhaps the most significant similarity of the ENS and CNS is the 

diversity of neurotransmitter substances, and their similarity. For example, met- 

Enkephalin is used as a neurotransmitter in both ENS and CNS, but nowhere 

else in the body (Wang and Lindberg, 1986). Many peptides have similar roles
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in both systems.

To investigate the possibility of using enteric neurons as 'donor' cells as a source 

of in vivo neurotrophic factors in certain pathological states in the CNS, 

postnatal rat enteric ganglia has been transplanted into rat hippocampus. 

Interestingly, the cells survived throughout the course of the experiment and 

were even vascularised by host blood vessels (Tew et al 1993). Cultured central 

and enteric neurons have some similarities in their growth and response to glial 

presence or absence (Bannerman et a i 1987). In addition, enteric glial cells 

also bear many morphological resemblances to CNS astrocytes (Bernstein and 

Vidrich, 1994). As both systems are similar, the accessibility of the ENS makes 

it a useful tool to investigate problems encountered in the CNS with both age 

and in disease states.

1.4.8 Ageing in the ENS

Previous studies examining the effects of ageing on enteric neurons will be 

described in detail in Chapter 3. This section of the introduction will briefly 

describe previous studies on myenteric neuron number. For more details, the 

reader is referred to 3.1 Introduction. Normal ageing in the myenteric plexus 

seems to involve a decrease in neuron number in most species investigated. In 

humans, this loss appears to be increased after 70 years of age (Koeberle, 1980). 

Large reductions in neuron number of between 40 and 60% have been reported 

in a number of mammalian species (Gabella, 1989; Santer and Baker, 1988) and 

man (de Souza et al. 1993; Gomes et al. 1997; Meciano Filho et al. 1995).
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These reductions represent the largest age related cell loss observed in the 

peripheral nervous system, and is most likely due to cell death. In earlier 

sections, I discussed cell death in development, and noted that this was not a 

detrimental process. It is currently unclear whether the nerve cell loss observed 

in the myenteric plexus is wholly responsible for age related changes in certain 

physiological processes, which will be reviewed in the next section.

1.4.9 Pathologies in the ageing gastrointestinal tract 

In recent years, advances in the understanding of the ENS have led to a greater 

appreciation of its importance in a number of fields within clinical medicine. 

Although the prime cause of death in the elderly patient is very rarely due to a 

digestive system complaint, there are significant differences in the time taken 

for gastric emptying in elderly subjects compared to young subjects (Geokas et 

al. 1985). This is partly believed to be due to a progressive autonomic nerve 

dysfunction, which also occurs in other systems with age (Bumstock, 1990). 

Death from disturbances of the digestive organs is still more frequently due to 

a disease not directly related to the intestine or ageing process, being rather a 

subsequent manifestation of a pathological condition. Clinical research has 

revealed a large increase in digestive complaints with age, probably due to a 

secretory mechanism decline, and there have been conflicting reports regarding 

a reduction in intestinal motility with age (Kim, 1968; Husebye and Engedal, 

1992). Whilst not life threatening, these factors do affect the quality of life for 

the elderly to a significant extent. The correlation between reported changes in 

the ENS of the elderly patient and aged animal model therefore make it an ideal
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system to examine for a more general mechanism of ageing.

Many disorders can afflict the ENS througliout the lifespan. The most common 

cause disturbances in GI tract transit, or suppression of secretory mechanisms 

due to loss of enteric neurons. For example, Hirschprung's disease (see Lake, 

1990) is a congenital disorder which results in agangliosis in the colon, in turn 

causing megacolon, and is caused by failure of cells to migrate from the neural 

crest during development, possibly due to abnormalities in extracellular matrix 

components (Parikh et al. 1992; Romanska et al. 1993). In the oesophagus, 

myenteric neuropathy prevents relaxation of an oesophogeal sphincter, causing 

a disorder known as achalasia. Some more common diseases also affect the 

ENS, for example Parkinson's disease (Qualman et al. 1984) and Diabetes 

mellitus (Hongo and Kawakami, 1992), both of which can affect gut function 

through their effects on myenteric neurons. For a comprehensive review of 

enteric diseases, see Goyal and Hirano (Goyal and Flirano, 1996).

In general, this section has stressed the importance of a healthy myenteric 

plexus in the normal function of the body, and demonstrated several of the 

diseases which can afflict this neural network. Once again, the similarities 

observed in the animal and human states, and the many animal models for 

gastric disorders, ensure research into the ENS remains extremely important.

\ AA(S Animal studies in the ENS

The majority of research carried out on the ENS has used the guinea pig as the
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laboratory animal of choice. This section of the introduction will examine why 

this is so. The guinea pig has several characteristics which lend itself to 

research in this area. Laminar preparations are easily made and stained due to 

characteristics of the muscle coat, the layers of which are easily separated. This 

also makes it an excellent model for in vivo manipulation. However, in 

preparing the experiments described in this thesis, I opted for the rat for several 

reasons. Firstly, the guinea pig has some peculiarities in the cell types which 

occur within its myenteric plexus, chiefly the presence of intrinsic cell bodies 

which contain noradrenaline (Fumess & Costa, 1975). The guinea pig is thus 

far the only species where this is so. Also, in my experience, the connective 

tissue covering the myenteric plexus of the guinea pig obscures cell bodies in 

immunohistochemical stained preparations, making quantification by this 

method difficult. None of these difficulties occur in the rat, which also has a 

far more 'typical' mammalian ENS. For these reasons the rat has been chosen 

as the predominant experimental model used throughout this thesis.

1.5 Quantitative methods used for cell counts in the myenteric plexus - an 

overview

The linear nature of the two neuronal plexuses in the mammalian ENS has 

allowed researchers to make accurate estimates of neuronal numbers in the 

gastrointestinal tract on whole mount preparations of the tissue. Their 

accessibility has encouraged work to be extended to several different animal 

species, as well as man. This is in contrast with other areas of the nervous 

system, where detailed stereological methods are required for unbiased

59



estimates of neuron numbers or nerve densities from tissue sections, which are 

in turn necessary for the often complex shapes of neuronal groups elsewhere in 

the nervous system (Coggeshall and Lekan, 1996; Saper, 1996). However, even 

in the ENS, methods of counting myenteric neurons have differed between 

research groups, and this has, in some cases, prevented an accurate correlation 

of ostensibly similar results. This final part of the introduction attempts to 

examine how these differences affect the interpretation of such studies, and 

their comparison with the work of others. I will firstly examine methods of 

preparation for counting, continue with a brief review of counting methods 

themselves and end with a rationale for the counting methods chosen for this 

thesis. For an overview of previous studies which have quantified myenteric 

neurons, see Table 1.1.

Gabella carried out one of the first quantitative studies of the myenteric plexus 

in the rat (Gabella, 1971). In these experiments, wholemount preparations of 

the small intestine were photographed at a magnification of X25, with printing 

subsequently increasing this magnification to X I28. A photographic montage 

was then created from selected areas of the lamina measuring approximately 

30mm by 20mm. This montage was normally around 100cm by 50cm in size, 

though could be anything up to twice as large! It was then covered by tracing 

paper while the preparation was reexamined, each neuron being marked off 

with a coloured pencil once identified. By constant checking of the preparation, 

cell-by-cell, with the montage, an estimate of the number of nerve cells in the 

preparation was gathered. These counts were then used, together with
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measurements of small intestine length and circumference, to provide a value 

for neuronal density, and ultimately the total number of myenteric neurons in 

the small intestine. A later study by the same author (Gabella, 1987) analysed 

myenteric neuron number in the small intestine of mice, guinea pigs and sheep. 

By calculation of the total serosal surface area, an estimation of the total 

number of neurons in the small intestine of each species was obtained.

A similar method was used by Cracco and Filogamo in their studies of the 

numbers of NADPH diaphorase positive neurons in 6 month old rat ileum 

(Cracco and Filogamo, 1994). They created camera lucida drawings of 30mm^ 

laminar preparations at a magnification of X68. Positive myenteric neurons 

were then marked on the drawings after first checking the identity of the stained 

cell at higher magnifications. A further thirty ganglia were then stained with 

neutral red, these being examined with phase contrast microscopy to determine 

the percentage of NADPH positive neurons per ganglia. Using data gained 

from the earlier study described above (Gabella, 1971), the authors were able 

to conclude that NADPH stains 27% of all myenteric neurons. However, the 

authors were obliged to increase Gabella’s figures for neuronal numbers in the 

guinea pig myenteric plexus by 20%, after a previous study, using nerve cell 

body anti serum, noted that only approximately 80% of all enteric neurons were 

stained by NADH (Young et a l 1993a ).

The above studies, whilst doubtless accurate in terms of data obtained, are 

extremely expensive in terms of labour and equipment. Creation of a montage

61



and subsequent referral to the preparations means that the whole neuronal 

population is, in effect, being counted twice, and extremely slowly. In terms of 

the numbers of samples which need to be counted to reduce individual 

variability to a minimum, these methods require considerable expenditures of 

effort, and are inefficient for the large scale quantitative studies described in 

this thesis. However, this method of quantification must be extremely useful 

for detailed study of the morphology of nerve cell bodies in combination with 

small scale counts. The work described above also illustrates a problem which 

will be encountered again in Chapter 3; that it is essential to assess the efficacy 

of the neuronal marker selected.

In contrast to the above methods, which calculated neuronal density per cm ,̂ 

Pearson (Pearson, 1994) counted the numbers of NADH-diaphorase positive 

neurons per ganglion on preparations of the equine jejenum. Large samples, 

typically about 1.5cm^ of the enteric muscle coat together with attached sub

mucosal plexus were taken. Counts were then made of neurons per ganglia, and 

the numbers of ganglia present in the whole mounts. Histograms of the 

distributions of cells per ganglion were built up using the data, allowing the 

mean cell numbers per ganglion to be calculated. This 'cells per ganglion' 

counting method has one great advantage over unit area methods in that it 

allows data to be collected from even badly damaged areas of the sample, 

whereas a pre-measured area with even relatively minor damage cannot be 

counted. Preparations of the enteric plexuses are rather fragile, so this is a 

major advantage in terms of the quantit>  ̂of information that can be gleaned
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from preparations. Of equal importance is the elimination by this method of 

any differences arising from variations in the degree of stretch that would, 

unless appropriate correction factors for the tissue as a whole are applied, alter 

the measurements of density according to the area or length of the intestine.

However, a serious drawback to this method is that there seems to be no 

general agreement in the literature on how many neurons constitute a ganglion. 

In the paper described above, the author chose not to define a ganglion, but 

observes that some ganglia had more than 80 cells, whilst others had only 1-2 

cells. In addition, defining the borders of a ganglion may vary among 

researchers, due to the considerable variation in the size of interconnecting 

regions. The confluent nature of the ganglia in some species, especially the rat, 

makes this even more difficult (for more information, see Chapter 3). For this 

reason, I felt that counts of cells per ganglion were far too variable in number, 

which can greatly influence statistical analysis of the data. As an example, one 

paper examined in this critique reported a single ganglion containing 461 nerve 

cell bodies! The average in this study was 45 neurons per ganglion (Parr and 

Sharkey, 1994). Also of interest is the reports of microganglia present on 

secondary and tertiary nerve strands, which are therefore ignored by the 

majority of ganglion counts (Young et al. 1993a ). A generally agreed 

definition is quoted in a later paper (Parr and Sharkey, 1994), which describes 

a ganglion as a component of the plexus containing one or more nucleated 

nerve profiles. Despite this, many authors still choose to regard individual cells 

within the meshwork of the plexus as extraganglionic (for example, see Fumess
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étal. 1989b ).

A different staining technique was evaluated in a comparative study (Heinicke 

et a l 1987), using the agent Cuprolinic Blue, in conjunction with previously 

tried agents such as NADH, and the cationic dye. Azure A. Cuprolinic Blue 

stains the neuronal somata of neurons; it is claimed that neurons can be 

identified more confidently and more quickly than by other methods. After the 

staining process was complete, the number of neurons was then counted in 

measured areas at 2mm intervals across the specimen. A measured area was 

described as 7-10 microscope fields across, or about 450 micrometres per 

diameter. Correction factors for shrinkage were applied to the resultant data, 

and this gave a value for neuronal density in numbers of cells per cm^ of 

intestinal surface. The numbers of cells in the small and large intestine of the 

rat were then determined by counting neurons stained by the dye in specimens 

1cm long taken at intervals of 10cm from the pylorus to the ileocaecal junction, 

and of 4cm in the rectum. Again, correction factors were applied for linear 

shrinkage. This method of taking samples at consistent intervals ensures that 

the samples are taken independent of their content prior to being viewed and 

counted, and therefore eliminates any bias the experimenter may have to any 

particular previewed sections. Cell numbers in this study were expressed as 

neurons per cm .̂

In a study which examined neuron numbers in the myenteric plexus of both 

young (6 month) and aged (24 month) rats using NADH (Santer and Baker,
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1988), and another in which the decline in NADPH positive cells in aged rats 

was quantified (Santer, 1994), an additional factor needed to be considered - 

that the small intestine increases in length throughout adult life - this having 

been neglected in several earlier studies. To do this, the number of strands of 

the enteric ganglia running around a complete circumference was counted for 

a specific distance (in this case, 10cm). A mean number for each preparation 

was then calculated. Any increase or decrease in the number of strands between 

different age groups was used to provide a percentile correction factor with 

which final age corrected figures for neuronal numbers.

The counting of the neuronal cells in the above study was done in a systematic 

fashion, using an eyepiece for the microscope which was fitted with a square 

grid, this overlaying a known area of the preparation. This grid imposed an 

artificial boundary on the section, and forms the basis of an unbiased counting 

method, in which the neurons within the grid and those overlapping the upper 

and left-hand edges were included in the count, and those lying on the lower 

and right-hand edges of the grid were excluded. The graticule was scrolled 

around the preparation, leaving a gap between samples to ensure that there was 

no overlap, yet covering each horizontal width of the preparation. Damaged 

sections excluded, the counts were then carried on around the circumference of 

the preparation such that six portions of the laminar preparation could be 

equated to a 60° portion of the distended tissue. This allowed an additional 

analysis of neuronal distribution with respect to mesenteric and anti-mesenteric 

aspects. It is generally accepted that neurons appear in least numbers on the
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anti-mesenteric side of the intestine. To express neuronal counts per cm^, the 

correction factor for changes in intestinal length previously described was 

applied, in addition to one for difference in diameter of the intestine.

Browning and Lees, in their study of VIP and NPY immunoreactive cells in the 

rat myenteric plexus, discount both methods described thus far - counts per 

ganglion for reasons previously mentioned, and the 'neurons per cm '̂ method 

because any counts are described as being discontinuous, due to damage 

inflicted during tissue preparation (Browning and Lees, 1994). Instead, they 

describe neuron numbers in terms of'neurons per fields of view'. However, it 

is felt that this method provides results which are, on the whole, difficult to 

compare meaningfully with other research groups. I felt that, with care, it is 

certainly possible to produce relatively undamaged preparations which are 

suitable for cell counts.

When choosing a cell counting method, one of the most important requirements 

is that it is done by an unbiased uniform method, to allow for accurate 

comparison of results between quite different research methods. For the cell 

counts described in this thesis, I felt that the method best suited to unbiased 

tissue sampling was that of Heinicke (Heinicke el al. 1987), which, by leaving 

regular gaps between fields, allowed data to be collected regardless of previous 

viewing of tissue content or condition and ensures experimental bias is kept to 

a minimum. A graticule is essential to unbiased counting, using the counting 

methods of Santer (Santer, 1994), as indeed are measurements of age related
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changes in the length and circumference of the gut. Correction for the latter 

will be described in Chapter 2; Materials and methods. The use of cells per 

ganglion I immediately discounted as a suitable method for comparative studies 

(both between different research groups and different species), the reasons for 

which are clear from earlier discussion. The method of choice is, therefore, 

counts per unit area, these being far easier to compare with work by other 

groups in a useful way. Maximal use must be made of available tissue, not only 

from an economical point of view, but also to enable sufficient samples to be 

taken to allow statistically significant results.

In summary, this section has attempted to provide a rationale for selection of 

the counting methods used in this thesis by examining the methods used by 

other experimental groups. For a description of the quantitative methods used 

in this thesis, together with that of correction for size changes, refer to Chapter

2; Materials and methods.
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1.6 Conclusion

The introduction to this thesis has attempted to provide the reader with 

adequate background for the experiments described subsequently. I have 

described the mechanisms of nerve growth and decline from early embryonic 

life to senescence, and introduced the term of neuronal plasticity. The main 

experimental model in this thesis, the myenteric plexus of the ENS, has been 

described in some detail, with an emphasis on the neuronal types present. 

Finally, I have provided a review of previous counting methods which have 

been used to quantify myenteric neurons.

1.7 Aims of this thesis

The experiments described in this thesis analyse plasticity in mature and ageing 

autonomic neurons, in particular the growth and survival of enteric neurons to 

alterations in their local enviroment. The factors which influence autonomic 

neuron survival are examined, in particular the effects of diet. In further 

studies, the mechanisms which underlie the changes observed in the 

innervation pattern are examined. In this thesis, I have chosen to use the rat 

ENS as a model of mature neuronal plasticity.

In Chapter 3, I have evaluated the efficacy of a number of pan-neuronal 

markers on rat myenteric wholemounts in order to provide an accurate estimate 

of cell loss which has previously been observed in this system. Additionally,
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markers for several sub-populations of myenteric neurons were used to 

investigate if any neuronal group is particularly vulnerable.

Using similar techniques to those described in the previous chapter, in Chapter

4 ,1 examine myenteric neuron number in the myenteric plexus of the ageing ad 

libitum fed Sprague Dawley rat. The experiments in this chapter were devised 

to find out if dietary regime was a key factor in age related neuron cell death.

In C hapter 5, the capacity of autonomic nerves to respond to large scale 

changes in the size of the tissue which they innervate is analysed by inducing 

the intestine of the rat to hypertrophy. The innervation of blood vessels 

supplying the hypertrophic gut is analysed using quantitative image analysis at 

both the hypertrophic site, and at non-hypertrophic regions.

In the final results chapter. Chapter 6 ,1 have tried to determine the mechanism 

by which the changes in innervation patterns might occur. The mechanism of 

cell death is analysed using the propidium iodide technique, which detects 

apoptotic cell death. The involvement of growth factor receptors is examined, 

and the possible role of free radical damage in the cell death observed is 

assessed.
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Table 1.1 A review o f  most o f the previous quantitative

studies carried out thus far on the mammalianENS.

CPG - counts per ganglion.

CPA - counts per area.
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TABLE 1.1 Previous quantitative studies in the ENS

Species / 
Age

Region
of

Intestine
Sampled

Reference Staining Method
Quantitative 

Method 
CPG/CPA

Cell
Numbers

Rat (6M) Small
Intestine

Gabella, 1971 NADH CPA 9405 +/- 977 cells/cm^

Rat
(postnatal)

Small
Intestine

Gabella, 1971 NADH CPA 64,346 +/- 3068 cells/cm^

Rat (6M) Ileum Santer and 
Baker, 1988

NADH CPA 8169 +/-413 cells/era'

Rat (24M) Ileum Santer and 
Baker, 1988

NADH CPA 4692 +/- 628 cclls/cm"

Guinea Pig Small
Intestine

Gabella, 1987 NADH CPA 8600 cells/cnr

Mouse Small
Intestine

Gabella, 1987 NADH CPA 10600 cclls/cm^

Sheep Small
Intestine

Gabella, 1987 NADH CPA 2500 cells/cm"

Rat Ileum Cracco and 
Filogamo, 

1994

NADPH CPG 2388 +/-193 cells/cm"

Horse Jejenum Pearson, 1994 NADH CPG 47 +/- 3.6 cells/ganglion

Guinea Pig Ileum Parr and 
Sharkey, 1994

C-FOS CPG 52.5 +/- 2.9 cells/ganglion

Rat Terminal
Ileum

Heinicke et al. 
1987

NADH CPA 4872 +/- 856 cells/cm^

Rat Tenninal
Ileum

Heinicke el al. 
1987

Cuprolinic Blue CPA 10,125 +/- 862 cells/cm^

Rat Terminal
Ileum

Heinicke e t al. 
1987

Azure A CPA 5611 +/- 825 cells/cm"

Rat (4M) Ileum Santer, 1994 NADPH CPA 3716 +/- 219 cells/cnP

Rat (24M) Ileum Santer, 1994 NADPH CPA 3224 +/-178 cells/cm"

Rat (30M) Ileum Santer, 1994 NADPH CPA 4692 +/- 628 cells/cm^
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Chapter 2

MateHals and methods
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2.1 Dissection and preparation of the rodent myenteric plexus

2.1.1 Animal maintenance

Young adult (4 months old) and aged (24 months old) Sprague Dawley rats 

from an inbred colony at the Royal Free Hospital School of Medicine were used 

in the majority of the experiments described in this thesis. All animals were 

kept in a controlled environment with respect to light and temperature, with 

either unrestricted access to food and water (in the case of young and 24M ad 

libitum fed groups) or only 30g of chow per animal per day after 6 months of 

age (in the case of the 24M restricted diet group). Ad libitum and restricted diet 

24M animals showed a survival rate of 36% and 40% respectively at this age. 

Animals were normally caged in groups of three. The weight of restricted diet 

animals was closely monitored to check that cage dominance did not adversely 

affect the level of diet restriction in each animal (see Figure 2.1). Variability 

in the weight of animals in the same cages was acceptable, and no significant 

difference was observed. Individual housing was rejected as, as well as raising 

a number of welfare issues (see Ryle, 1996), the stress induced by removing 

social contact with other animals has been shown to possibly affect some 

attributes of the nervous system (see Sapolsky et a l 1986). Other animal 

groups used are described in the appropriate chapter. Post-mortem, animals 

were routinely checked for alterations in the general structure of the gut, such 

as ulceration. Visual assessment and light microscopy revealed that there was 

no evidence for any pathology in the small intestine of any of the aged groups, 

although aged groups exhibited some degree of ulceration in the large intestine.
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Figure 2.1 Bar chart illustrating mean weights o f  Sprague Dawley rats used in 

some parts o f this thesis

24 month animals maintained on a restricted diet and caged in groups of three 

were monitored for signs of cage dominance, that is, excessive intake of food 

compared to their cage-mates, which we were concerned could lead to cages 

effectively containing one ad libitum animal, and two on more severely 

restricted diets. Animal weights were monitored before experimental use, with 

the heaviest animal in each cage for the 24M restricted diet being assigned as 

'dominant' (DOM). Animal weights were measured as: Young (Y) (4 month): 

416±55g (n=35), 24 month Ad libitum (AL) 1185±126g (n=16), 24 month 

restricted diet 'RD DOM' 740±46g (n=9) and 24 month restricted diet (RD) 

666±74g (n=26). Differences between groups were assessed using Student's t- 

test. Significant differences were found to exist between the weights of young 

animals and all aged groups (p<0.05, except in comparison with AL, p<0.01). 

No significant difference was noted between RD DOM and RD animals, 

although both groups were significantly lighter (p<0.01) than that of the AL 

animals.
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2.1,2Freparation

Animals were in all cases terminally anaesthetized with Euthesate, and the 

whole of the small intestine removed and rinsed briefly in warmed Krebs 

solution. A length of small tubing attached to a 50ml syringe filled with 

warmed Krebs solution was then inserted into the oesophageal end of the 

intestine, and firmly tied. The gut was cleaned by repeated flushing with 

warmed Krebs. With the caecal end sealed with cotton thread, the entire 

intestine was then filled until fully dilated, denoted by the specimen starting to 

curl. Appropriate measurements were then carried out if required (see section

2.4.3 Correction factors). The required length of material (usually 

approximately 5cm) was then removed from a mid-section of the ileum by 

sealing the selected segment with thread on either end and cutting out. Material 

was removed from the same section for consistency, although preliminary 

studies had revealed no difference in cell number throughout the ileum and 

duodenum, as has been previously reported (Furness and Costa, 1987a). This 

smaller preparation was then cleaned of all traces of mesenteric attachment 

using watchmakers forceps under a dissecting microscope at X5 magnification. 

If the preparations were being processed for immunohistochemistry they were 

fixed in 4% paraformaldehyde (PFH) dissolved in phosphate buffered saline 

(PBS) at 4*C for 2 hours. After being washed three times in Hepes buffer, they 

were placed in a 20% sucrose solution overnight at 4*C. On the day of use, the 

gut segments were removed and rinsed three times for 10 minutes each in 

Hepes buffer prior to dissection. Alternatively, if the preparations were to be 

incubated, the tissue was left unfixed in warmed Krebs solution prior to
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dissection. For tissue preparation prior to histochemical reactions see section

2.3.1 NADH-histochemistry.

2.1.3 Dissection

A 1cm wide section was cut from the preparation, and opened flat by cutting 

along the mesentery. Under a dissection microscope operating at X5, a new 

scalpel blade was then run gently across the surface of the preparation below 

the mesentery so that the muscularis externa were cut through, but not the 

mucosa. Using fine watchmakers forceps, the 1cm wide strip of both circular 

and longitudinal muscle, with the myenteric plexus in between, was peeled off 

by gently pulling on the comers in turn until the muscle was completely 

removed. The bottom left hand comer of each preparation was clipped to 

preserve the specimens orientation. With practice, it was also possible to cut 

through only the uppermost longitudinal muscle, and remove the myenteric 

plexus by this method. The resultant preparation provides an excellent 2- 

dimensional wholemount representation of the myenteric plexus suitable for 

several of the procedures described in subsequent chapters.

2.2 Immunohistochemical techniques.

2.2.1 Immunohistochemistry

Preparations for immunohistochemistry were fixed in 4% PFH dissolved in 

PBS, for a length of time which was appropriate to the tissue type, normally 1-2 

hours. After rinsing in Hepes buffer to remove all traces of the fixative, the

77



specimens were placed in a 20% sucrose solution in PBS for at least 24 hours 

at 4°C. After appropriate dissection and cleaning, and 3 further washes in 

Hepes buffer, the specimens were permeabilised by placing them into a 0.3% 

solution of Triton X-100 in Hepes buffer for 20 minutes. Appropriately labelled 

24-well cell culture dishes were used to preserve tissue identity when differing 

age groups were run in parallel. To reduce the level of inappropriate binding of 

the primary antibody all preparations were incubated for 90 minutes in 5% 

swine serum in Hepes buffer. The primary antibodies were diluted in a diluent 

consisting of Hepes buffer, containing 0.1 % Triton X-100, 5% swine serum, 

0.05% sodium azide and 0.05% DL-Lysine. Appendix 1 supplies a list of all of 

the antibodies used in this study, together with their suppliers and working 

dilution. Incubation was carried out overnight at room temperature (for a 

duration of at least 16 hours), the specimens washed 3 times in PBS and 

secondary antibodies labelled with either fluorescein (FITC - DAKO, Denmark) 

or Texas Red (TR - Jackson Immunoresearch Ltd, USA) conjugated IgG were 

applied for 2 hours at room temperature in an air-tight chamber. After 3 further 

PBS washes, those preparations labelled with FITC were counterstained with 

a 0.05% solution of pontamine sky blue (PSB) for 5 minutes. This method has 

previously been demonstrated to reduce background autofluorescence (Cowen 

et a l 1985). Specimens were then mounted in anti-fade mountant (Citifluor, 

UK) and coverslipped prior to viewing. Control experiments were routinely 

carried out to check the specificity of the antibodies used and the level of 

specific staining, and involved the omission of either first or second layer 

antibodies together with absorption controls, either carried out within the
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laboratory or by reference to the manufactureres specification or literature. See 

the appropriate chapter for further details.

2.2.2 Colchicine pretreatment to enhance cell visualisation 

To enhance the visualisation of positive cell bodies for antibody staining to both 

SP and ChAT, myenteric plexus preparations were incubated for 4 hours at 

37^C in a medium containing Dulbecco's modified Eagle's medium F12 (Sigma, 

UK) together with the axonal transport inhibitor, colchicine (Sigma, UK). This 

method was modified from that of Steele et al (1991), and has been established 

to significantly enhance staining within the cell body without changing the 

proportion of labelled cells. This made quantification of these cell types far 

easier, although quantification had to be carried out immediately as the 

specimens had a tendency to fade rapidly. This prevented us from obtaining 

adequate photographic records of stained material. Control experiments 

assessed the effect that colchicine had on antibodies which were not requiring 

colchicine for adequate cell visualisation, such as PGP. In no case was any 

significant difference found between treated and untreated specimens.

2.3 Histochemical techniques used in this study

2.3.1 NADH histochemistry

The NADH reaction, following the method of Gabella (Gabella, 1969), was 

carried out as follows: gut segments were dilated with Krebs as described 

above in Section 1, and pretreated in 0.3% Triton X-100 for 8 minutes. After
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a brief wash in Krebs, specimens were placed in an incubation medium of 0.1% 

Triton X-100, 30 mg nitroblue tétrazolium (NBT), 30mg NADH (all Sigma, 

UK), 45 ml distilled water and 15ml phosphate buffer. The reaction was then 

carried out in a clean coplin jar at room temperature, whilst the solution was 

agitated gently on an orbital shaker. The progress of the staining was monitored 

under a dissection microscope and halted after 60 - 90 minutes. The specimens 

were rinsed in Krebs and fixed in 4% PFH for 24 hours at 4°C, before the 

muscle strip preparations were carried out as described, and then mounted in 

PBS glycerol (Aquamount, BDH, UK). Control experiments omitted either the 

substrate or the reducing agent, and demonstrated that all histochemical staining 

was specific.

2.3.2 NADPH immunohistochemistry

Gut segments for the NADPH method were fixed after dilation with Krebs for 

approximately 30 minutes in 4% PFH at 4^^. Specimens were washed in Krebs 

prior to incubation in medium consisting of 30mg NADPH (Sigma), 30mg 

NBT, 0.1% Triton X-100 in 45ml distilled water and 15ml phosphate buffer, for 

2 hours at 37°C. The progress of the reaction could be monitored visually by 

colour change of the medium from yellow to rose-pink. The tissue was then 

removed from the medium, laminar strips of muscle peeled off and prepared for 

viewing by mounting in Aquamount (BDH). Orientation of specimens was 

maintained by clipping one comer of the tissue. Control experiments omitted 

either the substrate or the reducing agent, and demonstrated that all 

histochemical staining observed was specific.
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2.4 Methods of measurement used in this study

2.4.1 Counting Methods

Positively stained cell bodies were counted after histochemical staining on a 

twin bank counter under transmitted light on a Nikon Optiphot microscope 

equipped with a xlO lens, using an eyepiece graticule which framed an area of 

1.03mm^ on the specimen. Following immunohistochemistry, neurons were 

counted using an Olympus AH-2 fluorescence microscope equipped with a x20 

objective and an eyepiece graticule which formed an area of 0 .059m m T hree 

series of frames were counted per specimen, parallel to the longitudinal axis of 

the gut, two of which were on either side of the mesenteric aspect and one of 

which was from the anti-mesenteric aspect. Those neurons lying within the 

field area were counted, as were those intersecting the bottom and right hand 

edges of the graticule perimeter (see Figure 2.2). As many frames as possible 

were counted from each specimen, normally between 15 and 45 fields per 

series, and the counts pooled for subsequent statistical analysis. Where cell loss 

was observed, counter staining with Toluidine blue was used to investigate that 

failure of the marker due to a reduction in the antigen was not responsible. We 

chose areal counts in preference to the 'cells per ganglion' method often used in 

quantification of guinea pig myenteric neuron numbers (for example, see 

Furness et al. 1994) as it was not always possible to define the boundaries of 

individual ganglia accurately, due to their confluent nature in the rat (Santer, 

1994).
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PIMA

Figure 2.2 Typical areas of the intestine counted on wholemount preparations. 

Both mesenteric areas (c,d) and anti-mesenteric areas are shown (a,b). A 

second mesenteric area was also counted (not shown, but taken from that area 

located between 2 and 6 on the clock face). PIMA - peri-intestinal marginal 

artery, AM - anti-mesenteric aspect, MM - mesenteric area

2.4.2 Confocal Microscopy

A Bio-rad MRC600 laser scanning confocal microscope was used in several 

aspects of this study. This machine was fitted with an argon/krypton mixed gas 

laser with excitation wavelength 448nm. Confocal aperture, black level and 

gain were kept constant for each experiment. The same neutral density filter 

was also employed for each experiment. Bleaching of the specimen due to
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overexposure to the laser light was minimised by keeping illumination times to 

the minimum required for image acquisition For clarity of images, a Kalman 

function was applied. This averaged images over 5 successive scans, and 

eliminated random electronic noise on the final image. Emission filters were 

changed to suit the fluorophore bound to the second label, being 522/535nm for 

FITC, and 605/632nm for Texas red.

2.4.3 Correction factors

The length and, to a lesser extent, the circumference, of the rat ileum increase 

with age, which has the effect of reducing areal counts of neuronal numbers by 

a 'dilution' effect. In this study, I have corrected for this by multiplying counts 

from old segments of gut by a factor derived from the ratio of areas between the 

young and old gut wall. To obtain this factor, length and diametric 

measurements were used to calculate a correction factor by which counts of 

aged neurons were multiplied to account for this dilution of cell numbers. 

These measurements were obtained after dilation of the entire small intestine 

with Krebs, as outlined in Section 2.1.2. Averaged measurements of 3 

randomly sampled animals were used as representative for an experimental 

group. The small intestine was arranged on squared paper, such that the entire 

length was visible with no twists or overlap, and its outline traced carefully with 

a blunt pencil. Measurements of diameter were obtained using calipers at no 

less than 8 points on the small intestine of each animal, the mean derived, and 

used to calculate circumference by using the equation C=nd, where 

C=circumference and d=diameter. Length was obtained after measuring total
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length of the traced outline. Total area of the small intestine was then obtained 

by multiplying length by circumference. Measurements were then averaged for 

each experimental group and differences between experimental groups were 

obtained. This was used to derive a percentile factor by which all old counts 

could be multiplied to account for the increase in surface area from young to 

old. The dimensions of the intestine for each experimental group are listed in 

the appropriate chapter. All cell counts were expressed as 'positive neurons per 

cm '̂. Differences between young and old cell counts were compared by 

Student's t-test using Statview for the Apple Macintosh computer, and were 

expressed as mean±s.e.m.

To determine if the fixation regime could alter intestine dimensions, and hence 

the correction factor used, length of the laminar preparations stained with 

NADPH and NADH-diaphorase histochemistry, and many 

immunohistochemical markers were measured. Sections 2 and 3 of this chapter 

describe the fixation regime each method required. No differences in 

preparation length could be found in the same experimental groups stained by 

the two methods. For example, mean specimen length for old restricted diet fed 

animals was 16.3±0.3mm for those stained with immunohistochemistry, 

16.3±0.7mm for NADPH-diaphorase histochemistry and 16.0±0.5mm for those 

stained with NADH-diaphorase histochemistry. It was therefore concluded that 

the correction factor obtained by the method outlined above could be equally 

applied to counts from preparations stained by all three methods.
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2.4.4 Other methods

Other techniques have been used throughout this thesis and are described in the 

methods section of the appropriate chapter, together with any alterations from 

the general methods described in this thesis.
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Chapter 3

Myenteric neuron number in the 
enteric nervous system o f the ageing, 

calorie restricted Sprague Dawley
rat.



In this chapter, I  will use several histochemical and immunohistochemical 

techniques to provide a detailed quantitative description o f the intrinsic 

innervation o f the intestine o f the Sprague Dawley rat in early adulthood and 

senescence.

3.1 INTRODUCTION

Ageing involves changes in many aspects of gastrointestinal structure and 

function. Functionally, there is a reduction in gastric emptying time, and of 

both frequency and amplitude of the peristaltic wave in elderly patients 

(Horowitz g/ a/. 1984). Transit through the colon slows (Madsen, 1992), and 

there are changes in digestion and absorption of foodstuffs, and immune 

function (for a review, see Hosoda et a i 1992). Ageing is also associated with 

a significant decline in gastric blood flow, and certain mucosal protective 

mechanisms may be compromised (Lee, 1996).

Quantitative studies of total neuronal numbers within the myenteric plexus have 

consistently demonstrated extensive losses in senescent rats (Santer and Baker, 

1988), guinea pigs (Gabella, 1989) and humans. This effect appears to extend 

throughout the whole of the gastrointestinal tract; for example, in humans 

significant cell loss has been noted in the small intestine(de Souza et al. 1993), 

oesophagus (Meciano Filho et al. 1995) and colon (Gomes et al. 1997). 

Immunohistochemical studies have demonstrated a reduced density of
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peptidergic fibres in the gastro-intestinal tract of aged rats (Fehér and Pénzes, 

1987). The density of the external innervation to the myenteric plexus, 

consisting of many fibres projecting from the coeliac superior mesenteric 

ganglion (CSMG), which contain noradrenaline (NA), declines significantly 

with age (Baker et a i 1991). The neuronal packing density in this ganglion is 

also reduced in aged rats (Baker and Santer, 1988). However, it is not known 

whether these changes in myenteric neuron number occur before or after those 

in the extrinsic innervation, and therefore whether one may induce the other.

The initial aim of the work described in this chapter was to confirm the loss of 

neurons in the ageing rat myenteric plexus using NADH-diaphorase 

histochemistry (Gabella, 1971), a long established technique for detection and 

quantification of enteric neurons, and one which has been used in myenteric 

plexus preparations taken from many species (Gabella, 1987). Both of the 

previous ageing studies on rat and guinea pig described above used this method 

to obtain their results. However, the accuracy of this marker had been 

questioned following the advent of immunohistochemical techniques. Recent 

studies with a 'nerve cell body' antiserum (Young et al. 1993a) have estimated 

the spatial density' of myenteric neurons in the guinea pig ileum at 17,300 nerve 

cells/cm^, contrasting markedly with an earlier finding using the NADH- 

diaphorase method of 8600 nerve cells/cm^. It was therefore considered 

preferable to investigate the efficacy of a number of pan-neuronal markers on 

whole mount preparations of the ENS. The laminar nature of myenteric plexus 

preparations has encouraged the search for satisfactory neuronal markers.
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Among those which we considered were antibodies to the c-myc proto

oncogene (Parr el ai 1994), injections of fluorescent dyes such as fast blue and 

true blue (Leong and Ling, 1990), methylpyridinium iodide (Hanani, 1992) and 

the cationic dye, cuprolinic blue (Heinicke el a i 1987). For this study, we 

chose an antibody to protein gene product 9.5 (PGP 9.5; Thompson et a l 1983), 

a neuron-specific ubiquitin carboxy-temiinal hydrolase (Wilkinson et a l 1989), 

and a marker of choice for peripheral neurons (Wilson et a l 1988) which has, 

together with neuron specific enolase (NSE; Scheuemiann et a l 1989) been 

used in a small number of descriptive studies of the ENS (Eaker and Sallustio, 

1994; Krammer et a l 1993). PGP has been commonly used in this laboratory 

as a marker of peripheral nerve fibres, such as those innervating the sweat 

glands of rats (Abdel-Rahman and Cowen, 1994) and blood vessels (Gavazzi et 

a l 1995). In the ENS, PGP has previously been used successfully as a total 

neuronal marker in the rat (Eaker and Sallustio, 1994), although the quantitative 

methods differ from the ones used in this study. As a further comparison, we 

evaluated neuron counts from NADH-diaphorase and PGP stained wholemounts 

against those taken from wholemounts removed from young adult 4M rats 

injected intraperitoneally with the fluorochrome fluorogold. This fluorescent 

dye has previously been reported to label all neuronal elements in autonomic 

ganglia, (Hanani, 1992; Powley and Berthoud, 1991).

In addition to determining the extent of cell loss with age, we also wished to 

examine if functionally significant neuronal subly^^es were particularly 

vulnerable. The neurotransmitter types present in the ENS were reviewed in
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1.4.6 A brief overview o f  neurotransmitters and ENS physiology. In recent 

years, nitric oxide (NO) has been shown to be possibly the most important 

inhibitory neurotransmitter in the gut (Brookes, 1993), and possibly a retrograde 

signal molecule in the ENS (Yuan et al. 1995). Nitrergic neurons are easily 

identified by the NADPH-diaphorase method (Aimi et a i 1993) and by 

immunohistochemistry (Furness et al. 1994), and have been quantified in 

several studies. In the Wistar rat, they constitute approximately 27% of neuron 

numbers (Cracco and Filogamo, 1994). Neurons expressing NO activity have 

previously been shown to be selectively spared in the myenteric plexus of 

Wistar rats with age (Santer, 1994) and to increase as a proportion of the total 

in the proximal colon of aged Sprague Dawley rats (Belai et al. 1995). The 

relative proportions of nitrergic neurons in the myenteric plexus also appear to 

be altered by extrinsic denervation (Yunker and Galligan, 1994). The possibility 

that nitric oxide may have a potentially neuroprotective effect has been 

examined in some central nervous system pathologies, such as Alzheimer's 

disease, where the relative proportion of nitrergic neurons increases, despite 

overall large scale cell death (Bockelmann et al. 1994).

Much physiological evidence suggests that one neuronal sub-type - excitatory 

cholinergic neurons - may be vulnerable in the ageing ENS. The significance 

of intrinsic excitatory cholinergic transmission for signalling within the ENS 

has long been known (for a review, see Wood, 1987). With the recent advent 

of reliable antibodies to the rate-limiting enzyme in acetyl choline production, 

choline acetyltransferase (ChAT), cholinergic neurons can now be reliably
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identified in the ENS of most species (Steele et al. 1991). Isolated organ bath 

experiments on segments of intestine taken from aged rats have revealed 

significant reductions in the cholinergic component of neuromuscular 

transmission (Nowak et al. 1990), a clinically important observation since the 

majority of neurons in the human intestine have been shown to express choline 

acetyltransferase (ChAT) activity (Porter et. al. 1996). There is also a reduction 

with age in acetyl choline release and the response of the smooth muscle which 

it innervates in the rat colon (Roberts et al. 1994). This may result in a 

reduction of colonic function in the ageing animal (Me Dougal et al. 1984). If 

these observations in laboratory animals are also manifested in humans, they 

may explain the high rate of incidence of constipation in the elderly patient 

(Merkel et al. 1993). Cell counts in the guinea pig have revealed that as many 

as 64% of enteric neurons display ChAT activity in the small intestine 

(Schemann e/a/. 1993).

Both NO and ChAT immunoreactive cells are often co-localised with other 

neurotransmitter substances in the ENS, as described in 1.4.6 A brief overview 

o f neurotransmitters and ENS physiology. To provide a comprehensive study 

of what occurs in ageing in the ENS, I have used several commercially available 

antibodies to demonstrate and quantify neurons bearing these transmitter types, 

which will be briefly mentioned here. Substance P (SP) is a tachykinin 

commonly located within ChAT-positive neurons. Together with NO (which 

they are often co-localised with), inhibitory neurotransmitters in the ENS 

include vasoactive intestinal polypeptide (VIP; Grider and Makhlouf, 1988) and
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neuropeptide Y (NPY; Browning and Lees, 1994). SP- and VIP-bearing 

neurons have also been shown to issue projections which connect the myenteric 

plexus with the sub-mucous plexus (Jessen et al. 1980). Enkephalin (ENK) is 

also found within the GI tract, indeed, this is the only other area outwith the 

CNS where this is so. Some ENK immunoreactive fibres have been shown to 

be of extrinsic origin (Domoto et al. 1994). Although the role of ENK in the 

regulation of intestinal function is not clear, it is also believed to inhibit enteric 

smooth muscle contraction (Wang and Lindberg, 1986). Somatostatin (SOM) 

has long been considered to function in a paracrine manner (Buchan et al. 

1985), however, it is now thought that neurons containing SOM function as 

intemeurons. In the guinea pig small intestine, SOM positive neurons make up 

approximately 5% of the total population (Costa et al. 1980).

The immunohistochemical investigation outlined above uses antibodies raised 

against neurotransmitters. To complement this data, I have used an antibody 

to all three neurofilament proteins (low, medium and heavy molecular weight) 

to examine whether structural changes within ageing neurons occur, and the 

proportion of enteric neurons which demonstrate these proteins. The 

distribution of the three types of neurofilament protein has previously been used 

in the mature rat ENS to define distinct sub-populations of myenteric neurons 

(Eaker and Sallustio, 1994).This will be the first study to examine the effects 

of ageing on levels of this protein within enteric neurons.

In this chapter, I have therefore attempted to establish both the total neuronal
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population of the rat myenteric plexus in young and aged (24M) animals, 

together with the numbers of cholinergic, peptidergic and nitrergic myenteric 

neurons in the ileum of young and aged (24M) rats using appropriate 

immunohistochemical and histochemical markers. Markers were chosen, where 

possible, to identify specific and separate populations in distinct functional 

groups. Where an overlap with another population has been identified by 

previous studies, I have investigated the possibility that selective changes are 

occuring within this population.

3.2 METHODS

3.2.1 Animals

Sprague Dawley rats aged 4 and 24 months from our own breeding colony were 

used in these experiments. The old animals were kept on a restricted diet of 

approximately 60% of the normal daily intake of an ad libitum fed rat of the 

same species (approximately 30 grams) after reaching 6 months of age, a 

regime which enhances the animals health and longevity.

3.2.2 Tissue preparation, histochemistty, immunohistochemistfy and 

quantification

These are described in Chapter 2: Materials and methods. Table 3.1 lists the 

antibodies used in this study, together with their working dilution and suppliers. 

Control experiments involved the omission of either the 1st or 2nd layer 

antibodies, and in all cases resulted in a complete abolition of specific staining.
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Absorption controls were carried out where the antigen was available, 

otherwise, reference was made to the literature or to information provided by 

the suppliers. Refer to Table 3.1 for further details. Table 3.2 lists growth 

measurements of the animals used in this chapter and the correction factor 

derived from these measurements.

3.2.3 Fluorogold Labelling o f Enteric Neurons

Two young adult 4M male Sprague Dawley rats were injected intraperitoneally 

with a single 5mg dose of the fluorochrome Fluoro-gold (Fluorochrome, USA) 

in 0.5ml of a 20% Lactose solution in sterile PBS. Three days later, both 

animals were perfused intra-cardially with 4% PFH in PBS. The small intestine 

was then removed and post fixed in 4% PFH in PBS for 2 hours. Dissection 

was then carried out as listed in the methods section, and the resultant 

wholemount preparation mounted in Citifluor (Citifluor, UK). Preparations 

were then viewed on an Olympus AH-2 fluorescent microscope, using a wide 

band ultraviolet excitation filter. These were preliminary experiments, intended 

to establish the efficacy of Fluoro-gold in labelling enteric neurons in young 

animals. Due to the great expense of this technique, and also to reports in the 

literature that this agent labels both neuron and glia in the autonomic nervous 

system (Powley and Berthoud, 1991), these experiments were not attempted in 

aged animals.
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3.3 RESULTS

3.3.1 Preliminœy Studies

3-D optical sectioning on a BIORAD confocal microscope of PGP 9.5 stained 

whole mounts revealed little evidence for superimposition of neurons within 

the rat myenteric plexus, which we were concerned could lead to an 

underestimation of nerve cell numbers. Previous studies have reported that in 

many parts of the guinea pig myenteric ganglia, neurons could be two layers 

deep (Young et al. 1993a). We have therefore used 2-dimensional counts from 

light microscopy in all cases.

3.3.2 Neuronal markers

(a) PGP (see Figures 3.1 and 3.3); the structure of the myenteric plexus was 

similar in both old and young animals, and consisted of large ganglia 

interconnected by thick nerve bundles. These were densely packed with nerve 

cell bodies, from which projections could be seen passing both up and down the 

plane of the plexus and perpendicularly to the mucosa and through both muscle 

layers. Numerous fine fibres of the tertiary plexus were apparent between the 

network of interconnected ganglia and it was possible to separate these fibres 

from nerve bundles running in the surrounding muscle layers by re-focusing the 

microscope. No qualitative or visually obvious difference was apparent between 

young and old specimens in either cell numbers or fibre density. Statistical 

comparison of PGP positive cell numbers in the small intestine revealed no
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significant difference in cell numbers between the age groups (young: 

19,600±2,000 neurons per cm  ̂ (n=28) Old: 20,700± 1,200 neurons per cm  ̂

(n=l8) - see Table 3.3).

(h) NADH (see Figures 3.2a,h and 3.3): stained neurons were distinct due to 

purple formazan deposits in the neuronal perikar> a, and were abundant in both 

old and young samples. Nuclei were always left unstained. The under- and 

overlying smooth muscle was very faintly stained, but this was never strong 

enough to obscure stained cell bodies. We did not detect a noticeable absence 

of neurons or atrophy of the ganglia in aged specimens. However, the packing 

density of cells appeared to be slightly reduced. In some of the preparations 

some poorly stained regions were apparent, in which there may have been 

additional unstained neuronal profiles. These were the result of contact of the 

tissue with the side of the organ bath, and were discounted for quantification 

purposes. Stained cell numbers in young animals were 9,500±600 neurons per 

cm^ (n=38); in old animals 8,000±400 neurons per cm  ̂ (n=15) indicating a 

significant reduction of approximately 15% in old age (see Table 3.3).

(c) Fluorogold labelling (see Figure 3.3): At low power, all components of the 

plexus were visible and appeared to be labelled strongly. At higher power, the 

ganglia were densely packed with cells of all shapes and sizes, which were 

easily counted. Cell numbers were 34,600±2,200 neurons per cm“ in young 

animals (n=4, see Table 3.3).
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Figure 3.1 PGP immunoreactive murons

PGP immunoreactivity in the myenteric plexus in the small intestine of young 

4 month (a) and old 24 month (b) rats. Note no obvious differences were seen 

between the preparations in either numbers, or in the density of the tertiary 

plexus (scale bar = 50/im).
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Figure 3.2 Neurons detected by the NADH and NADPH-diaphorase methods. 

NADH (a,b) and NADPH (c,d) histochemistry on whole mount preparations 

from yoimg 4 month (a,c) and old 24 month (b,d) rats. In the case of NADH- 

diaphorase histochemistry, the number of neurons stained was significantly 

reduced by 15% in preparations from old animals (scale bars = 50//m).
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Figure 33 Bar chart comparing the number o f myenteric neurons labelled by 

three different pan-neuronal markers.

Fluorogold injected IP (left column) labelled almost twice as many cells as PGP 

9.5, though it is likely that not all of these were neurons (see text). The number 

of PGP 9.5 labelled neurons did not change significantly with age, as 

demonstrated by the middle columns. NADH-diaphorase histochemistry 

identified the fewest neurons of the three markers (right column). However, a 

significant reduction in myenteric neurons stained by this method was noted 

with age - * (p<0.05).
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3.3.3 Neuronal sub-population markers

(a) NADPH histochemistry /  NOS immimohistochemistry (see Figures 3J2c,d 

and 3.6): stained neurons were readily identifiable but were notably less 

numerous than, for instance, preparations stained with the NADH method. 

Again, there were intense deposits of formazan in the perikarya of positive 

cells. In addition, abundant stained fibres were apparent connecting the ganglia 

as well as in the tertiary plexus and the muscle layers themselves. As described 

in the methods section, antibodies to nNOS were found to stain the same 

neuronal populations as those cells expressing NADPH-diaphorase. Counts of 

neurons within sections stained by both methods agreed closely, confirming 

previous observations (Belai et a l 1992b). We have therefore pooled the cell 

counts obtained from both methods (young: 2,100±100 neurons per cm^ (n=20) 

Old: 1800 ±400 neurons per cm  ̂ (n=23) - see Table 3). No significant 

difference existed between young and old groups.

(b) ChAT{sQQ Figure 3.5): positive cell bodies were very numerous but difficult 

to distinguish without prior colchicine treatment. Quantification was therefore 

carried out on specimens incubated with colchicine. We found that the specific 

fluorescence faded relatively rapidly on exposure to fluorescent light, making 

it difficult to obtain photographic images of suffucient quality. Positively 

stained cells were readily distinguishable for counting purposes. However,
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accurate counting of stained cell bodies was possible before extensive fading 

occurred. ChAT positive cell bodies were normally large, and occupied a large 

proportion of the ganglia. Cell counts for ChAT positive neurons were: young: 

16,300±500 neurons per cm  ̂(n=l 1) old: 17,500±1,100 neurons per cm^ (n=13, 

see Table 3.3), indicating no significant change in numbers with age.

(c) SP (see Figure 3.5): A large number of neuronal cell bodies were apparent, 

with a substantial proportion of faint, but positive, nerve cells which were 

included in the counts. Most of the neurons were clearly large uni- or bi-polar 

and issued extensive projections both orally and anally throughout the tract 

within the primary bundles. Cell numbers were 16,700 ±500 neurons per cm^ 

in preparations from young animals (n=-13), and 18,600±2,100 neurons per cm^ 

from old animals (n=l 1), showing no significant difference with age (see Table 

3.3).

(d) NPY (see Figure 3.6): There were considerable numbers of cells displaying 

NPY-IR. A small number of single neurons displayed intense fluorescent 

activity, and it was possible to follow their projections for some distance. Most 

were large and issued projections in the plane of the plexus as well as through 

to the mucosa. Cell numbers were 2500±200 neurons per cm^in young animals 

(n=7), and 2700±500 neurons per cm  ̂ in old animals (n==12), again 

demonstrating no significant difference with age (see Table 3.3).

(e) VIP (see Figures 3.4 and 3.6): Without prior colchicine treatment, dense
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granular fibres were apparent around the ganglia, and in the tertiary plexus. 

Rare positive cells were found which exhibited clear but diverse morphology, 

and issued projections mainly perpendicularly through to the mucosa. Cell 

counts were made after colchicine treatment which was found to reduce the 

level of fibre staining. However, a substantially increased number of cells 

became visible, and these were quantified. Cell numbers were 4900±500 

neurons per cm  ̂in young animals (n=14), and 4100±300 neurons per cm^ in old 

animals (n=l 1, see Table 3.3), again showing no significant differences with 

age.

(f) ENK: (see Figures 3.4 and 3.6 ) Granular fibres were visible in both primary 

and secondary plexus components. Numbers of cell bodies were not altered by 

colchicine pretreatment. Stained neuronal cell bodies were rare but strongly 

stained with visible nuclei. These cells issued extensive projections normally 

in the plane of the plexus. Cell numbers were 650±370 neurons per cm  ̂in 

young animals (n=14), and 280±100 in old (n= ll, see Table 3.3). The 

reduction in numbers of cells with age was not statistically significant. The 

high error value noted was probably a reflection of the relative scarcity of these 

cell types in the preparations.

(g) SOM: (see Figures 3.4 and 3.6) Fibres were varicose, but present in 

appreciable numbers in primary and secondary strands. Neuronal cell bodies 

were sparse with mainly unipolar morphology and descending and ascending 

projections. Colchicine pretreatment failed to alter the numbers of stained
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neurons. Cell numbers were 250±20 neurons per cm^ in young animals (n=14) 

and 380±70 neurons per cm  ̂ in old animals (n=ll), showing no significant 

difference in age (see Table 3.3).

(h) NF R39 (see Figures 3.7 and 3.8): This marker stained large neurons with 

extensive projections, which were clearly visible throughout the myenteric 

plexus where they could be followed in both an oral and anal direction for some 

distance. There were approximately double the number of NF R39 positive 

neurons in preparations from aged compared to young animals. Cells were 

readily quantifiable because of their positive staining and large size. Cell 

numbers were 3700±100 neurons per cm  ̂ in young animals (n=6) and 

6200Ü200 neurons per cm  ̂in old animals (n=6, see Table 3.3), a significant 

difference therefore existed between the two ages examined (p<0.05).
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Figure 3.4 Peptidergic neurons

Immunoreactivity for neuropeptides in the myenteric plexus of old (a) and 

young (b,c,d) rats. YIP positive neurons and fibres in old (a) and young (b) rats. 

Enkephalin (c) and somatostatin (d) immunoreactivities in myenteric neurons 

from young rats (scale bars =
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Figure 3.5 Counts o f excitatory motor neurons

Bar chart comparing the number of myenteric neurons positively stained for 

neurotransmitters mostly present in excitatory motor neurons in the rat small 

intestine, choline acetyltransferase (ChAT) and substance P (SP). Note the high 

proportion of these neuron types compared to the total neuronal population, and 

also that no significant difference exists between the two age groups for either 

marker.
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Figure 3.6 Counts o f neurons present in myenteric sub-populations 

Bar chart showing the number of neurons positively stained for a selection of 

neurotransmitters, the functions of which are outlined in the text. Note the 

relatively high numbers of two of the principal inhibitory neurotransmitters, NO 

and VIP, which are often co-localised. No difference existed with age in any 

of the markers examined.
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Figure 3.7 Neurofilament immunoreactivity in enteric neurons 

Immunoreactivity for low, medium and heavy weight sub-units of the 

neurofilament protein (NF R39). The number of neurons positively stained 

increased significantly from young (a) to old (b) (p<0.01, scale bar = 50/^m)

113





figure  3,8 Numbers o f myenteric neurons demonstrating NF activity 

Bar chart showing neurons positively stained for low, medium and high sub

units of the neurofilament protein as identified by immunohistochemistry. The 

number of neurons expressing these proteins increased significantly with age 

(P<0.01)
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3.4 DISCUSSION

3.4.1 Counting methods

This study has evaluated neuronal numbers in the ageing rat small intestine 

using established neuron labelling techniques, combined with quantification of 

several neuronal populations. The accurate assessment of changes in neuron 

numbers within the gastrointestinal tract is a complex task. Neurons are present 

in huge numbers throughout the rodent gastro-intestinal tract. It has been 

estimated that there are approximately 6.5 million neurons in the small intestine 

of the young adult guinea pig (Karaosmanoglu et al. 1996). Thus it is possible 

only to count cells over a discrete and restricted area of the gut wall. 

Measurements of the small intestine of young and old rats indicate a substantial 

age-related increase in both length and circumference to give a calculated 

increase of overall area of 42% in old age. In comparison, the aged guinea pig 

small intestine increases in length by 68% (Gabella, 1989). The effect of these 

areal increases is to substantially reduce areal counts of neurons in aged 

preparations relative to those from young animals. Correction for this 'dilution' 

of cell numbers in aged animals is therefore essential in order to avoid 

overestimating the extent of cell loss in the aged myenteric plexus. 

Extrapolation of these counts to provide some indication of the total number of 

neurons in the whole small intestine therefore depends on accurate estimates of
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areal changes. I have therefore measured the length and diameter of the small 

intestine under constant conditions of distension (Gabella, 1987). The figures 

provided in this chapter provide an estimate for total numbers of neurons in the 

small intestine of 4M Sprague Dawley rats of 2,709,000 neurons. In old 24M 

animals, this value is 2,975,000 neurons.

This study has shown that correction factors are essential for quantitative ageing 

studies. As a further example, and demonstrating that size changes of a large 

magnitude are by no means confined to the intestine, the innervation of the 

thymus has been shown to increase significantly with age (Novotny et al. 1990). 

There is a massive reduction in thymic volume and surface area with age, 

making it difficult to demonstrate a genuine increase with age, as opposed to 

a simple maintenance of nerve density on a target declining in size. Here, a 

correction factor was derived from the relative volumes of thymic tissue in 

young and old animals and used to correct for this reduction (Novotny et al. 

1993).

3.4.2 Age changes in the overall number o f myenteric neurons and marker 

efficacy.

Previous studies have used NADH histochemistry and Giemsa staining to 

quantify total neuron numbers on the assumption that these methods stained the 

majority, if not all, of the neurons present in the myenteric plexus. In the 

guinea pig, a loss of 40-60% of all myenteric neurons is observed with NADH 

staining after corrections for changes in length (Gabella, 1989). In contrast,
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myenteric neuron numbers in the ileum of the Wistar rat without correction for 

growth or size changes, showed a reduction of 43% in old age (Santer and 

Baker, 1988). These results may have important clinical implications, as 

studies of certain areas within the GI tract of post-mortem tissue from young 

and old human subjects have also revealed reductions in cell number with 

increasing age (de Souza e /«/. 1993; Meciano Filho «/. 1995). In contrast to 

these indications of substantial age-related neuronal degeneration, I have shown 

a far smaller, although still significant, reduction in cell numbers of only 16% 

using the NADH-diaphorase method, in aged Sprague Dawley rats, following 

correction for growth in the mature gut. Since no other cell losses were 

observed using markers for any of the other functional groups, it seems likely 

that this change is functional, and restricted to neurons bearing NADH- 

diaphorase (see also section 3.4.2). Areal counts of neurons in the ileum of 

young rats [9,500±600cm^ in the present study, 8169±413cm^ in a previous 

study on Wistar rats (Santer and Baker, 1988)] and guinea pigs [8600 cm^ 

(Young et al. 1993a)] were similar in all three studies. Comparisons between 

young and old suggest major species and strain differences, where guinea pigs 

exhibit a far greater loss of myenteric neurons in old age compared to rats, and 

where Wistar and Sprague Dawley strains of rat may also exhibit different 

responses to ageing. Although few studies have examined differences in 

innervation between these strains of rats, there is a different pattern in the 

segmental organization of pelvic innervation between these strains (Pascual et 

al. 1989). There are also differential changes with age in immunoreactivity for 

calcitonin gene-related peptide (CGRP) in the cerebral vessels of Sprague
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Dawley (Thrasivoulou and Cowen, 1996) and Wistar (Mione et a l 1988b) rats. 

Since the mortality rate of ageing Wistar rats is significantly lower than that of 

equivalently aged Sprague Dawley rats (Data provided by B&K Universal Ltd, 

UK) it may be that there is a difference in the responses of enteric neurons from 

these strains to the ageing process.

To detennine whether a differential response of strain to the ageing process 

occurs, I have used correction factors provided by another study (Santer, 1994), 

to correct the data provided in a study similar to this one (Santer and Baker, 

1988) (which did not accomodate for alterations in the dimension of the small 

intestine), which quantified myenteric neurons using the NADH-diaphorase 

method in the ageing Wistar rat. This corrected data (see Figure 3.9) indicates 

a fall in neuron number of 33% in Wistar rats, compared to our measurement 

of 16%. This is compelling evidence for a strain difference in response to 

ageing. However, examination of conditions under which the animals were 

maintained revealed that they were fed ad libitum, indicating that strain or diet 

may have contributed to this difference. This observation, together with 

preliminary evidence from a 20M ad libitum fed group of animals formed the 

basis for the work described in Chapter 4: The effects o f diet on enteric 

innet'vation.
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Figure 3.9 Comparison o f the present study with a previous study 

Bar chart showing comparison of numbers of NADH-positive neurons counted 

in this study with data from a comparable study in Wistar rats (Santer and 

Baker, 1988) to determine whether a differential response of strain to the ageing 

process occurs. The corrected data from this study (Santer and Baker, 1988) 

(see text), shows a fall in neuron number of 33% in Wistar rats, compared to 

measurement in this study of 16% in the myenteric plexus of the Sprague 

Dawley rat. A strain difference in the response of NADH-diaphorase positive 

neurons to ageing therefore appears to exist.
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PGP 9.5 is a well established general marker for the majority of peripheral 

autonomic, including enteric, neurons (Thompson et a l 1983) and has been 

widely used in descriptive studies (Eaker and Sallustio, 1994; Krammer et a l 

1993). However, our study has been the first to quantify myenteric neurons in 

the rat using this pan-neuronal marker. Neuron numbers were 19,600±2,000cm " 

in young animals, and 20,700±l,300cm“ in old. Surprisingly, PGP staining 

revealed approximately double the numbers of neurons in the rat ileum 

compared to those identified by NADH histochemistry (19,600cm ̂  in young rats 

and 9,500 cells per cm^ in old). Comparison of micrographs revealed a closer 

packing of PGP neurons compared to those stained with NADH, suggesting that 

some neurons may not be stained by the NADH-diaphorase method. Previous 

work using an 'anti-nerve cell body' serum had suggested that only around 80% 

of all nerve cell bodies were identified by NADH-diaphorase histochemistry 

(Young et al 1993 a ). This result suggests a figure nearer to 50%. The lack of 

reduction in PGP-stained neuron numbers, combined with a 16% reduction of 

NADH-stained neurons indicate that this under-estimation by NADH is 

accentuated in old age, so that NADH positive neurons may only represent 

some 40% of the total neuron number in the aged rat ileum. Detectable 

alterations in diaphorase proteins have been proposed as biochemical markers 

for the ageing process (Stadtman, 1988) suggesting that NADH, although a 

useful neuronal marker in many respects, may be unsuitable for counting 

studies which extend into senesence. The findings of this part of my study
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confirm differences in NADH activity between young and old animals, although 

it does not allow speculation on the mechanism of these alterations.

That the fluorescent dye, Fluoro-gold, labelled significantly greater number of 

cells than either PGP 9.5 or NADH, is consistent with previous observations 

that this marker labels all cells within the ENS, including most enteric glial 

cells (Powley and Berthoud, 1991). Many studies have used the introduction 

of dyes into the spinal cord, brain or peripheral nervous system to examine 

neuronal populations therein. However, the uptake of the dye is rarely 

predictable. In the case of Fluoro-gold, intraperitoneal labelling was used, as 

the peritoneal cavity provides a large absorption surface, and allows the tracer 

to be absorbed into the portal vein and then the systemic vein and thus evenly 

distributed. The dye is then taken up and transported retrogradely through 

axons to the parent cell bodies where it can be visualised. Whilst Fluoro-gold 

has been used as a useful morphological marker to visualize the general 

structure of the myenteric plexus (Hanani, 1992), it proved to be unsuitable for 

neuron counting because it labelled non-neuronal elements. Why Fluoro-gold 

was present in glial elements is unknown, although it is possible that their close 

proximity with the enteric neurons together with a non-specific absorption 

mechanism may play a role. In addition, fluorogold has been reported to label 

some neuronal populations in neonatal but not in mature animals (Leong and 

Ling, 1990). Finally, since this method relies on axonal uptake and transport to 

the neuronal cell bodies, the observation that component neurofilament proteins 

of the axon are altered with age (see 3.4.3 Assessment o f age changes in sub-
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populations o f myenteric neurons, see also Chapter 7) suggests that it may be 

unsuitable for ageing studies. It is proposed that PGP 9.5 should therefore be 

the marker of choice for ageing studies of neuron numbers in the rat, although 

it has been suggested that, even with PGP, only 80% of myenteric neurons are 

stained (Eaker and Sallustio, 1994). If so, it is possible that a population of 

unstained cells was reduced in old age. To address the concerns that cell 

numbers could have been underestimated due to neurons overlying each other 

within the myenteric ganglia or not being adequately stained by PGP, I 

examined successive optical sections of ganglia in several fields of myenteric 

plexus from young and old rats by confocal microscopy. This failed to show a 

significant number of cells hidden in this way, or left unstained by PGP. High 

power confocal micrographs also provided no evidence of atrophic or 

degenerative neuron profiles, although packing density appeared to be slightly 

reduced in the aged rat preparations.

PGP has, however, proven to be unsuitable as a neuronal marker of the ENS in 

species other than the rat. A recent study evaluating the efficacy of the pan

neuronal markers NSE, PGP and a Fos related antigen (FRA) in the guinea pig 

small intestine and colon concluded that none of these markers were suitable 

to quantify enteric neurons in this animal, and used Cuprolinic Blue as the 

marker of choice (Karaosmanoglu et al. 1996). In a preliminary study, and as 

a comparison with the situation observed in the rat, I examined the efficacy of 

PGP 9.5 in marking myenteric neurons in preparations from old (30M) guinea 

pigs compared with NADH-diaphorase histochemistry (see Figure 3.10). It was
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extremely difficult to visualise every neuron in the ganglia and therefore count 

them, probably due to the density of overlying fibres. However, it was apparent 

that PGP 9.5 activit)' was present in all nervous components of the plexus. The 

marker of choice for each animal for enteric neurons must therefore be 

established if quantification of all neurons is required.

3.4.3 Assessment o f age changes in sub-populations o f  myenteric neurons 

Counts of neuronal sub-populations strengthened the conclusions from the PGP 

staining, showing no significant cell loss in any of the neuronal populations, as 

well as confirming that nitric oxide expressing neurons are spared in the ageing 

ENS (Santer, 1994). In addition, no significant cell loss or other evidence of a 

neuronal atrophy or degeneration, was encountered in neuronal markers co

localised with NO, such as VIP, or (rather more surprisingly) in ChAT or SP 

stained neurons, confirming that cell death does not occur to any significant 

extent within functionally significant groups of neurons in the ageing rat 

myenteric plexus.
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Figure 3.10 Rat and guinea pig myenteric plexus preparation stained with 

PGP.

Note the difficulty of identifying individual neurons in the guinea pig 

preparation (top) compared to that of the rat (below). Scale bar=50pm
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Figure 3.10



Another feature which did differ between young and old animals was the 

number of neurons demonstrating NF R39 expression. A significant increase 

(p<0.05) in the number of positive neurons was observed with old age, although 

numbers in young animals were smaller than that found in a previous study 

(Eaker and Sallustio, 1994). The expression of these proteins is increased in 

Alzheimer's disease, and seen as neurofibrillary tangles in the neurons (Gcedert 

et al. 1991). In normal ageing, in many peripheral and central nerves, there is 

an abnormal accumulation of neurofilament proteins with senescence, reported 

to be due to alterations of the heavy sub-unit of neurofilament (Gou et a i 1995). 

Elsewhere in the nervous system, a significant decrease in all three proteins has 

been observed in the rat cerebellar cortex (Vega et a l 1994). There is also a 

reduction in nerve fibres in the dorsal root ganglion (DRG) of aged rats, vhich 

has been associated with a decline in neurofilament gene expression (Parhad et 

a l 1995). It could be that the upregulation of neurofilament expression in 

ageing myenteric neurons is indicative of either detrimental (or compensatory) 

changes within the ENS without cell loss, although we have no data from 

physiological tests that there is such an alteration in the Sprague Dawley rats I 

have chosen as my experimental model.
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3.5 CONCLUSION

To conclude this chapter, my assessment of neuronal loss from the ageing rat 

myenteric plexus using different neuronal markers, has indicated that the pan

neuronal marker PGP 9.5 provides a more accurate and complete measure of 

neuronal numbers than the NADH-diaphorase reaction, particularly in the aged 

ENS, where NADH may underestimate neuron numbers by as much as 60%. 

Using PGP, we find, in contrast to previous studies, no evidence of significant 

neuronal loss with age. Confirming this result, our studies of nitric oxide 

synthesising, peptidergic and cholinergic populations of neurons also failed to 

demonstrate significant cell loss, accentuating the contrast between this and 

previous studies of the ageing rat myenteric plexus. However, neurofilament 

expression does appear to increase significantly with age, indicating there are 

changes within the neuron itself, the nature of which are unknown.
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Table 3.1. Antibodies and their working dilutions used in this study 

This table provides information on the specifications of the antibodies used in 

this chapter. For absorption control figures for SOM, ENK & nNOS, reference 

was made to data supplied by the manufacturer. For ChAT, this information 

was provided by Dr. M. Schemann. In the case of NPY and PGP, no protein 

was currently available for absorption studies, so careful reference was made 

to previous studies using these antibodies. Absorption assays for VTP & SP 

were carried out in our laboratory. Abbreviations: Rb = Rabbit, Poly = 

Polyclonal, mono=monoclonal
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Antibody Supplier Species 
& type

Absorp"
(M)

Dilution
used

ChAT Gift of Dr Schemann 
(Schem ann et a l 1993)

Rb
Poly

5x10^ 1:40

met-ENK Peninsula 
Laboratories, USA

Rb
Poly

1.85x10" 1:400

NFR39 
(L,M & H)

Gift of Prof. B.H. 
Anderton

Rb
Poly

W 1:800

nNOS Affmiti Research 
Products Ltd, UK.

Rb
Poly

1.22x10^ 1:100

NPY Gift ofD rD . 
Corder.

Rb
Poly

NA 1:600

PGP 9.5 Ultraclone Ltd, UK. Rb
Poly

NA 1:800

SOM INCSTAR, USA. Rb
Poly

10"̂ 1:800

SP Sera-Lab Ltd, UK. Rat
Mono

10" 1:400

VTP INCSTAR, USA. Rb
Poly

1.5x10" 1:400
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Table 3.2

Derivation o f correction factor from measurement o f the dimensions 

o f the small intestine.

Animal
age

Animal
no.

Length of 
intestine 

(cm)

Circumference 
of intestine 

(cm)

Area of 
intestine 

(cm )̂

Correct"
factor

Young
4M

16 110±3 1.3±0.03 136±5 0

Old
24M

10 145±4 1.5±0.05 193±15 1.42
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Table 3.3 Corrected mean counts -t- s.e.m, o f myenteric neurons from young 

and old rats

Note: there were fewer (p<0.05, denoted by *) NADH stained neurons in old, 

compared to young, myenteric plexus. No other populations of stained 

neurons showed significant age-related changes.

Antibody
Old cell counts 

(cm^ - corrected 
for length)

Young (cm^)

ChAT 17,500±1,100 16,300±500

ENK 280±100 650±370

FG NA 34,600±2,200

*NADH 8,000±400 9,500±600

NADPH 1,800±400 2,100±100

NFR39 3,700±100 6,200± 1,200

NPY 2,700±500 2,500±200

PGP 9.5 20,700± 1,200 19,600^2,000

SOM 380±70 250±20

SP 18,600±2,100 16,700±500

VIP 4,100±300 4,900±500
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Chapter 4

The effects o f diet on enteric 
innervation
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In Chapter 3, I  described myenteric neuron number in the ageing Sprague 

Dawley rat, and concluded that there appeared to be little evidence for neuron 

loss in the myenteric plexus, although there was some evidence for other age- 

related changes. The work presented in this chapter follows on from a chance 

observation suggesting that diet may play a key role in neuronal survival and 

maintenance o f innervation patterns. Using similar methods to those described 

in Chapter 3 ,1 have quantified myenteric neuron number in ileal sections taken 

from old rats maintained under a number o f differing dietary’ regimes.

4.1 INTRODUCTION

The relationship between dietary restriction and the general health of laboratory 

animals has been established for many years now. It has been possible to 

extend the lifespan of rats significantly simply by reducing food intake by as 

little as 40% of the amount given to freely fed animals (Fishbein, 1991). 

Animals kept on such a diet are less prone to disease and are generally 

healthier. In the last chapter I showed that aged animals kept on a restricted 

diet demonstrate no loss of enteric neurons between 4 and 24 months, and noted 

that this was seemingly at odds with previous data, which described reductions 

of up to 60% in neuron numbers in the myenteric plexus of Wistar rats (Santer 

and Baker, 1988), guinea pigs (Gabella, 1989) and man (de Souza et al. 1993; 

Gomes et al. 1997; Meciano Filho et al. 1995). In this study I have examined 

the possibility that there is a direct link between neuronal survival in the ageing 

enteric nervous system and the dietary' conditions under which laboratory
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animals are maintained. That this hypothesis was considered is mainly due to 

a chance observation on a small group of 20M ad libitum fed animals. 

Compared to young animals, I observed a significant degree of neuronal atrophy 

and disruption to the general appearance of the ganglia within the myenteric 

plexus. This was in marked contrast to the appearance of the myenteric plexus 

in the 24M animals examined in the previous chapter. The only obvious 

difference between these two groups was the dietary regime on which the 

animals were maintained.

The experiments in this chapter are therefore designed to answer the question: 

Do dietary conditions adversely affect the chances of neurons in the ENS 

surviving into old age? As a first step, I looked for loss of neurons in the 

myenteric plexus of 24M ad libitum fed rats using immunohistochemistry for 

PGP 9.5 (Thompson et al. 1983), which I established in the previous chapter as 

the best available marker to quantify enteric neuronal numbers, and NADH- 

diaphorase histochemistry (Gabella, 1969), which has been used in a number 

of previous quantitative studies of the ENS in ad libituijj fed animals ( Gabella, 

1971; Santer and Baker, 1988). To examine whether there is a particularly 

vulnerable neuronal group, in this chapter I have examined whether cell losses 

are found in either of the two principal neuronal phenotypes found in the 

myenteric plexus of the rat. These are represented by those neurons containing 

neuronal nitric oxide synthase (nNOS) and choline acetyltransferase (ChAT), 

which are the main inhibitory and excitatory nerve groups respectively in the 

rat ENS (Surprenant, 1994). It will be noted that these groups represent
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functional antagonists in the rat ENS. Previous work on ageing ad libitum fed 

Wistar rats has suggested that neurons containing nitric oxide may be 

selectively spared into old age in the myenteric plexus (Santer, 1994). It has 

also been shown in two neurodegenerative disorders, Alzheimer's and 

Parkinson's disease, that NOS positive neurons within the striatum are mainly 

spared (Bockelmann ei al 1994; Mufson and Brandabur, 1994). Physiological 

evidence has identified a deficit in cholinergic neuromuscular transmission in 

the ageing rat small intestine (Novotny, 1992) and in pathological conditions 

such as diabetes (Nowak et al 1986). In both cases, this may be attributable to 

selective loss of cholinergic neurons.

A second group of 30M aged animals was kept on a 'double-restricted' diet, that 

is, half the amount of chow, in weight, which the normal restricted diet rat is 

maintained on. It will be noted that this age is well beyond the normal lifespan 

of this strain of rat, which shows a negligible survival rate after 26M when fed 

ad libitum (Data provided by B&K Universal Ltd, Hull, UK). It was therefore 

interesting to examine if severe restriction of diet in maturity merely delays the 

neuronal cell loss rather than preventing it. There was no information regarding 

the time course of cell death in rats from previous studies. Therefore, myenteric 

specimens from 16M rats fed ad libitum were examined as an intermediate age 

stage for signs of atrophy or cell loss. Finally, to determine if this cell loss is 

reversible, we examined myenteric preparations from ad libitum fed animals 

placed on a restricted diet at a late stage of life (IBM).
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In this chapter, I have therefore examined the possibility that the survival of 

myenteric neurons with increasing age is dependant on the dietary conditions 

under which laboratory animals are kept, and that cell loss and atrophy in the 

ageing ENS may be due to diet rather than, or in addition to, age. Using 

appropriate neuronal markers, I have also examined the possibility that a 

significant level of neuronal cell death occurs and that this may be attributable 

to a particular vulnerable neuronal phenotype.

Some of the results presented in this chapter have been reported in abstract 

form (Johnson et al. 1996).

4.2 METHODS

4,2.1 Animals and dietary maintenance

Young 4M, mature 16M & aged 24M Sprague Dawley rats were fed and 

watered ad libitum. 30M animals were kept on a 'double restricted diet' of 

15g/animal/day by B&K Universal Ltd (Hull, UK). Another small group of 

animals was fed ad libitum for 18M, before being placed on a restricted diet of 

30g/animal/'day until 24M, when the animals were used. With the exception of 

the 30M group, all animals were maintained in the Comparative Biology Unit 

at the Royal Free Hospital, on a standard rat & mouse chow with boosted 

vitamins and essential fatty acids (B&K Universal Ltd, Hull, UK), which 

included 20% crude protein, 4% crude oil and 4% crude fibre; gross energy per 

kg was 16.16MJ. 30M animals were maintained under similar conditions by
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B&K Universal.

4.2.2 Tissue preparation.

This is described in Chapter 2: Materials and Methods 2.1 Dissection and 

preparation o f the rodent myenteric plexus.

4.2.3 Immunohistochemistry and histochemistry.

These techniques are outlined in Chapter 2; Materials and Methods 2.2 

Immunocytochernical techniques and 2.3 Histochemical techniques. Colchicine 

treatment was used to enhance the visualisation of ChAT and SP positive 

neurons, as described in section 2.2.2.. This method has been shown not to 

alter cell number, but only to enhance visualisation of already positive cells 

(Krammer et al. 1993). For a list of suppliers of antibodies and their working 

dilutions, together with their working dilution and suppliers, please see Table

3.1 Control experiments involved the omission of either the 1st or 2nd layer 

antibodies, and in all cases resulted in a complete abolition of specific staining. 

Absorption controls were carried out where the antigen was available, 

otherwise, reference was made to the literature or to information provided by 

the suppliers. Refer to Table 3.1 for further details.

4.2.4 Quantification and Length Correction.

In the previous chapter, I confirmed that 2-dimensional counts were valid for 

quantification of myenteric neurons from whole mount preparations. Counts
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were made and corrected for changes in intestinal area as described in Chapter 

3. For cell counts using PGP as a marker, statistical testing was carried out 

using analysis of variance (ANOVA), with subsequent t-testing. Animals fed 

ad libitum to 18M, before being placed on a restricted diet thereafter, showed 

no difference in intestinal dimension compared to the 24M ad libitum group, 

and the data from these two groups is pooled (see Table 4.1). Methods are 

outlined in Chapter 2; Materials and methods.

4.2.5 Areal Counts.

For 4M, 24M ad libitum and restricted diet fed groups, the distribution of 

myenteric neurons over the surface of the specimen was examined. This 

involved splitting the specimen into three areas, each spanning 120° of the total 

circumference, two of which were from the mesenteric aspects and one from 

the anti-mesenteric aspect (see Figure 4.1). Counts from each area from 

equivalently aged animals were pooled and significant differences between 

mesenteric areas were noted using Student's t-test.
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Figure 4.1: i\4ethod o f

TS Gut Sectiondivision o f wholemoimi Mesentery

^2// preparations into .Muscle cut here

'M' 0-120 
Degrees

'M" 240-360 
Degreestwo mesenteric

sectors and one anti-

me sent eric (AM) sector.
'AM' sector 120-240 degrees

4.3 RFSl L I S

4.3.1 Pan-neuronal markers

(a) p a r  Immunohistochemistry.

One way analysis of variance testing gave an overall significant difference 

between groups of p=lxlO'f Subsequent t-testing showed significant 

differences between groups as described.

Young 4M (n=12, see Figures 4.2 & 4.3); this data has been described in 

Chapter 3, but is included again for comparative purposes. Ganglia were seen 

to be packed with neuronal profiles. The ganglia themselves were connected by 

thick nerve bundles. A tertiaiy plexus consisting of numerous fine fibres was
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apparent between the primary and secondary components of the plexus. Cell 

numbers were 19,900±1,100 cells/cm^.

Ad libitum /6M(n=4, see Figure 4.2): Immunohistochemistry for PGP 9.5 

showed a significant level of variance between animals in this relatively small 

group. Although all animal groups showed morphologically normal intestinal 

structure, preparations from two animals showed signs of severe atrophy in 

tertiary fibres and gaps in enteric ganglia, suggesting neuron loss or atrophy. 

The other two animals possessed largely intact ganglia with relatively nonnal 

appearance, although some gaps in the ganglia were apparent. Mean neuronal 

counts for this group of animals were 14,200± 1,900 cells/cm^. A significant 

difference (p<0.05) existed between neuronal counts from this group and the 

young 4M group of 49%.

Ad libitum 24hd (n=9, see Figures 4.2 and 4.3): These specimens were 

markedly different in appearance from those taken from young 4M and 24M 

restricted diet animals (see previous chapter), with noticeable gaps in the 

ganglia which were presumably due to cell death or atrophy. The tertiary 

plexus of terminal fibres was noticeably diminished compared to young 

animals, and was almost absent in some areas. Counterstaining of these section 

with toluidine blue revealed that the gaps in the plexus were due to cell loss and 

not a failure of the neuronal marker (data not shown). Cell numbers were 

9,800± 1,900 cells/cm^, representing a significant reduction of 51% compared 

to young 4M animals.
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Ad libitum to 18M/Restricted diet thereafter (n=4, see Figure 4.2); The general 

appearance of the ganglia in these animals was identical to that of the ad 

libitum animals in all respects. Cell numbers were 8,600±900 cells/cm".

SOM 'double restricted rats' (n=6, see Figures 4.2 and 4.3): 

Immunohistochemistry for PGP 9.5 revealed a similar structure and appearance 

to that of young ganglia. Ganglia were densely packed with cell bodies. All 

components of the plexus were similar in appearance to those of the young 4M 

group, and the level of innervation was markedly more dense than that of 

animals fed on an ad libitum diet. Neuron numbers were not significantly 

different compared to young animals (21,300±1,200 cells/cm^ compared to 

19,900± 1,100 cells/cm^. Neuron numbers were, however, significantly higher 

(p<0.05) compared to all ad libitum groups.
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Figure 4.2 PGF cell numbers

Bar chart showing the number of PGP immunoreactive neurons in the myenteric 

plexus of young rats, ageing ad lihilum fed I6M rats, old ad lihilnni fed 24M 

rats, rats fed ad lihiium until 18M then subsequently maintained on a restricted 

diet and old 30M 'double restricted diet' (DRD) rats. Restricting diet appears 

not only to extend the lifespan of the Sprague Dawley rat, but spares myenteric 

neuron number into old age. Note the large reductions of greater than 50% in 

cell numbers in the senescent ad libitum fed animals, and also that restricting 

diet later on in life does not halt the cell loss. * - denotes a significant 

difference in neuronal numbers compared with young using Student's t-test 

(P<0.05).
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Figure 4.3 PGP immunoreactive neurons

Myenteric plexus preparations stained for PGP from 4M (a), 24M ad libitum (b) 

and 30M DRD animals (c). Note the gaps in the ganglia in (b) which are due 

to cell loss, and the similarity of the general appearance of (a) and (c). Scale 

bar = 50/^m.
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FIGURE 1.1



(b) NÀDH-diaphorase histochemistry.

Young 4M  (n=10, see Figure 4.4); This data is reproduced from Chapter 3. 

Many positively stained neurons were apparent and easily counted, due to the 

intensity of formazan product in the neuronal perikarya. The nuclei were left 

unstained in all preparations. Cell numbers were 9,700±600 cells/cm".

Ad libitum to 24M (r\=9, see Figure 4.4): Although the intensity of staining in 

the cell bodies and background was similar to that observed in young myenteric 

ganglia, the appearance differed markedly. The packing density of neurons 

within the ganglia was much reduced and a substantial proportion of the 

ganglion area possessed no neurons at all. Substantially less neurons were 

counted. Cell numbers were 5,500±500 cells/cm^, representing an apparent 

reduction of 43% and a significant difference compared with young animals 

(p<0.05).

Ad libitum to 18M'Restricted diet thereafter (n=4, see Figure 4.4): Again, the 

appearance of these specimens was identical to that of the 24M ad libitum 

group. Neuron numbers were 6,500±600 cells/cm^. No significant difference 

existed between these two groups. There was, however, a significant reduction 

of 33% in this group compared to the young 4M group (p<0.05).
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Figure 4.4 NADH cell numbers

Bar chart illustrating the number of neurons stained by NADH-diaphorase 

histochemistry in the myenteric plexus of young rats, ageing ad libitum fed rats 

and rats maintained on a restricted diet until 18M then subsequently maintained 

on a restricted diet. Large reductions of 38-45% are apparent in the senescent 

animals. The slight increase in neuron number of the ad libitum to 18M group 

compared to the old animals is not significant. * - denotes a significant 

difference in neuron number with young animals (p<0.05).
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4.3.2 Neuronal sub-population markers

(a) NADPH histochemistry /  NOS immunohistochemistry.

Young animals (n=12, see Figures 4.5 and 4.6); Stained fibres and cell bodies 

were both apparent in these preparations. The neurons were located principally 

at the peripheral edges of the ganglion. Neuron numbers were 2,700±100 

cells/cm^.

24MAd libitum fed  animals (n=9, see Figures 4.5 and 4.6): The appearance of 

these preparations differed slightly from that of the young animals described 

above, in that the staining of the larger nerve bundles seemed fainter, and the 

tertiary plexus was less evident. Neuron numbers were 2,400±300 cells/cm^. 

Although a slight reduction in cell numbers of 14% was noted, no significant 

difference was found between these two groups.

(b) ChATImmunohistochemistry

Young 4M animals (n=6, see Figure 4.5): In all preparations from young 

animals, abundant and nonnally large cell bodies and large primary fibres were 

apparent. Colchicine treatment was always used, as outlined in Chapter 2: 

Methods. Neuron numbers were 16,300±500 cells/cm^.

24Mad libitum animals (n"=7, see Figure 4.5): The level of staining was much 

lower than that observed in young animals and the number of neurons visible 

was markedly less than in young preparations. Large primary bundles of fibres 

were still apparent. Neuron counts from these preparations were 5,800±900
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cells/cm^. Thus 64% of all ChAT neurons were lost, or there was a reduction 

in the number of neurons positively staining for ChAT, between 4M and 24M 

in this case. This loss was significant (p<0.01 ).

4.3.3 Regional Counts

A significant difference (p<0.05) in neuron numbers existed between those 

located near the anti-mesenteric portion and those in the mesenteric portions of 

the preparations stained with both PGP (see Figure 4.7) and NADH (see Figure 

4.8) in young animals (n=4), denoting that less neurons were distributed in the 

latter area. In both aged ad libitum fed 24M groups stained with NADH, it was 

evident that the loss of stained cells observed occurred predominately in the 

mesenteric aspect of the preparation (of around 50% in ad libitum fed 24M 

animals, and 30% in RD 24M animals). With PGP immunohistochemistry, the 

greatest amount of cell loss (of approximately 45% of the young total) was also 

observed in the mesenteric portion.

4.3.4 Gut dimensions

The general appearance of the gut was similar in all specimens, with no obvious 

pathologies being observed in the small intestine of any of the animal groups. 

Gut dimensions conflicted with previous studies (Merry et al. 1991) in that 

restriction of food supply appeared not to retard the growth of the gut. 

However, it is important to note that the animals used in these studies were 

placed on their differing dietary regimes in young adulthood (6 months of age),
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whereas the above study restricted diet shortly after weaning (approximately 3 

weeks). This suggests that post-natal growth of the gut during this early period 

of life is retarded by such a regime. In addition, methods of measurement were 

not comparable between these studies. The thickness of the musculature in 

animals maintained on a restricted diet and young animals, although not 

measured, were superficially similar. However, musculature from Ad libitum 

fed animals appeared much thicker. Some difference in the mechanical 

properties of the muscle between these groups must exist, as dilated gut lengths 

from Ad libitum fed animals showed a greater tendency to split when dilated to 

a similar degree as animals fed on a restricted diet.
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Figure 4.5 ChAT and NOS positive neuron numbers 

Bar chart illustrating immunohistochemical and histochemical demonstration 

of PGP 9.5, ChAT and NADPH-diaphorase in neurons in the myenteric plexus 

of young 4M and old ad libitum fed rats. Note that loss of ChAT positive 

neurons appears to account for the majority of cells lost in the myenteric plexus 

of aged rats. Although a slight reduction is observed in the number of NADPH- 

diaphorase positive neurons with age, this is not significant. The relative 

proportions of the two neuronal sub-types, expressed in terms of numbers of 

PGP stained neurons, is ; Young 4M, ChAT 82%, NADPH 17%; Old 24M Ad 

libitum fed, ChAT 60%, NADPH 23%. * - denotes significant differences 

between young and old for each marker using Student's t-test (p<0.05).
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Figure 4.6 Neurons immunoreactive for NOS

Confocal images of NOS immunoreactive neurons in the myenteric plexus of 

4M (a,c) and 24M ad libitum fed animals (b,d)- Note the similarity between the 

two sets of preparations.
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Figure 4.7 Areal distribution o f PGP enteric neurons 

Bar chart illustrating areal distribution of enteric neurons detected by the PGP 

immunohistochemistry in young 4M, ad libitum fed 24M and 24M animals 

maintained on a restricted diet. * - denotes a significant difference in the anti- 

mesenteric aspect (AM) from the mesenteric aspects (M) in each animal group 

(refer also to Figure 4.1) The reduction in stained cells occurring with age for 

this marker in aged ad libitum fed 24M groups predominately affects those 

neurons located on the mesenteric areas. See text for possible explanations for 

this observation.
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Figure 4.8 Areal distribution o f NADH neurons

Bar chart illustrating areal distribution of enteric neurons detected by the 

NADH-diaphorase method in young 4M, ad libitum fed 24M and 24M animals 

maintained on a restricted diet. * - denotes a significant difference in the anti- 

mesenteric aspect (120-240°) from the mesenteric aspects (0-120° and 240-360°) 

in each animal group (p<0.05 in all cases). Neuronal cell loss appears to affect 

neurons located on mesenteric areas disproportionately compared to those 

located on the anti-mesenteric areas.

161



03
0)
03

C
3

0)
CL

_Ç0
"Ô
O

Legend
0! M 
WAM
M M *

NADH young NADH Ad Lib 24m NADH RD 24M

Age Group



4.4 DISCUSSION

In the present study, I have examined the possibility that diet may play a major 

role in the maintenance of the enteric nervous system into senescence.

4.4.1 Prenatal effects o f diet on the nervous system

Diet has been previously showTi to influence the developing enteric nervous 

system, where reductions in cell numbers in the myenteric plexus of 27% have 

been reported in Wistar rats which were prenatally undernourished (Santer and 

Conboy, 1990). This cell loss also appears to extend to the central nervous 

system, where prenatal undemutrition appears to cause pennanent deficits in 

glial cell number within the brain (Dobbing, 1981 ; Bedi, 1984), although most 

neurons are unaffected by such a regime (Bedi, 1994; Tolley and Bedi, 1994). 

It therefore remains unclear whether neuron numbers within the CNS are 

affected severely (Bedi and Warren, 1988) or permanently (Bedi, 1987), due to 

the differential influences of undemutrition (Katz and Davies, 1982). However, 

in some areas of the brain, the influences of undemutrition in early life are 

reversible. Rats which are undernourished prenatally and subsequently post- 

natally have a reduced synapse to neuron ratio in the visual cortex compared to 

control fed animals. After being placed on a normal diet, this value retumed to, 

and even exceeded, that of age matched controls (Warren and Bedi, 1982). 

However, it should be noted that the CNS and PNS may respond differently to 

variations in diet, in terms of enzyme activity and tissue weight (Gaetani et a l 

1975; Gaetani et a l 1977). The effects of prenatal undemutrition, in a period
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when the nervous system is still being formed, are likely to be very different 

from the effect of restriction of diet in the mature adult animal. Dietary 

restriction and its effects on the adult and aged nervous system appear not to 

have been investigated previously.

4.4.2 Effects o f  diet on the mature ENS

The rodent enteric nervous system has previously been described as one of the 

few sites in the autonomic nervous system where substantial cell death occurs 

during ageing; up to 60% of myenteric neurons in the Wistar rat (Santer and 

Baker, 1988) and 68% in the guinea pig (Gabella, 1989) disappear. Both of 

these previous studies used laboratory animals fed ad libitum, although the 

effects of diet were not investigated In the previous chapter (see also Johnson 

et al. 1997), I was unable to demonstrate a comparable cell loss in ageing 

Sprague Dawley rats maintained on a restricted diet. In this chapter, I have 

examined ad libitum fed 24M Sprague Dawley rats using a reliable myenteric 

neuron marker, PGP 9.5, combined with correction for growth changes in 

intestinal surface area with age. This work has shown an overall neuronal loss 

of 51%, which is of similar magnitude to previous studies of ad libitum fed 

animals.

4.4.3 Time course o f dietary effects

Some idea of the time course of cell death is revealed by the 16M ad libitum 

group of rats. The high variation between individual animals in the appearance 

of the specimens and cell number suggests that cell death probably occurs
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around this time of life in the Sprague Dawley rat subject to ad libitum feeding. 

In the ad libitum fed Wistar rat, all cell death has occurred at 24M of age, as no 

further loss is apparent at 30M of age (Santer and Baker, 1988). In contrast, the 

guinea pig shows losses of 68% of the total number of neurons in the myenteric 

plexus between 3 and 6 months of age (Gabella, 1989), although it is possible 

that this loss includes postnatal cell death occurring as part of an ongoing 

developmental process. No further significant cell loss occurs after this age 

stage, right up to 27M.

In marked contrast to 24M ad libitum fed animals, the 30M 'double restricted' 

animals lived longer (data provided by B&K Ltd, England) and also retained 

their full complement of enteric neurons to this age, with no visible or 

numerical evidence of cell loss. This suggests that enhanced neuronal survival 

in the ENS is a direct result of dietary restriction, and possibly that a 

relationship exists between longevity and neuronal survival in the gut [for a 

review of the effects of dietary restriction on certain organ systems, see 

Fishbein, (Fishbein, 1991)].

4.4.4 NADH-diaphorase histochemistry

NADH-diaphorase histochemistry was observed in the previous chapter to 

mark a far smaller number of enteric neurons than PGP 9.5. In this study, there 

were at least 50% less NADH-positive neurons compared to PGP 9.5 at all ages. 

The cell loss between young and old ad libitum fed animals using NADH- 

diaphorase as a marker was slightly smaller than that shown by PGP, being 43%
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from young to old. This is surprising, since in the previous chapter, NADH- 

diaphorase histochemistry showed significant cell loss with age of 15% in the 

myenteric plexus of 24M Sprague Dawley rats maintained on a restricted diet, 

whilst PGP immmunohistochemistry showed no neuronal loss with age. This 

suggests that the enzyme responsible for NADH-diaphorase staining may be 

heavily influenced by the biochemical state of the cell(s) in response to 

environmental or intrinsic event, instead of acting as a consistent morphological 

marker of enteric neurons in the manner in which PGP is believed to. The data 

described in this chapter suggest that caution must be applied to the 

interpretation of data gained from ageing studies using this marker. NADH- 

diaphorase staining will be further discussed in 4.4.8 Selective sparing o f  

nitrergic neurons.

4.4.5 Vulnerability o f cholinergic neurons - the 'cholinergic hypothesis' 

Cholinergic neurons appear to be the sub-population principally affected by cell 

loss, although it is possible that endogenous changes in these neurons, such as 

reduced axonal transport or reduced responsiveness to neurotrophic factors, 

alters the expression of ChAT in surviving cells . However, it appears likely 

that cholinergic neurons are the affected neuronal phenotype. There is a 

reduction in the relative proportions of ChAT bearing neurons from 82% of the 

total population to 60%. The scale of loss of cholinergic neurons may explain 

the reductions in cholinergic transmission observed with age in laboratory 

animals (Nowak etal. 1990). Thus, if the apparent loss of ChAT positive cells 

reflects an actual loss of neurons, and not a reduction in intracellular ChAT
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with age (and hence the number of cells stained by immunohistochemistry for 

ChAT), cholinergic neuronal loss with age can account for the vast majority of 

cells lost in the ageing ad libitum fed Sprague Dawley rat. Cholinergic neurons 

have been shown to be the vulnerable neuronal group in the ventral striatum in 

Alzheimer’s disease (Lehericy et al. 1989), giving rise to the 'cholinergic 

hypothesis' (see Balaskas et a l 1995). Two theories have been put forward to 

explain this selective vulnerability. Cholinergic neurons use choline for two 

purposes, as a component of the cell membrane, and as a pre-cursor of the 

neurotransmitter. If the capacity of the active transport system for choline from 

the blood is impaired in these neurons by a diet-related mechanism, a lack of 

free choline for cholinergic neurons would result. Neurons may then break 

down a component of the cell membrane which contains choline, 

phosphatidylcholine, for use in acetyl choline synthesis. This may compromise 

membrane integrity, including at the nerve terminals, where damage may impair 

cell function and perhaps lead to death of the cell.

The second theory argues that a specific, and as yet uncharacterised, trophic 

factor for cholinergic neurons is in short supply or is missing altogether. There 

are a number of candidates for this molecule. NGF has been shown to reverse 

age-related cholinergic neuron atrophy in the medial septum of Fischer rats 

(Backman et a l 1996). Postnatal cultured cholinergic neurons from the rat 

forebrain respond to NGF, brain derived neurotrophic factor andNT-4/5, but 

not NT-3, suggesting that cholinergic neurons projecting into different 

hippocampal regions require support from different trophic factors (Nonomura
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et al. 1995). For a review of Alzheimer's disease and the 'cholinergic 

hypothesis', see Wurtman (Wurtman, 1985).

4.4.6 Excitotoxicity and neuron loss

Cholinergic motor neurons have been shown to be closely involved in the 

excitatory component of the peristaltic reflex (Furness and Costa, 1980). Since 

ad libitum fed animals have a higher gut transit rate (Keenan et al. 1994), 

cholinergic neurons are probably active for far greater periods of time than in 

an animal fed on a restricted diet. It is possible that these neurons are 

undergoing a process similar to that of excitotoxic nerve cell death, which has 

been observed extensively in the CNS. In the CNS, glutamate is one of the 

most important of the central excitatory neurotransmitters. In normal 

transmission, glutamate levels rise only transiently. However, sustained firing 

of the neurons results in a pathological increase in glutamate, and greater 

activation of NMD A receptors. The resultant excessive inflow of calcium into 

the neuron caused by over-activation of these receptors can kill the cell. 

Excitotoxic cell death is believed to contribute to the pathologies of a number 

of diseases of the brain, such as ALS and Huntington's disease (Côté and 

Crutcher, 1991), as well as cell death following ischaemic injury and stroke.

Several lines of evidence suggest that excitotoxic cell death may occur in the 

ENS. Firstly, a number of ligands can induce an increase in intracellular levels 

of Ca^" in cultured myenteric neurons, including glutamate. This response 

appears to depend on the phenotype of the enteric neuron. ChAT and SP placed
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in the culture medium evoked the greatest responses in terms of calcium 

concentration (Kimball and Mulholland, 1995). More recently, glutamate has 

been identified as another major excitatory transmitter in enteric neurons. 

Immunohistochemical studies have identified that glutamate appears to be 

almost exclusively located within cholinergic neurons, together with NMDA 

receptors (Liu et al. 1997). Finally, within the last year, experiments on 

cultured enteric neurons have shown that excessive exposure to glutamate has 

a neurotoxic effect, and results in both necrosis and apoptosis (Kirchgessner et 

al 1997). Thus, the presence of excitotoxicity in the gut, possibly activated by 

glutamate receptors, is a likely mechanism for neuronal cell death in the ENS, 

and suggests that overactivation of glutamate receptors on enteric neurons may 

contribute to the cell loss observed in this chapter. This may be induced by 

accumulation of neurotoxins, or, as I will examine in the next section, 

ischaemia.

4.4.7 Linking vascular supply with vulnerability o f enteric neurons to 

excitoxicity.

The results from regional counts of cell number in different topographic regions 

of the preparations using both NADH and PGP indicates that those neurons 

which are located furthest away from the mesentery appear to be least 

vulnerable to the ageing process. This indicates that the location of enteric 

neurons may influence their vulnerability, and more specifically that proximity 

to the enteric vasculature influences neuron survival. A recent study examining 

sites of ischaemia-induced ulcerations noted that lesions generally occurred
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along the mesenteric areas of the ileum, but rarely on the anti-mesenteric aspect 

(Anthony et al 1997a). The explanation for this is related to the anatomy of the 

vascular supply to the small intestine (see Figure 4.9). Mesenteric regions are 

vascularised by short branch vessels from the peri-intestinal marginal artery (the 

vasa brava, VB), whereas the anti-mesenteric region is supplied by long branch 

vessels (the vasa recta, VR). If ischaemic injury is induced experimentally by 

ligation of the VR and VB, the anti-mesenteric aspect does not show signs of 

damage because this region is vascularised by collaterals from the blood supply 

in neighbouring regions, whereas the mesenteric regions are not. Compromised 

blood supply to the mesenteric areas during ageing may therefore accelerate 

neuron cell death in the mesenteric areas of the ileum, whilst neurons present 

on the anti-mesenteric side are selectively spared by the maintenance of their 

vascular supply.

In the previous section, I discussed ischaemia and excitotoxicity. Both have 

been linked in the CNS, and it is possible that a similar condition occurs in the 

ageing gut, where ischaemia, induced by \mlnerability of vascular supply to 

ageing processes, in turn renders cholinergic neurons vulnerable to the effects 

of over-activity resulting from ad libitum feeding. In the CNS, it has been 

shown that it is the sympathetic innervation of cerebral blood vessels which 

protects against stroke (Mueller and Black, 1984), and it is therefore 

conceivable that loss of nerves with age increases vulnerability to vascular 

occlusions. Since it has been shown that extrinsic sympathetic nerves are 

reduced on enteric blood vessels in aged ad libitum fed rats (Baker et al. 1991),
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it is s u g g e s t e d  t h a t  t h i s  c o u l d  c r e a t e  t h e  c o n d i t i o n s  o f  lo c a l  i s c h a e m i a  n e c e s s a r y  

to  i n d u c e  t h e  l o s s  o f  e n t e r i c  n e u r o n s  o n  p o o r l y  v a s c u l a r i s e d  a r e a s .

P IM A

Figure 4.9; Diagram showing the anatomy o f the vascular supply to the rat 

small intestine.

T h e  a n t i - m e s e n t e r i c  a s p e c t  is  l o c a t e d  b e t w e e n  10 a n d  2  o ' c l o c k ,  t h e  t w o  

m e s e n t e r i c  a s p e c t s  a r e  l o c a t e d  b e t w e e n  6  a n d  10  o ' c l o c k  a n d  2  a n d  6  o ’c l o c k  o n  

t h e  c l o c k  f a c e  r e s p e c t i v e l y .  P I M A  - p e r i - i n t e s t i n a l  m a r g i n a l  a r t e r y ,  V R  - v a s a  

r e c t a ,  V B  - v a s a  b r e v a ,  M M  - m e s e n t e r i c  m a r g i n ,  A M  - a n t i m e s e n t e r i c  m a r g i n .  

A d a p t e d  w i t h  p e r m i s s i o n  f r o m  A n t h o n y  et al. ( 1 9 9 7 b ), c o u r t e s y  o f  B M J  

p u b l i s h i n g  g r o u p .

71



4.4.8 Selective sparing o f nitrergic neurons

In contrast to the changes in cholinergic neurons, there is no significant change 

in NOS-neuronal numbers and consequently there is a small increase in the 

proportion of NOS-positive cells from 17% to 23%. This suggests that NOS 

neurons are relatively invulnerable to cell death in ad libitum fed animals, 

whatever the causes may be. In the periphery, neurons expressing NOS remain 

with age in the ageing guinea pig gall bladder (Siou et a l 1994), whilst in the 

ENS, selective sparing of NOS positive neurons with age occurs in the rat 

(Santer, 1994). In the CNS, there is increasing evidence that nitric oxide can 

be either protective or destructive in ischaemic brain injury depending on the 

cellular source (Dalkara and Moskowitz, 1997; ladecola, 1997). In principle, it 

seems possible that neurons that use nitric oxide constitutively may have 

developed defence mechanisms against free radical damage. As the NADH- 

diaphorase reaction shows similar reductions in the number of positive neurons 

in restricted diet as well as in ad libitum fed animals, this reaction may 

preferentially stain specific neuronal types which are unaffected by diet, such 

as those neurons expressing NOS and (possibly) VIP. Since this group of 

neurons is relatively protected from cell death, it seems likely that a correlation 

between reduced NADH-diaphorase staining and neuron loss with age may be 

largely coincidental.
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4.4.9 Systemic ejfects o f dietary restriction, and its effects on other areas o f the 

body

Whether neurodegeneration occurring in other areas of the ner\ ous system with 

age can be prevented by dietary restriction is largely unknown. Certain other 

indicators of ageing are prevented or slowed by diet restriction, such as the 

accumulation of the auto-fluorescent pigment lipofuscin in the brain and heart 

of aged mice (Hildegard and Kruk, 1981), an effect thought to be mediated by 

a reduction in the level of free radical damage, in turn due to the maintenance 

of anti-oxidant defence mechanisms. Observations in our own laboratory 

suggest a far greater reduction of both sensory and sympathetic nerve fibre 

density surrounding the brain vessels of ad libitam fed rats compared to those 

kept on a restricted diet (Thrasivoulou, personal communication). Also, a loss 

of striatal neurons with age in rats is delayed but not reversed by dietary 

restriction (Roth e? a/. 1993).

In the pineal gland (Stokkan et al. 1991), significant declines in melatonin 

production (which occur in normal ageing), can be reversed by dietary 

restriction. This effect may be mediated by the beneficial effect of dietary 

restriction on sympathetic nerves of the SCG, which regulate pineal activity, as 

well as providing vasomotor control to cerebral blood vessels (see previous 

paragraph). In the rat trigeminal ganglion, increases in neuron size with age 

are delayed, but not prevented, by food restriction (Biedenbach et al. 1992). 

However, these changes may be compensatory responses to loss of 

neighbouring neurons, as occurs in the hypothalamus of ageing rats (Sturrock,
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J992). Both dietary restriction and undemutrition have been reported to 

influence certain aspects of intestinal structure, such as length and villous 

surface area (Merry et al 1991). Many biochemical processes beneficial to the 

cells of the intestinal tract, such as intracellular protein degradation and 

mucosal shedding, are accelerated by restricting the animal's diet (Warren, 

1991). The work presented here provides the first indication that limiting 

dietary intake may, either directly or indirectly, enhance the survival of adult 

enteric neurons.

4.4.10 Longevity and neuronal survival

The processes responsible for extending the viability of enteric neurons through 

dietary restriction are as yet unknown. However, it is interesting to consider that 

the mechanisms that lead to increased neuronal survival in response to dietary 

restriction are similar to, or run parallel with, those which increase longevity. 

The latter have been the subject of much recent speculation. It has been 

suggested that food restriction may slow growth and development. Contrary to 

this idea is the observation that a 40% restriction of food intake is just as 

effective at prolonging life at 6 months of age (when juvenile growth is largely 

complete), as it is at 6 weeks (Fishbein, 1991). Restriction of specific 

components of the diet, such as fat, protein or minerals does not confer any 

survival advantage (Keenan et a l 1994), suggesting that the effect of dietary 

restriction on longevity is not due to a specific nutrient, but more likely to a 

restriction in energ)' intake (McCay et a l 1935). One theory suggests that high 

intracellular glucose concentration, commonly observed in animals fed on an
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ad libitum diet, may cause intracellular damage by promoting specific pathways 

of carbohydrate metabolism that accelerate the ageing process. As an example, 

ageing has long been thought to be the cause of glucose intolerance and insulin 

resistance. A recent study (Barnard et al. 1995) has revealed that this effect can 

now be attributed solely to dietary conditions. The results presented here 

suggest that restriction of diet may specifically maintain innervation patterns in 

the ENS long past the period during which most cell death normally occurs in 

this system. Whether neuronal survival may contribute directly to longevity is, 

however, unknown.

Current evidence seems to favour the suggestion that it is an increase in protein 

synthesis in diet restricted compared to ad libitum fed animals that mediates the 

effect on longevity (Oster ct al. 1995). It has been suggested that a reduction 

in growth factor-mediated cell proliferation can account for the reduced 

incidence of common age-related proliferative diseases, such as cancer and 

atherosclerosis (for a review on how insulin can affect longevity, see Parr, 

1997). If there is a link between neuronal survival during ageing and diet, it is 

likely that the GH/insulin-like growth factor (IGF) axis is involved. Dietary 

restriction has been shown to increase GH levels but to leave circulating IGF 

levels constant. However, IGF receptors increase by between 1.5-2.5 times in 

the liver, heart and muscle (D'Costa et a i 1993), the only tissue types so far 

investigated. Therefore, it seems that the beneficial effects of dietary restriction 

may be due to an enhanced tissue response to IGF-1, which in turn leads to 

increased protein synthesis (Ketelslegers et a i 1995). IGF-1 receptors are
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widespread throughout both the peripheral and central nervous systems. IGF-1 

has also been shown to enhance outgrowth in cultured neuronal and glial cells 

from neonatal rat brain (Shemer et a l 1987). Its use as a therapeutic agent for 

the treatment of several motor neuronal disorders, such as amyotrophic lateral 

sclerosis (ALS), has been investigated (Lewis et a l 1993). IGFs have been 

shown to enhance the growth and survival responses of nerve growth factor 

(NGF) responsive chick sympathetic and sensory neurons (Recio-Pinto et a l 

1986). NGF has been shown to have a direct effect on insulin, via its action as 

an insulin-like growth factor binding protein (IGF-BP) protease (Rajah et a l 

1997). IGF-1 has also been shown to have a neuroprotective action on cultured 

hypothalamic cells under cytotoxic conditions (Tamaroglio and Lo, 1994). 

Specifically of interest for the ENS, some members of the IGF family of 

proteins promote neurite outgrowth in cultured myenteric neurons taken from 

animals of various ages (Mulholland et a l 1992) and enhance survival and 

outgrowth of adult sympathetic neurons (Recio-Pinto et al 1986). However, it 

is not clear whether IGF-1 acts directly on the smooth muscle to produce a 

paracrine effect via other muscle generated factors on neurons, or whether there 

is a direct action on the neurons themselves. In this context, it is not known 

whether changes in receptor expression occur in either muscle or neuron. In 

summary, it is possible that an impaired trophic effect of IGF-1 on adult enteric 

neurons, perhaps as a result of diet-induced down regulation of receptor 

expression, contributes to the cell death observed.
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4.5 CONCLUSION

In conclusion, this chapter has presented evidence that ad libitum feeding of 

rodents may accelerate (or be responsible for) neuron loss in the enteric nervous 

system of adult animals. Unrestricted food consumption appears to kill a 

substantial proportion of adult enteric neurons in the rat, as well as impairing 

other peripheral and central neurons and shortening lifespan. 1 have examined 

two main possibilities why this occurs. Firstly, that support from a trophic 

molecule, most likely IGF-1, is reduced as a result of down regulation of its 

receptor on enteric neurons or muscle, in response to ad libitum feeding. A 

second possibility is that increased demand on neurons, resulting from bulk 

flow of foodstuff through the gut, induces neurons already vulnerable because 

of poor blood supply with age to begin a process possibly similar to excitotoxic 

cell death in the CNS. This concept is supported in part by the observation that 

of all the enteric neurons, the cholinergic motor group appear to be the most 

vulnerable in ad libitum fed animals, and also by the relative vulnerability of 

neurons in the mesenteric and anti-mesenteric regions of the ageing gut wall. 

Some of these possibilities will be examined further in later chapters, including 

the possible role of free radical damage in some of the processes described 

above.
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Table 4.1 Derivation o f correction factors used in this study.

Values given are taken from measurement of the dimensions of small intestine 

taken from the animal groups used in this study.

Animal
age

Animal
no.

Length of 
intestine 

(cm)

Circumferenc
e

of intestine 
(cm)

Area of 
intestine 

(cm:)

Correct 
" factor

Young
4M

16 110±3 1.33±0.03 135.6±5 0

16M
Ad

libitum

4 118±10 1.49±0.04 175±15 xl.293

24M
Ad

Libitum

9 111±4 1.44±0.04 159±7 xl.173

30M
DRD

4 110±3 1.45±0.0l 159±6 xl.171
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Table 4.2 Corrected cell counts 

Note: All units are 'neurons per cm '̂

Stain Young Ad lib 
16M

Ad lib 
24M

Ad lib to 
18M

DRD
30M

PGP 19,900±
1,100

14,200±
1,900

9,800±
1,900

8,600±
900

21,300±
1,200

NADH 9,700±
600

N/A 5,500±
500

6,500±
600

N/A

ChAT 16,300±
500

N/A 5,800±
900

N/A N/A

NADPH 2,700±
100

N/A 2,400±
300

N/A N/A
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Chapter 5

Changes in perivascular mesenteric 
nerves in response to hypertrophy o f

the rat ileum
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The work presented in this chapter investigates the capacity o f autonomic 

neurons to respond to altered functional demands in the tissue which they 

innervate over a relatively short period o f time. The model we have used 

provides a way o f inducing rapid alterations in target size and functional status. 

By examining different neuronal populations by immunohistochemistry, it is 

possible to examine differing plastic responses o f innervating neurons. In this 

chapter, therefore, I  have examined mesenteric blood vessels supplying the 

hypertrophic intestine close to a region o f experimentally induced stenosis and 

in non-hypertrophic regions proximal to the stenosis. Parts o f this study have 

been reported in abstract form (Johnson et al. 1997).

5.1 INTRODUCTION

Adult autonomic nerves retain the ability to grow or retract in response to 

increases or reductions in the size of the target tissue which they innervate. It 

is generally well known that targets are able to regulate the level of innervation 

they receive during development. For example, if extra limbs are grafted on to 

an early stage chick embryo, there is substantially reduced cell death in the 

limb-innervating regions of the spinal cord (Hollyday and Hamburger, 1976). 

It is perhaps less well known that nerves are able to respond to changes in target 

size in adulthood, with appropriate growth or retraction depending on 

environmental or target-derived cues. For example, the arborization of the 

superior cervical ganglion (SCG) is affected by altering the size of one of its
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principal targets, the sub-mandibular gland (Voyvodic, 1989). It appears that 

autonomic nerves retain many of their plastic responses, which were an 

important feature of development, into maturity.

A number of experimental models are available to assess this aspect of nerve 

dynamics. Smooth muscle cells in both the rat bladder and small intestine 

hypertrophy in response to a partial stenosis. The bladder has been shown to 

increase in weight following urethral obstruction (Steers et al. 1991), whilst 

obstruction of the small intestine has been shown to produce up to a twelve-fold 

increase in volume of the longitudinal and circular smooth muscle of the gut 

wall, due to both hyperplasia and hypertrophy of the smooth muscle cells 

(Gabella, 1979a ). These changes within the muscle coat of the small intestine 

are accompanied by increases in size of myenteric neurons, and also of the 

visceral afferent sensory neurons within the dorsal root ganglia (Williams et al. 

1993). In response to pregnancy-induced hypertrophy of the guinea pig uterine 

artery, the density of innervation has been shown to increase markedly (Mione 

and Gabella, 1991). It is possible that all the above changes are an attempt by 

the neurons innervating the target to respond appropriately to these large scale 

changes. In this chapter, I will investigate the response of the mesenteric blood 

vessels which supply the hypertrophic intestine, and the sympathetic and 

sensory nerves which innervate them. The effect of hypertrophy on these 

vessels and their supplying nerves has not been previously examined.

The vascular supply of the gut has a complex innervation pattern, to which
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several neuronal phenotypes contribute. These include sympathetic 

vasoconstrictor fibres, cholinergic vasodilator fibres, which are believed to 

derive from enteric cholinergic neurons (Galligan et a l 1990) and 

nonadrenergic noncholinergic vasodilator (NANC) fibres, which are 

immunoreactive for neuropeptides with predominately sensory roles in blood 

vessels, such as vasoactive intestinal polypeptide (VIP), substance P (SP) and 

calcitonin gene-related polypeptide (CGRP). All have been shown to dilate 

potently isolated mesenteric arteries in vitro from rat (Kawasaki et a l 1988; 

Marshall et a l 1986, ) and man (Tomerbrandt et a l 1987). Spontaneously 

hypertensive rats display a decrease in the density of CGRP-IR nerves around 

arteries (Kawasaki et a l 1990), suggesting that malfunction of this NANC 

vasodilator system may contribute, together with other factors, to hypertension.

Increased availability of, or accessibility to, locally produced factors from the 

vascular smooth muscle (VSM) cells is likely to mediate some of the effects of 

hypertrophy on neurons, as they do in the innervation of these vessels in both 

development and ageing (Cowen, 1993b). mRNA for insulin-like growth factor 

I (IGF-1) has been shown to increase in both the hypertrophic portal vein and 

urinary bladder models, suggesting that hypertrophy of smooth muscle induces 

an increase in IGF-1 levels (Chen et a l 1994). VSM has also been shown to 

produce NGF upon which sympathetic neurons depend to maintain innervation 

patterns in maturity (Creedon and Tuttle, 1991), and it may be this factor which 

mediates the changes observed after induction of hypertrophy by stenosis.
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Previous studies examining the hypertrophic intestine have restricted their 

observations to intrinsic neuronal groups and changes in smooth muscle within 

the gut wall. In this chapter, I will examine changes which occur within the 

blood vessels supplying a target of greatly increased size. VSM has previously 

been shown to respond dynamically to alterations in load (for a review, see 

Seidel and Schildmeyer, 1987), and it is probable that this would cause changes 

in innervating nerves. To investigate this possibility, changes in VSM will be 

examined using light microscopy, together with immunohistochemistry for a 

pan-neuronal marker, PGP 9.5, and for sympathetic and sensory nerves, using 

immunohistochemistry for tyrosine hydroxylase (TH - a rate limiting enzyme 

in the synthesis of noradrenaline) and calcitonin gene-related peptide (CGRP), 

respectively.

5.2 METHODS

5.2.1 Animal Procedures

Male Sprague Dawley rats aged 10 weeks (n=6) were used in all operative 

procedures, following the method of Gabella (Gabella, 1979a ). On the day of 

operation, they were anaesthetised with Halothane and the abdomen opened 

along the midline. A segment of the small intestine close to the ileo-caecal 

junction was exteriorised and placed on a sterile saline-soaked gauze. A hole 

was made in the mesentery to allow insertion of an acetate loop, which was then 

tied to itself v^th thread around the terminal region of the intestine, thus 

causing a partial obstruction of the ileum. The intestine was washed in sterile
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saline solution, and returned to the abdominal cavity and the incision closed and 

sutured The animals were then given an intramuscular injection of penicillin 

(10,000U/ml) and allowed to recover. The onset of stenosis was monitored by 

assessing distension of the gut and changes in body weight.

acetate loop
5cm 'H*

Blood vessels

CL Area

AW Area

"Ntf Blood 
vessels

Figure 5.1 Diagram illustra! ing location o f regions close to ('CL') and away 

from CAW) regions the site o f stenosis on the hypertrophic small intestine o f  

the rat.

Approximately 2-3 weeks later, when body weight started to decline, the 

animals were perfused with 4% PFH in PBS (pH 7.4), together with 5/j M 

heparin (to prevent blood clotting) and 5pM sodium nitrite (to dilate vessels). 

5mm lengths of mesenteric blood vessels were removed from regions both close
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to (CL), and away from (AW), the acetate loop and pinned onto Sylgard (BDH, 

UK). Under X5 magnification, the arteries were stripped of all traces of 

mesenteric attachment, and adjoining veins removed and discarded. Specimens 

were then postfixed in 4% PFH in PBS (pH 7.4) for 1 hour at 4X^, and left 

overnight in Hepes buffer at 4^C. Age matched animals provided control tissue 

(CON). Preliminary experiments measuring grey value (the intensity of neuron 

staining compared to background) had confirmed that perfusion with 4% PFH, 

followed by postfixation gave the best optical contrast of nerve staining on the 

blood vessels.

5.2.2 Immunohistochemistry

Preparations were washed in Hepes buffer containing 0.3% Triton X-100 for 8 

minutes, then incubated in 5% donkey serum in Hepes buffer for 90 minutes. 

One of three primary antibodies was then applied: a rabbit polyclonal antibody 

to calcitonin gene relate peptide (CGRP - Cambridge Research Biochemicals, 

UK) at a dilution of 1:600, a rabbit polyclonal antibody to tyrosine hydroxylase 

(TH - EugeneTech, USA) at a dilution of 1:100 or a rabbit polyclonal antibody 

to PGP 9.5 (Ultraclone Ltd, UK) at a dilution of 1:800. Antibodies were 

dissolved in a diluent consisting of 0.1% Triton X-100, 0.1% donkey serum, 

0.1% DL-lysine and 0.1% sodium azide in Hepes buffer. Primary antibodies 

were applied for 24 hours overnight at room temperature. After application of 

the first layer, the specimens were washed for 3x10 minutes in PBS. The 

second layer, consisting of anti-rabbit Texas red-labelled IgG, was applied at a 

dilution of 1:40 for 90 minutes. After 3x10 minute PBS washes, the vessel were
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stretched onto slides to their original measured length, mounted in an anti-fade 

mountant (Citifluor UK), coverslipped, and sealed with DPX. Control 

experiments involved the omission of either the 1st or 2nd layer antibodies, and 

in all cases resulted in a complete abolition of specific staining. Absorption 

controls were carried out for both TH and CGRP antibodies, using 

commercially available proteins tfom their respective manufacturers. This was 

observed to abolish all specific staining. In the case of PGP, no protein was 

available, and reference was made to information provided by the manufacturer, 

and to current literature.

5.2.3 Confocal Microscopy

Specimens were viewed at a magnification of X20 on a Bio-Rad MRC 600 

confocal microscope with emission filters at 596nm. Composite confocal 

images were obtained, with each z-step equalling a depth of 2//m on the 

specimen. In order to remove random electronic noise during image aquisition, 

image averaging was used over 5 sequential frames. Images were stored on 

optical disk under encoded file names to allow unbiased image analysis.

5.2.4 Correction o f nerve density for vessel growth

Blood vessels supplying both the region close to, and away from, the site of 

stenosis were removed and processed to allow correction for differences in size 

between CL, AW and CON vessels as follows; Specimens were cut into 2.5mm 

lengths, blocked in resin, and sectioned at \pm  on a Reichardt ultracut 

ultratome and stained with 1% toluidine blue. Specimens were then viewed at
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X40 on a Nikon Optiphot microscope. The diameter of the vessel was 

measured using a calibrated eyepiece graticule, and differences between each 

group were used to derive a factor which corrected for the increase in 

circumference and, by extrapolation, area of the vessels supplying the stenotic 

region (H). The thickness of the vessel wall was measured on the same 

specimens.

5.2.5 Image analysis and statistics

Confocal images were analysed using a Kontron KS400V2 image analysis 

system. A program was written which allowed the operator to rotate the vessel, 

such that it ran from the top to the bottom of the screen. A user defined 

rectangle was then applied over the vessel to allow measurement of an 

approximately similar area on each specimen. The nerve fibres within this field 

were then subjected to local background subtraction to remove 'noise' and aid 

discrimination of the fibres. A similar threshold value was applied to all 

preparations examined. Measurements were then carried out, with three fields 

being analysed for each vessel, and pooled values obtained for two parameters 

of nerve density - fluorescent area or area% (the percentage of scanned 

reference area occupied by specific fluorescence) and intercept density (ED/mm) 

(the number of nerve bundles per mm). The correction factor (see previous 

paragraph) was applied to all data from stenotic vessels. Statistical analysis was 

carried out using Statview for the Apple Mackintosh computer. Differences 

between groups were identified using Students t-test. A difference was deemed 

significant if p<0.05.
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5.2.6 Measurements o f  mesenteric blood flow

In order to assess the feasibility of measuring blood flow through mesenteric 

blood vessels in stenotic animals, a preliminary study to investigate the efficacy 

of two methods was assessed. Both methods, 'random line flying spot' and 

'ffame-by-frame' (for methodology, see Pries, 1988) involved prior labelling of 

red blood cells with FITC, before injection into the in vivo circulation, such that 

the labelled red blood cells constituted 10% of total blood volume. Blood 

velocity was then measured by assessing the time taken for a large single 

labelled blood cells to pass between two points using computerised analysis, 

and subsequently meaned to give a value relating to blood flow. However, the 

blood flow through these vessels exceeded that which could be measured using 

these methods and these experiments were abandoned. Another drawback was 

that it was often necessary to strip the vessels of attached fat, and this in turn 

caused vasoconstriction, so that any measurements obtained would not have 

reflected the situation in vivo.

5.3 RESULTS

5.3.1 General Appearance

The small intestine in the stenotic animals was grossly enlarged, sometimes 

throughout most of its length, with the region of maximal hypertrophy being 

approximately 4-5 cm oral to the location of the acetate loop. The AW region 

generally included a variable degree of hypertrophy. There was no change in 

intestinal length, however, and the mesenteric vasculature appeared normal.
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5.3.2 Regional changes in vessel size (see Table 5.1)

CL and AW values for vessel wall dimensions were very similar. Since the 

hypertrophy affected the whole length of the gut in most of the experimental 

animals, it is perhaps to be expected that the measurements for CL and AW 

vessels are not significantly different. A significant two-fold increase in wall 

thickness was observed in stenotic vessels compared to control vessels. 

However, despite this increase, which accounts for the increase in diameter and 

circumference of CL and AW vessels, there was no corresponding increase in 

the size of the lumen of these vessels. This suggests that there is a hypertrophic 

response of the vessel wall. Whether this response was due to hypertrophy of 

existing cells or hyperplasia is unclear, as it proved difficult to distinguish 

individual smooth muscle cells accurately enough for measurement.

Diametric measurement of vessel diameter revealed that no significant 

difference existed between vessels from the CL and AW areas. However, there 

was a 20% increase in the size of these vessels compared to controls. This 

difference was used to derive a correction factor which was applied to AW and 

CL vessels to compensate for this size increase, which would result in a 

reduction in nerve density due to a ’dilution effect' resulting from increased 

surface area.
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5.3.3 Immunohistochemistry

PGP 9.5 (see Figure 5.2): A very large number of nerve bundles were apparent 

with PGP immunohistochemistry. Both large and small diameter bundles were 

present on the surface of the vessel forming a dense net-like lattice. Large 

bundles were observed to run both circumferentially around the vessel, and 

longitudinally. No obvious visible difference was apparent between any of the 

groups examined. Image analysis revealed no significant difference between 

experimental groups in either ID/mm or area%. Values for area% were - CL: 

15.3±2.5,AW: 17.1 ±3.0 and CON: 15.4±1.4. For ID/mm - CL: 70.8±3.4, AW: 

75.8±4.0 and CON: 65.7±5.0. (see Figures 5.5 & 5.6).

TH (see Figure 5.3): These preparations were similar in many ways to that of 

PGP 9.5, with large numbers of nerve fibres covering a similar proportion of 

each sample. Visual impression indicated no obvious differences between 

samples. However, image analysis showed a significantly greater nerve density 

in both CL and AW vessels (p<0.05) in both area% and ID/mm compared to 

CON vessels. Values for area% were - CL: 18.1±1.5, AW: 17.3±0.3 and CON: 

13.4±0.5. For ID/mm - CL: 73.3±5.8, AW: 77.2±2.9 and CON: 64.8±1.5. (see 

Figures 5.5 & 5.6)

CGRP (see Figure 5.3): CL and AW regions both demonstrated sparse varicose 

nerves immunoreactive for CGRP which contrasted sharply with the abundant 

nerves shown by the previous two markers. Nerves usually ran along the axis
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of the blood vessel, and their small diameter suggested that the majority of 

CGRP innervation is provided by single fibres or small nerve bundles. Both CL 

and AW vessels appeared to possess fewer visible fibres when compared to 

CON. Image analysis after size correction confirmed that there was a 

significant difference (p<0.05) between CL/AW vessels and CON vessels in 

both ED/mm and area%. Values were, for area% - CL; 6.5±0.4, AW: 7.7±0.5 

and CON: 8.2±L5. For ED/mm - CL: 30.3±2.3, AW: 41.3±3.0 and CON: 

39.5±6.0. See Figures 5.5 & 5.6)
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Figure 5.2 PGF immunoreactive nerves

PGP immunoreactive nerves on control (top) and hypertrophie (bottom) rat 

mesenteric blood vessels. The hypertrophic vessel was removed from a point 

close to the stenosis (CL, see text). Despite the increase in vessel size, no 

overall change in nerve density was noted. Scale bar = 50//m.
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Figure 5.3 TH immunoreactive nerves

TH immunoreactive nerves on control (top) and hypertrophie (bottom) rat 

mesenteric blood vessels. The hypertrophic vessel was removed from a point 

away from the stenosis (AW, see text). Even after correcting for the increase 

in vessel size, an increase in nerve density was noted. Scale bar = SÔ ^m.
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Figure 5.4 CGRP immunoreactive nerves

CGRP immunoreactive nerves on control (top) and hypertrophic (bottom) rat 

mesenteric blood vessels. The hypertrophic vessel was removed from a point 

close to the stenosis (CL, see text). After correcting for the increase in vessel 

size, a reduction in nerve density was noted. Scale bar = 50//m.
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Figure 5.5 Intercept density o f mesenteric nerves in response to hypertrophy. 

Bar chart showing the responses of the total nerve population and two neuronal 

sub-types to hypertrophy of the small intestine as assessed by ID/mm. Note that 

there is no difference in total nerves as assessed by the pan-neuronal marker 

PGP 9.5, whilst a significant increase (p<0.05) in sympathetic nerves as 

assessed by TH immunohistochemistry is observed in both CL and AW regions. 

Conversely, a significant reduction in ID/mm is noted for sensory nerves as 

demonstrated by CGRP immunohistochemistry (p<0.05). There appears to be 

an opposing response of these two nerve populations to stenosis.
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Figure 5.6 Area% o f mesenteric nerves in response to hypertrophy 

Bar chart showing the responses of the total nerve population and two neuronal 

sub-types to hypertrophy of the small intestine as assessed by area%. Note that 

the shape of the graph closely reflects that of ID/mm. A significant difference 

again exists between sympathetic and sensory nerves (p<0.05).
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5.4 DISCUSSION

5.4.1 Changes within the hypertrophie intestine

Previous studies on the hypertrophic small intestine have identified that there 

are major changes within the enteric muscle coat. In a series of papers in 1979, 

Gabella (Gabella 1979a ,b  & c) has shown, in a comprehensive study of 

hypertrophic smooth musculature in the guinea pig ileum, that alterations occur 

in smooth muscle force generation and intermediate filaments (Gabella, 1979b ), 

the number and size of gap junctions (Gabella, 1979c) and in many structural 

features of the smooth muscle cells themselves. These include increases in cell 

length and volume, increased nuclear size and, possibly, in cell number 

(Gabella, 1 97 9 a ). The nerves which innervate enteric smooth muscle in both 

enteric plexuses respond to a ten-fold increase in muscle wall volume with a 

more than 100% increase in the mean area of neuronal profiles compared to 

controls, and alterations in the neuron;glial cell ratio (Gabella, 1984). However, 

it is controversial whether there is any alteration in the number of neurons 

present. One group (Okada and Okomoto 1971) has reported an increase in the 

number of neurons, although it is now believed that this was due to enhanced 

detection of cells already present. Conversely, other studies have reported an 

overall reduction in cell numbers (Earlam, 1971).

5.4.2 Alterations in dimensions o f the stenotic vessels

In this study, an increase in CL and AW vessel size was observed. However, 

despite this, no increase in lumen width was observed. Poiseuille's law, which
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describes the flow Q through a cylinder using the equation Q = e {PiiEo1i ^
8 t i1

where Q = blood flow, Pj-Pq describes the drop down the vessel, r the radius 

and / the length of the vessel, and q the viscosity of the fluid. From this 

equation it is clear that by far the most effective way of altering peripheral 

resistance (which is a major determinant of blood pressure) is to change the 

value for the radius, r. However, this study suggests that the radius of the lumen 

of the vessel remains unchanged with stenosis, despite increases in the thickness 

of the vessel wall. This increase in thickness could be a primary response of 

the vessel wall to stenosis, which in turn contributes to a possible rise in blood 

pressure. However, it is perhaps more likely to be a secondary one to a 

possible sustained increased pressure on the vessel wall. Thus the increase in 

VSM thickness may be an adaptation to increased load, in the form of blood 

pressure, in turn perhaps due to increased vessel target size, as has been 

reported previously (Seidel and Schildmeyer, 1987). In the rat portal vein, an 

increase in transmural pressure has been shown to lead to hypertrophy of the 

VSM cells in a few days (Johansson, 1976). It is not possible to directly 

correlate wall thickness with blood pressure, however, since lumen diameter, 

and hence peripheral resistance, appears to remain constant with stenosis, whilst 

tissue size increases. It is difficult to see how the changes observed in the VSM 

of the blood vessel are appropriate to meet target tissue requirements, although 

there could be changes in other vessels along the GI tract which compensate for 

this. However, it is possible that the changes observed in lumen diameter after 

sectioning do not reflect those observed in vivo, although perfusion of the
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vessels should reduce this.

To examine if blood flow changes in mesenteric blood vessels supplying the 

hypertrophic intestine, I attempted to examine blood flow in vivo through the 

mesenteric arteries (see 5.2.6 Measurements o f mesenteric blood flow). 

However, as this was unsuccessful, it remains unclear whether the 

morphological changes observed are a co-ordinated and adaptive response by 

VSM and mesenteric nerves to a requirement by the hypertrophied intestine to 

maintain or increase blood delivery through the mesenteric arteries.

5.4.3 Nerve changes in response to hypertrophy

The work presented in this chapter has been the first to analyse changes in the 

different populations of nerves innervating the vasculature supplying the 

hypertrophic intestine. I have shown, using quantitative image analysis, that 

there appears to be no change in overall nerve density on blood vessels 

supplying the hypertrophic small intestine, as identified by the pan-neuronal 

marker PGP 9.5. This observation was made after correction for increases in 

diameter of those vessels supplying the hypertrophic region of the gut. Despite 

the relative stability of overall innervation density, there appear to be 

differential responses between the nerve sub-populations examined. TH 

immunoreactive nerves on CL and AW vessels showed a significant increase 

over control values in both area% and ID/mm. In contrast, CGRP 

immunoreactive nerves showed a significant reduction in both parameters in 

both areas. It would therefore appear superficially that there are opposite
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responses of these nerve groups to hypertrophy of the smooth muscle cells 

which comprise their target. That sympathetic and sensory nerves supplying 

both CL and AW vessels had almost identical responses is not surprising, as, in 

most of the experimental animals, the small intestine was grossly enlarged 

throughout its entire length, and not just in the region close to the obstruction. 

It is therefore likely that blood vessels supplying both regions would respond 

in a similar manner.

5.4.4 Relating response o f nerves to tissue requirements 

It appears that both nerve groups examined, sympathetic and sensory, are 

responding in a dynamic way to changes in their target tissue. In this 

experiment, sympathetic nerves could be synthesising greater quantities of their 

neurotransmitter, noradrenaline (NA). Since TH is a rate limiting enzyme in NA 

production, it is expected that there would be an increase in the amount of TH 

in sympathetic nerve fibres, and this would consequently enhance the number 

of fibres detected using antibodies to TH. However, it is possible that the 

changes observed reflect increased sympathetic nerve growth in response to 

stenosis. Conversely, the reduction of CGRP-positive nerves could be due to 

an increased utilisation of this transmitter, in turn due to increased activity of 

these vasodilator and sensory nerves, and therefore a reduced detection of these 

nerves by the immunohistochemical methods employed. However, it is also 

possible that there is a reduced synthesis of CGRP in these nerves in response 

to hypertrophy or that CGRP nerves are unable to respond as rapidly to the 

changes in their target as are the sympathetic nerves over the two week post
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operative period.

In other areas of the ANS, sensory and sympathetic nerves respond differently 

to target derived factors. In the iris, ablation of sympathetic nerves by removal 

of the superior cervical ganglion (SCG) results in an increased availability of 

NGF to the sensory nerves, which allows their growth or an increased 

expression of neurotransmitter (Kessler et a l 1983). Cerebrovascular nerves 

respond differently to in vivo infusion of NGF - sympathetic nerves sprout, 

whilst sensory nerves increase their neuropeptide content, but do not sprout 

(Isaacson et a l 1995). In ageing rats, there is an increase in expression of 

CGRP vasodilator nerves, together with a reduction in sympathetic nerve NA 

expression (Mione et a l 1988a). In the mature nervous system, it therefore 

appears that interactions exists between differing neuronal groups; if these are 

disrupted in some way, the neuronal groups respond with growth or retraction 

of axons, or changes in transmitter expression.

Is the response observed an appropriate one? The actions of these two nerve 

groups are partly known, sympathetic nerves having a powerful vasoconstriction 

action, whilst the sensory nerves provide feedback from the vessel wall, but also 

have a vasodilator action (Kawasaki et a l 1991). It is possible that the 

sympathetic nerves are responding to increases in target size with growth or 

branching to maintain an appropriate level of sympathetic control on the 

vascular wall. In the case of the sensory nerves, it is possible that the levels of 

staining observed reflect an increased utilisation of their vasodilating action,
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and hence their transmitter (which accounts for the reduction in staining 

observed). From the experiments outlined in this chapter, it is difficult to assess 

if this hypothesis is correct. Further experiments could examine for atrophic 

changes in the intestine, possibly following ischaemia, to determine whether the 

responses observed to stenosis outlined in this chapter are not sufficient to meet 

the needs of a tissue which has changed so greatly.

5.4.5 Mechanism o f nerve response

What is the likely mechanism of the responses of different nerve groups to 

hypertrophy? In the previous paragraph, I suggested that this was likely to be 

mediated by increased availability of, or accessibility to, a neuronal growth 

factor produced by the hypertrophic muscle. A possible candidate for this 

molecule is nerve growth factor (NGF), which can be synthesised by smooth 

muscle cells (Creedon and Tuttle,. 1991). NGF levels have been demonstrated 

to increase dramatically in the hypertrophic bladder of the rat (Tuttle et a l 

1994). Compelling evidence that this neurotrophin is likely to mediate this 

effect is provided by the observation that induced autoimmunity to NGF 

abolishes the hypertrophy of NGF-sensitive neurons in the pelvic ganglion 

supplying the hypertrophic bladder (Steers et a l 1991). Much research has 

examined NGF levels in vascular smooth muscle cells (VSM), as it is believed 

that disturbances in NGF supply in VSM cells may contribute to hypertension. 

In hypertensive rats, basal NGF secretion is increased compared to 

normotensive controls (Tuttle et al. 1995). However, other mechanisms may 

be operating, as chronic treatment of neonatal (Lee et al. 1992) or adult (Zettler
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et al. 1991) rats with NGF is not enough to induce hypertension. However, it 

is possible that extra-cellular matrix molecules may be involved, as the 

glycoprotein laminin and neuronal cell adhesion molecule are both strongly 

expressed by mesenteric nerves, both normally and in response to changes 

within target tissue (unpublished observations).

5.5 CONCLUSION

In conclusion, this chapter has demonstrated that mesenteric arteries undergo 

hypertrophy in response to enlargement produced in the small intestine as a 

result of partial obstruction. Despite the absence of overall changes in the 

innnervation patterns of mesenteric nerves in response to hypertrophy of the 

mesenteric blood vessels, sympathetic nerve fibres appear to increase in density, 

whilst sensory nerves decrease. Whether this is an adaptive response to altered 

vascular requirements of the hypertrophic intestine is unclear. Further work is 

therefore needed to assess how blood delivery is altered in this model.
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Table 5.1 Dimensions o f blood vessels from the hypertrophic animal

Note; All measurements are in mm.

CONTROL HYPERTROPHIC
NON-

HYPERTROPHIC

Wall
thickness

0.16±0.04 0.29±0.02 0.27±0.04

Lumen
diameter

0.613±0.01 0.57U0.08 0.604±0.14

Mean vessel 
diameter

0.933±0.08 1.151±0.21 1.144±0.10

Mean vessel 
circumference

2.930 3.620 3.600
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Chapter 6

Mechanisms of cell death in the 
enteric nervous system o f the ageing 
ad libitum fed  Sprague Dawley rat
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In chapters 3 & 4,1 showed that diet, and not ageing, appeared to cause neuron 

cell death in the myenteric plexus o f the ageing Sprague Dawley rat. In this 

chapter, I will use several different techniques to examine for a possible 

mechanism for the changes obser\>ed. This chapter will therefore examine 

enteric neurons for the onset o f apoptosis, changes in their receptor expression 

and signs o f  free radical damage.

6.1 INTRODUCTION

A number of different theories have been proposed to explain the changes 

observed within the body with increasing age. At the cellular level, many 

theories propose accumulation of damaged and modified proteins as important 

indicators of the ageing process. Modifications to proteins by sugars plays a 

central role in diabetes, but also figures prominently in the pathogenesis of 

many age-related disorders affecting connective tissue, the lens, blood vessels 

and nerves (Brownlee, 1995).

Another popular theory which has much experimental support is the free radical 

theory of ageing, proposed by Harman in 1956 (Harman, 1956), which suggests 

that it is a progressive impairment in the bodies ability to deal with free radical 

damage to proteins or to degrade proteins modified by free radicals that causes 

many of the intracellular changes observed v^th age (for a review, see 

Stadtman, 1992). Higher formation rates of free radicals are observed in 

biological material isolated from aged animals than in young animals, together
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with changes in antioxidant capacities and an accumulation of free radical 

damge. Although the data from available studies does not allow a defmate 

answer, free radical modification is likely to be an important contributary 

mechanism of ageing (see Nohl, 1993); as well as modifying proteins and 

altering their function, it could also intefere with cellular signalling and other 

important interactions (Smith et a l 1991). Free radicals are extensively 

involved in exercise-induced muscle and several muscular dystrophies (Jackson 

and O'Farrell, 1993), but thus far their role in the ageing nervous system has 

been largely restricted to pathologies such as AD and ALS. For general reviews 

of the role of free radicals in biological systems, see Flalliwell (Halliwell, 1991) 

and Punchard and Kelly, (Punchard and Kelly, 1996). It was on this basis that 

attempts were made to determine the levels of free radicals in the small 

intestine. Several lines of fluorescent probes have been shown to be sensitive 

to oxidative changes within cells. Since these probes are hydrophobic, they can 

cross the plasma membrane where, in the presence of oxidants, they are 

oxidised to yield fluorochromes which can be visualised. In this chapter, I will 

use the fluorophore 2,7-dichlorofluorescein (DCF - Keston and Brandt, 1965) 

to investigate the generation of free radicals in the enteric muscle coat and 

myenteric neurons of ageing ad libitum and restricted diet fed rats. This method 

has a number of advantages over other methods of evaluating oxidative stress, 

mainly that there is a direct relationship between level of oxidative changes and 

the levels of fluorescence generated, and that this could be measured by 

adapting current equipment used in our laboratory.
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In Chapter 4 of this thesis, I described the enteric nervous system of the ageing 

ad libitum fed Sprague Dawley rat, and noted a cell loss of more than 50% in 

comparison to young animals. Some of the experiments in this chapter 

investigate the possibility that this neuronal cell death may be occuring by 

apoptosis, a highly regulated form of programmed cell death defined by distinct 

morphological features (Alison and Sarraf, 1992). All mammalian cells have 

the genetic capability to undergo this process. Apoptosis (a name derived from 

the greek, literally meaning 'to fall off) is important during development to 

reduce initial hyper-innervation, and thus allows remodelling of the nervous 

connections to adult form. It is important in the adult animals, as it removes 

senescent and extensively damaged cells (Thompson, 1995). Apoptosis is 

extensively involved in the GI tract where it may regulate turnover of the 

intestinal epithelia (Watson, 1995) and is involved in several other processes 

(Que and Gores, 1996). In the nervous system, apoptosis is implicated in 

several neurodegenerative diseases, including Alzheimer's disease (AD), 

Parkinson's disease (PD) and amyotrophic lateral sclerosis (ALS). In vitro, 

neuron cell death is induced by several mechanisms which may be involved in 

the above neurodegenerative diseases, all of which can be prevented by over

expression of the proto-oncogene bcl-2 (Warner, 1996), the protein of which 

regulates the effects of neurotrophic factors on sympathetic neurons (Garcia et 

al. 1992) and, together with bcl-xL, prevents hypoxia-induced cell death 

(Shimizu et al. 1995). The protein coded for by bcl-2 is widely expressed 

throughout the adult, as well as the developing, peripheral nervous system 

(Merry et al. 1994). Conversely, the c-fos proto-oncogene transcription factor
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is involved in the initiation of apoptotic cell death in vivo. If the experiments 

described in this chapter identified apoptosis in the ageing ad libitum fed rat 

myenteric plexus, it would suggest that the death of enteric neurons observed 

with age in Chapter 4 was not a simple response to overload as was suggested, 

ending ultimately in a necrotic form of cell death, but was a tightly controlled 

response within the cell to some cue from the surrounding tissue.

The final set of experiments attempts to describe what this cue is, and hence a 

mechanism for how cell death is induced in the ageing ad libitum fed rat. The 

importance of growth factors in both developmental and ageing processes was 

outlined in Chapter 1: Introduction, and in this chapter, I will investigate a 

likely mechanism of how cell death is induced. The involvement of the low 

affinity neurotrophin receptor, p75, in development of neurons was also 

described in the introduction. p75 binds all neurotrophins with similar affinity 

and interacts with trk for high affinity neurotrophin binding (Bothwell, 1995). 

Recent work has identified several different roles for p75, including the 

intriguing possibility that, depending on circumstance, p75 may promote or 

prevent apoptosis (Carter and Le win, 1997). Many antibodies to p75 have been 

produced, and there is extensive localization of p75 immunoreactivity in the 

mature rat ENS (Aimi et al. 1997).

In summary, the experiments described in this chapter attempt to provide 

preliminary evidence for the process by which cell death occurs in the ageing 

ad libitum fed Sprague Dawley rat described in Chapter 4, and the mechanism
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by which this process occurs.

6.2 METHODS

6.2.1 Animals used

Sprague Dawley rats were used throughout the experiments described in this 

chapter. The age and dietary regime of the animals used are described in the 

appropriate section.

6.2.2 Propidium iodide staining

For propidium iodide staining, wholemounts of gut were prepared from post

natal day 7 rat pups in a similar fashion to that described for the adult rat (see 

Chapter 2, 2.1.3 Dissection for further details), together with wholemounts 

removed from old 24 month ad libitum fed animals (n=5 and 7 respectively). 

Two tissue types were investigated as positive control. The thymus was 

removed and sectioned from 7 day old rat pups by making a mid-line incision 

along the thorax, opening up the chest cavity, picking up the thymic gland and 

excising it with a blunt pair of scissors. The superior cervical ganglion was 

removed from 14 day old rat pups by making a mid-line incision in the neck, the 

stenoid-mastoid muscles were then cut and reflected laterally and the trachea 

bissected and reflected superiorly to expose the common carotid artery. The 

SCG was identified at the bifurcation of the internal and external branches of 

the common carotid artery. The pre-ganglionic nerve trunk of the SCG was 

teased away, and the SCG itself excised from caudal to rostral end. In both
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cases, the tissue was placed into Hank's balanced salt solution (HBSS) at 4°C 

to await further processing. Fixation for 1 hour in 4% PFA at 4“C was then 

carried out, and the tissue washed prior to sectioning. Both tissue types were 

then mounted on a chuck using OCT (BDH, UK), which was frozen in liquid 

nitrogen. 10-15/im thick sections were then cut on a Bright cryostat, and stored 

at -80°C until required.

The propidium iodide method was used to detect condensed chromatin in the 

cells present in both wholemount preparations and thymic/SCG sections as 

follows: all samples were washed three times for 10 minutes each in PBS prior 

to incubation for 15 minutes in a media consisting of 5yug/ml propidium iodide, 

lOOp/g/ml DNase-free RNase (all Sigma, UK) in PBS warmed to 37”C. 

Sections were then washed three times in PBS prior to mounting in Citifluor 

(Citifluor, UK) and viewed under an Olympus AH-2 fluorescent microscope 

using a X40 magnification oil immersion lens.

6.2.3 Immunohistochemistry for p75

Sections of gut from 4 (n=7) and 24M (n=6) ad libitum fed rats were used for 

these experiments. The ileum was removed, dilated and fixed as described in 

Chapter 2: Methods. 10cm segments were then removed, tied with thread at 

one end, and filled with OCT. The other end of the intestine was sealed, and 

the tissue frozen in liquid nitrogen. A 2cm segment was then removed and 

mounted in OCT on a chuck. Ten to twelve 15/vm thick sections per animal 

were then cut on a Bright Cryostat and stored at -80°C until required.
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For immunohistochemical detection of p75, the specimens were first washed 

3 times for 10 minutes each, before the primary layer, consisting of a 

polyclonal rabbit antibody to p75 (gift of Dr's Reichardt and Weiskamp) at a 

dilution of 1:400, in a diluent identical to that described in Section 2.3 

Immunohistochemistry', was applied. The incubation was carried out for 48 

hours at 4°C. The specimens were then washed three times for 10 minutes in 

Hepes buffer before swine anti-rabbit FITC was applied at a dilution of 1:80 for 

2 hours. After this time, the specimens were washed three times for 10 minutes 

in PBS, coverslipped and mounted in citifluor (Citifluor, UK), and viewed on 

an Olympus AH2 fluorescent microscope equipped with a X25 oil immersion 

lens. For comparative purposes, image analysis was carried out using a program 

written on a Kontron KS400 image analysis system, which identified three 

parameters of nerve presence on a specimen - Area % ( the percentage of field 

area covered by specific fluoresence), intercept density/mm (ID/mm - the 

number of nerve bundles per mm) and grey value (GV - intensity of staining). 

Using a modified program, specimens were analysed for presence and area of 

cell bodies. Control experiments were routinely perfonned, and involved 

application of the first or second layer antibody only. These resulted in a 

complete abolition of specific staining. Reference was made to the supplier for 

absorption data in the case of TH and CGRP.

6.2.4 Detection o f free radicals with dichlorofluoroscein 

2,7-dichlorofluorescein (DCF) was used to detect the presence of free radicals 

in enteric muscle and neurons as follows: gut segments were removed from 4M,
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2 4 M  a d lihitimi f e d  a n d  2 4 M  r e s t r i c t e d  d i e t  a n i m a l s  a s  d e s c r i b e d  in  Chapter 2: 

Maferials and methods. A f t e r  r e m o v a l  f r o m  t h e  a b d o m e n ,  t h e  t i s s u e  w a s  p l a c e d  

i n t o  w a r m e d  K r e b s  s o l u t i o n ,  a n d  c u t  i n t o  b a n d s  o f  a b o u t  1 c m  T h e  b a n d  w a s  

c u t  c l o s e  t o  t h e  m e s e n t e r i c  b o r d e r  a n d  p i n n e d  f l a t  o n t o  s y l g a r d .  A  s c a l p e l  b l a d e  

w a s  l i g h t l y  p u l l e d  a c r o s s  t h e  p r e p a r a t i o n ,  s u c h  t h a t  b o t h  m u s c l e  l a y e r s  w e r e  c u t  

t h r o u g h ,  b u t  n o t  t h e  m u c o s a .  T h e  m u s c l e  s t r i p  w a s  t h e n  r e m o v e d  b y  g e n t l y  

p u l l i n g  o n  t h e  c o m e r s  w i t h  w a t c h m a k e r s  f o r c e p s  u n d e r  a  d i s s e c t i o n  m i c r o s c o p e .  

T h e  r e s u l t i n g  p r e p a r a t i o n  w a s  t h e n  r e - p i n n e d  o n t o  c l e a n  s y l g a r d  a n d  p l a c e d  i n t o  

a n  i n c u b a t i o n  c o n s i s t i n g  o f  5 /v M  2 , 7 - d i c h l o r o f l u o r o s c e i n  in  D u l b e c c o ' s  

m o d i f i e d  e a g l e s  m e d i u m  ( D M E M )  F 1 2  H a m  w h i c h  w a s  o x y g e n a t e d  b y  b u b b l i n g  

t h r o u g h  a  9 5 %  O o / 5 %  C O j  m i x .  A f t e r  15 m i n u t e s ,  t h e  i n c u b a t i o n  w a s  h a l t e d  

b y  p l a c i n g  t h e  p r e p a r a t i o n s  in  D M E M ,  a n d  t h e  s p e c i m e n s  m o u n t e d  in  c i t i l l u o r  

( C i t i f l u o r ,  U K ) .  T h e  s l i d e s  w e r e  v i e w e d  b y  i m a g i n g  o n  a  B i o - r a d  c o n  f o c a l  

m i c r o s c o p e  w i t h  s e t t i n g s  k e p t  c o n s t a n t  f o r  a l l  e x p e r i m e n t s .  A  u r a n y l  g l a s s  

s t a n d a r d  w a s  u s e d  t o  s t a n d a r d i s e  l a s e r  o u t p u t .  E n o u g h  z  s t e p s  t o  s p a n  t h e  

t h i c k n e s s  o f  t h e  m u s c l e  w e r e  o b t a i n e d  f o r  a l l  s p e c i m e n s ,  a n d  c o m b i n e d  t o  g i v e  

o n e  i m a g e  w h i c h  w a s  s u b s e q u e n t l y  u s e d  f o r  a n a l y s i s .  F l u o r e s c e n t  i n t e n s i t y  o f  

t h e  p r e p a r a t i o n s  w a s  c a l c u l a t e d  b y  t a k i n g  m e a s u r e m e n t s  o f  m e a n  p i x e l  i n t e n s i t y  

f r o m  t h r e e  d i f f e r e n t  a r e a s  o n  t h e  i m a g e .  D a t a  f r o m  t h e  s a m e  g r o u p s  w e r e  

p o o l e d  a n d  d i f f e r e n c e s  a s s e s s e d  u s i n g  A N O V A  o n  s t a t v i e w  f o r  t h e  A p p l e  

M a c k i n t o s h  c o m p u t e r .
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6.3 RESULTS

6.3.1 Deleclion o f apoptosis with propidium iodide

Thymic gland sections'. These sections demonstrated many densely packed cells 

of around 3-7/^m in diameter. The cortex and more loosely packed medulla 

could be easily distinguished from each other at low power. High power 

magnification revealed the presence of several cells in each section (usually in 

the medulla) which appeared to possess significantly brighter levels of 

fluorescence than the majority of cells in the section

SCG sections'. These sections were densely packed with large neurons, which 

were easily identifiable with an unstained nucleus and stained perikarya, 

generally 20-30/.zm in diameter. However, although the general level of 

brightness was high, no cells were observed to be significantly brighter than 

their neighbours.

Ileum wholemounts'. Gut wholemounts showed extensive staining of all nuclei 

present, including the elongated nuclei of both layers of smooth muscle running 

perpendicularly to each other in both age groups. The perikarya of these cells 

was left completely unstained. However, the perikarya of both enteric neurons 

and glial cells was stained to a similar degree, and could be clearly identified. 

However, intensely fluorescent cells (which are a feature of apoptotic cells 

using this method) were totally absent in preparations from both young and old 

ad libitum fed animals.
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6.3.2 Immimohistochemistry

Young - qualitative (see Figure 6.1); P75 immunohistochemistry revealed 

positive staining in both neuronal plexuses in the cut sections. Many of the 

sections examined contained cell bodies in ganglia in both neuronal plexuses, 

together with a large number of fibres connecting the ganglia to each other. 

Some fibres were also observed to run perpendicularly through both layers to 

the mucosa.

Old - qualitative (see Figure 6.1): Although the fibres described above 

appeared undiminished in number compared to preparations from young 

animals, there was a noticeable decline in the number of cell bodies/ganglia 

which were immunoreactive for p75 in these preparations.

Young and old nerve fibres - quantitative results (see Figures 6.2, 6.3 and 6.4): 

No significant difference existed between young and old specimens in either 

ID/mm, area% or GV (area% - young: 2.23±0.16; old: 2.05±0.11. ID/mm - 

young: 14.30±0.94; old: 13.83±0.69. GY-young: 40.37±4.0; old: 49.74±6.9).

Young arid old cell bodies - quantitative results'.

Significant differences (p<0.05) existed between young and old in both area% 

and ID/mm (area% - young: 4.29±0.6; old: 0.76±0.14. ID/mm - young: 

18.76±2.6; old: 3.82--t0.72.). However, no significant difference existed 

between the two age groups in terms of GV (young -51.86±3.00; old 58.00±8.4)
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Figure 6.1 p75 immunoreactivily on intestinal sections

Specimens from both young (a) and old ad libitum fed animals (b) are shown.

No significant differences for immunoreactive fibres was found between the

ages. However, there was a noted decline in p75 immunoreactivity within the

myenteric ganglia in specimens from aged ad libitum fed animals. Scale bar =

SO/um.
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Figure 6.2 p75 area%

Bar chart demonstrating p75 immunoreactivity in cell bodies and fibres of both 

young and old ad libitum gut sections as expressed by area%, the percentage of 

scanned reference area occupied by specific fluorescence. A significant 

difference exists between the two groups for cell bodies only (P<0.01).
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Figure 6.3 p75 ID mm

Bar chart demonstrating p75 immunoreactivity in cell bodies and fibres of both 

young and old ad libitum gut sections as expressed by ID/mm. A significant 

difference exists between the two groups for cell bodies only (P<0.01).
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Figure 6.4 p75 grey value

Bar chart demonstrating p75 immunoreactivity in cell bodies and fibres of both 

young and old ad libitum gut sections as expressed by grey value. No 

significant difference existed between either of the two groups.
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6.3.3 Dichlorofliiorosccin staining

The fluorescent reaction product developed within a few seconds after exposure 

to light of 494nm wavelength. Inititally, a striking visual difference existed 

between the young specimens and those from both aged groups. Preparations 

from young animals demonstrated low levels of fluorescence compared to old, 

which fluoresced extremely strongly. Analysis of mean fluorescence showed 

a significant difference (p<0.01) between young and old groups (Mean 

fluorescence - young: 55±6, old ad libitum'. 219±22, old restricted diet: 238±14). 

Initially, it appeared that this was indicative of large differences in levels of 

reactive oxygen species between age groups. However, we were concerned that 

the method by which the con focal microscope focused through the specimens 

might create differences in fluorescence if, as seemed likely, there were 

differences in the thickness of the enteric muscle coat between young and old 

animals. From analysis of confocal operating conditions, it was apparent that 

approximately twice the number of z-steps were required to focus through an 

old specimen, as compared to a young. To test whether this would effect 

fluorescence, two specimens from young animals were removed and 

sandwiched together to simulate the thickness of an old preparation. From the 

results obtained (mean fluorescence 236) it appeared likely that the difference 

observed between young and old animals could be attributed to additional 

excitation of the DCF probe, in turn caused by the need for more z steps through 

the specimen.
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6.4 DISCUSSION

6.4.1 Delection o f free radicals in the ENS

The first experiment described in this chapter examines the levels of oxidation 

of DCF to a fluorescent compound by free radicals. This method has been 

successfully used many times in vitro to detect free radical species, such as 

nitric oxide in neuronal cells (Gunesakar et al. 1995). It is a sensitive reaction, 

as the fluorescent intensity visualised in the cells is directly related to the 

activity and generation of free radical species. DCF is ideal for use with living 

biological systems as, as well as being non-toxic, it is hydrophilic in non- 

fluorescent precursor form and therefore able to cross the cell membrane easily, 

where it is stored after conversion to its fluorescent hydrophobic fonn 

(Suematsu et al. 1996). In the intestine, free radicals are believed to be involved 

in some inflammatory diseases (Van Der Vliet et al. 1992), and are responsible 

for damage after reperfusion and ischaemia (Messent et al. 1996; Weixong et 

al. 1994). An examination of the nerve terminals of the small intestine of mice 

treated with a potent antioxidant compound, 2-mercaptoethanol, demonstrated 

that age related reductions in synapses and vesicles was reversed by application 

of this substance (Fehér and Pénzes, 1992). This suggests that innervation 

levels with age may be reduced by free radical damage. In the experiments 

described in section 6.2.4,1 have used DCF to examine for increases in free 

radical activity in aged enteric muscle or neurons, as a possible explanation for 

the cell loss with age in the ad libitum fed rat ENS. This method has been 

predominately used on cultured cells. Initially, it appeared that fluorescent
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intensity in the enteric smooth muscle increased, suggesting that far larger 

amounts of free radicals were generated in the aged intestine. However, it 

appears that the increase in fluorescence is due to increases in the thickness of 

the smooth muscle of the aged small intestine, which in turn, due to greater 

excitation by the confocal microscope, fluoresce more intensely. Further 

experiments with cultured enteric neurons, glia and smooth muscle are required 

to assess the involvement of free radicals in the ageing small intestine, although 

some reports suggest that cultured neurons produce greater quantities of free 

radical products (Goto et. al. 1993). Thus, although the experiments described 

in this chapter have not conclusively implicated free radicals in the ageing gut, 

their involvement in this organ can be implicated from the many citations in 

current literature. For example, oxidative stress has been implicated in the 

damage observed in the gut caused by the malnutrition of weanling rats fed a 

protein deficient diet (Darmon el al 1993). For further examples, see Chapter 

7.

6.4.2 Assessment o f apoptotic cell death using propidium iodide 

In this chapter, I have used propidium iodide to examine for apoptotic cell death 

in the myenteric neurons of the ageing ad libitum fed Sprague Dawley rat. 

Propidium iodide is a positively charged nucleic acid stain which is able to stain 

condensed chromatin within a cell, a characteristic feature of apoptosis, and has 

been extensively used for viability assays in cell culture (for example, see 

Kaneshiro et al. 1993) and in the detection of apoptosis in many disease states, 

for example, in tissue infected with the human immune deficiency virus (Shi et
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a i 1996). In this experiment, I assessed two tissue types to use as positive 

controls for this method. In the thymus, apoptosis is a key part of the turnover 

T lymphocytes and provides an excellent positive control for apoptotic markers 

(Mountz et a i 1995). It was therefore concluded that this method was indeed 

able to detect apoptosing cells. In the SCG, cell death occurs principally during 

early postnatal life, with over 30% of neurons being lost between postnatal 

days 3 through 7, with continued cell loss on a smaller scale up to 2 months of 

age (Wright et al. 1983). Similar cell loss is observed in the mouse (Wyatt et 

al. 1997). However, no evidence for apoptotic cell bodies was found in this 

ganglion. Examination of the ileal wholemounts also revealed no evidence for 

apoptotic cell death. This may mean apoptosis is not the means by which 

myenteric neurons are dying. However, when one considers that in the small 

intestine of the ageing ad libitum fed rat, cell numbers fall from mean values of 

19,900 to 14,200 neurons per cm^ from 4M to 16M. If cell loss is constant 

between these two ages, this represents a cell loss of only 16 cells per day, or 

less than one cell per hour. However, it is possible that, as in the development 

of the ENS (Gershon et al. 1993), the majority of cell death occurs over a 

relatively short period of time, so perhaps a greater number of cells are dying 

from around 16M onward and the chances of encountering apoptotic cells 

increased. However, in the representative area which we have examined, no 

evidence for apoptotic cell death was observed. Further work is required to 

examine for the presence of apoptosis in the myenteric plexus of the ad libitum 

fed Sprague Dawley rat.
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6.4.3 P75 immunoreactivity in the ageing enteric nervous system 

The presence of p75 in the myenteric plexus has been identified in a recent 

histochemical study of the rat (Aimi et al. 1997). In this study, staining was 

observ ed in all nervous components of the gut, including the neurons, although 

the basis for this was intense staining around the perikarya. However, this 

observation has been confirmed by the identification of p75 mRNA in enteric 

neurons (Baetge et al. 1990). However, in this study, 1 have chosen to quantify 

p75 immunoreactivity on cryostat sections. There are a number of reasons for 

this. In wholemount sections, the density of stained fibres intertwined around 

cell bodies with little immunoreactivity means meaningful quantitative analysis 

is relatively difficult. By use of serial sections, this drawback is negated, as, by 

manipulation of the image analysis software, it proved possible to separate out 

fibre staining from that of the cell bodies. There were extremely large 

reductions in area% of myenteric neurons between young and old ad libitum 

fed animals, of around 75%. This could be due to the neuron loss already noted 

in Chapter 4. If there were less neurons due to cell death, the remaining 

neurons would obviously occupy less area on each section. It could also be due 

to a real down-regulation of p75 within the remaining cell bodies. Perhaps 

surprisingly, when the absence of fibres is noted in wholemount peparations, 

there appeared to be no reduction in the number of fibres expressing p75 

immunoreactivity in the aged ad libitum fed animals. However, it is possible 

that fibres in the sub-mucous plexus, which are perhaps unaffected by age, are 

masking the reduction in the myenteric plexus.
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The function of p75 in the adult and ageing ENS is as yet unknown. However, 

p75 interacts with several neurotrophins present in the gut, which include NGF 

(Weskamp and Otten, 1987) and NT-3 (Maisonpierre et a i 1990). It is these 

two molecules which are most likely to be the ligands for enteric p75 receptors. 

It is possible that a reduction in the level of p75 staining in the myenteric 

neurons of the ageing ad libitum fed rat is responsible for induction of large 

scale cell death. Since p75 is an important accessory sub-unit for signalling 

through the high affinity trk series of receptors (Bothwell, 1995), it is possible 

that reductions in p75 are responsible for reducing the biological actions 

associated with these trk sub-units, and hence the biological effects observed. 

However, p75 is not essential for some trk mediated responses. NGF with its 

structure altered to allow binding to trk but not p75 is able to yield normal 

responses from cultured PCI2 cells (Ibanez et ai 1992), suggesting that trk may 

function without p75. The data presented here suggest that it is p75's role as a 

'helper' receptor on myenteric neurons which may contribute to the cell death 

observed with age.
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6.5 CONCLUSION

The experiments described in this chapter have examined the mechanisms by 

which myenteric neurons could be dying in the myenteric plexus of the Sprague 

Dawley rat described in Chapter 4. Unfortunately, I was unable to implicate 

free radicals in the degenerative process, or confirm that cell death was 

occuring by apoptosis. However, it appears possible that a down regulation of 

the low affinity nerve growth factor receptor in the gut may be involved in the 

decline of neuron number with age.
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Chapter 7

General discussion
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In this final chapter, I  will discuss the relevance o f  the results obtained in each 

o f the previous chapters, together with their standing in relation to several other 

recent observations in the scientific literature.

7.1 Introduction

The experiments described in this thesis have attempted to examine the ability of 

autonomic neurons to respond to altered demand, together with some of the 

mechanisms by which they are able to do so. In the course of this discussion, I 

will examine the main implications of the results in each chapter, and link these 

observations with others within the current literature. I will also suggest some 

possibilities for extending the work presented in this thesis.

7.2 Advantages of the ENS as an experimental model.

One of the advantages in using the ENS as a ’model nervous system' (see Tew et 

al. 1993), and one of the reasons why it was chosen as the experimental model 

for this thesis, was its similarities to both the peripheral and central nervous 

system. In the relevant chapters, and throughout this discussion, I have tried to 

extrapolate my findings to other areas of the nervous system, and have in turn 

used observations from other areas of the nervous system to suggest reasons for 

the changes which I have observed in the ENS. Like most areas of the PNS, the 

ENS is easily dissected and stained, and its accessibility for experimental
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purposes has allowed great advances to be made in the understanding of its 

workings. Although there is much still to be learned about the ENS, it is 

possible that experimental findings from it could be applied to other areas of the 

nervous system.

As a model for age-related neurodegeneration, the ENS is probably the only area 

in the autonomic nervous system where substantial cell loss occurs, although this 

can occur with age in many areas of the CNS. Loss of enteric neurons in old age 

occurs in a number of species (Gabella, 1989; Gomes et a l 1997; Santer and 

Baker, 1988), and can account for as much as 70% of the total neuronal 

population (Santer and Baker, 1988). Enteric neurons can be easily and reliably 

counted tfom wholemount preparations of the muscularis externa, negating the 

need for complex three dimensional counting techniques or large amounts of 

tissue. The ENS provides a potentially useful model for examining age related 

and pathological changes in the nervous system.

7.3 Markers and the ENS

Chapter 3 of this thesis compared counts of total numbers of neurons in the 

ageing rat myenteric plexus with that of the young animal. This work was 

expected to confirm several of the previous studies described above, although 

using several different markers. However, the results obtained from this chapter 

were a major surprise, and altered the subsequent experimental direction of this
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thesis. Contrary to what was anticipated, and to all prior studies on the ageing 

myenteric plexus, no cell loss was found in the ageing myenteric plexus of 

Sprague Dawley rats fed on a restricted diet. In part, this discrepancy was due to 

the use of antibodies to PGP 9.5 as our chosen pan-neuronal marker, which we 

evaluated against, and which demonstrated far greater number of neurons than, 

the NADH-diaphorase method. The reason for the apparent conflict with 

previous studies was identified in chapter 4, where I assessed myenteric neuron 

number from Sprague Dawley rats fed ad libitum. In contrast with aged rats fed 

on a restricted diet, which lose no myenteric neurons, ad libitum fed aged rats 

appear to have lost more than 50% of their myenteric neurons.

The effects of diet on the developing nervous system have been extensively 

investigated, and are apparent in the developing ENS, where a reduced number 

of myenteric neurons is observed in rat pups which have been prenatally 

undernourished (Santer and Conboy, 1990). However, the effects of an altered 

dietary regime on the adult and aged nervous system appear not to have been 

previously investigated. The data gathered from this chapter allowed a 

reappraisal of the data gathered in chapter 3, which suggested that aged Sprague 

Dawley rats lose no myenteric neurons, whilst the Wistar rat appears to lose up 

to 60% of the total (Santer and Baker, 1988). What was initially thought to be a 

strain difference was subsequently found to be due to the dietary regime under 

which the animals were maintained.
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From the results in chapter 3, NADH-diaphorase, a marker believed to 

demonstrate all autonomic neurons, showed, in contrast to the results from PGP 

immunohistochemistry, an apparent neuron loss, suggesting that NADH may 

prove unsuitable for applications in long-term studies of the nervous system. A 

further puzzling observation in chapter 4 was that the scale of the NADH losses 

observed in the ad libitum fed animal was smaller than that observed with PGP, 

and similar to that observed in chapter 3. This suggests that NADH staining is 

reduced in neurons which survive the effect of ad libitum feeding, such as those 

containing NOS, and not in those neurons vulnerable to cell death, such as those 

containing ChAT. This is further evidence that the NADH-diaphorase method is 

unsuitable for ageing studies.

7.4 Diet and its effect on both longevity and neuron survival.

From the results obtained in chapter 4, it appeared that diet has a major effect, 

not only on the lifespan of the animals as has been previously reported in the 

literature (see Comfort, 1965), but also on the survival of their myenteric 

neurons. The survival rate of ad libitum fed Sprague Dawley rats decreases 

markedly after 24 months, whilst severe dietary restriction allows a survival rate 

of over 75% at 30 months (data provided by B&K Ltd, UK). The link between 

diet restriction and longevity has been described since the mid 1930's (Me Cay 

et a l 1935), and research has since been carried out by many different groups 

(see Fishbein, 1991). The mechanism by which food restriction retards the
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ageing process was largely a matter of speculation. However, in recent months a 

gene which is switched on when food levels are scarce has been identified in the 

worm Caenorhabditis elegans. Known as daf-16, the gene produces a 

transcription factor that regulates other genes, the most notable one of which is 

daf-2, a gene which promotes growth to adulthood and shortens the lifespan of 

adult animals (Kimura, 1997). Conversely, daf-16 maintains the worms in an 

immature state and hence expands their lifespan (Lin et al. 1997). Of great 

interest is the observation that daf-16 has a mammalian homologue, known as 

HNF-3, which is activated when insulin levels fall as a result of eating less. It 

seems that daf-2 and daf-16 are antagonistic to each other in their actions on the 

insulin pathway, and a means by which lower animals are able to regulate the 

length of their lifespan in relation to the availability of their food supply (Ogg et 

at. 1997). Thus when food is scarce, daf-16 is expressed, and a longevity 

programme begins to operate.

If the above provides an explanation for how dietary restriction leads to 

longevity (by the switching in of daf-16), it may also provide some clues as to 

the local mechanism which allows myenteric neurons in rats fed on a restricted 

diet to survive well past their normal lifespan in the ad libitum fed animal. In 

chapter 4 ,1 suggested that a maintained local trophic action of IGF-1, through 

increases in the number of its receptors on enteric muscle or neurons [an effect 

of dietary restriction (D'Costa et a l 1993)], could be responsible for enhanced 

neuron survival in the myenteric plexus of the ageing rat kept under restricted

242



dietary conditions. In chapter 5 ,1 analysed the growth responses of perivascular 

nerves to an induced hypertrophy of the gut, and noted that the changes observed 

could be due to several trophic factors supplied by the muscle including both 

NGF (Steers et a l 1991) and lGF-1 (Chen et a l 1994). Changes in innervation 

patterns are common in response to hypertrophy of the target, such as that 

observed in the uterus during pregnancy ( Mione and Gabella, 1991). This effect 

appears to mediated by the changes within the target. The results obtained in 

chapter 5 showed that mature neurons maintain responsiveness to target 

changes. It would be interesting to carry out further experiments to investigate if 

this plasticity is maintained in aged Ad libitum fed animals. Of general interest 

for this discussion is an observation that activation of IGF-1 receptors on neurons 

blocks cell death by osmotic shock (which occurs by apoptosis) in human 

neuroblasts (Singleton et a l 1996), via the oncogene bcl-2, which produces a 

protein which suppresses naturally occurring cell death (Bissonnette et a l 1992) 

(for more details on bcl-2, see 6.1.2 Apoptotic cell death).

7.5 Growth factors and myenteric neuron survival.

In the previous section, 1 suggested that lGF-1 may play either a direct or indirect 

trophic role on myenteric. In chapter 6, 1 examined the low affinity 

neurotrophin receptor, p75, using immunohistochemistry, and found 

substantially reduced receptor staining within the cell bodies of myenteric 

neurons. At least two members of the neurotrophin family have been
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demonstrated within enteric neurons by immunohistochemistry (Maisonpierre et 

a l 1990; Weskamp and Otten, 1987;). However, transgenic mice lacking 

members of the neurotrophic family such as BDNF, NT-3 and NT-4, have a 

morphologically normal ENS (Conover, 1995; Farinas et a l 1994; Liu et a l

1995), although these developmental observations do not necessarily reflect the 

importance of these growth factors in the maintenance of the adult nervous 

system. p75 was studied not only for what changes in its expression may infer 

for the role of these growth factors for the mature nervous system, but also 

because p75 has an important role in mediating neuroprotection or 

neurodestruction through the transcription factor NF-kB (see Cowen and 

Gavazzi, 1998). For example, an upregulation of bcl-2 can be induced by NGF 

via the p75 receptor, application of which can rescue cells from hypoxia-induced 

apoptosis (Katoh et a l 1997). It is possible that other trophic molecules could 

perhaps be involved in age related neurodegeneration in the ENS with age. In 

the last five years, another trophic molecule has been identified which is not a 

member of the neurotrophin family - glial cell line-derived neurotrophic factor 

(GDNF), a distantly related member of the transforming growth factor-h group 

first characterised in 1995 (Trupp et a l 1995). GDNF acts through receptors 

known as c-ret and GDNFR-a (Treanor et a l 1996; Widenfalt et a l 1997), 

which has been shown to mediate all of its biological actions (Trupp et a l 1996), 

and has been shown to act as a survival factor on several groups of sensory and 

autonomic neurons during development (Buj-Bello et a l 1995). Enteric 

neurons, including myenteric neurons, are completely absent in GDNF knockout
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mice (Pichel et a l 1996; Sanchez et a l 1996). It would be interesting in future 

studies to examine the role of GDNF in the adult nervous system and its possible 

involvement in the changes I have observed with age in the ad libitum fed rat 

myenteric plexus.

7.6 Apoptosis as a form of cell death in neurons

In chapter 6, I used the propidium iodide method to investigate whether 

myenteric neurons were undergoing apoptosis in the ad libitum fed rat. 

Apoptotic neurons were not observed because of the low probability of 

observing a process which is completed wdthin a few hours in a large neuronal 

population (see Chapter 4). Apoptosis is not necessarily a degenerative process, 

although it does occur in a variety of acute neurological insults such as 

Parkinson's disease. It has been suggested that caloric restriction retards ageing 

by enhancing apoptosis (Muskhelishvili et a l 1995). In this case, apoptosis is 

helping the organism to get rid of potentially harmful, damaged or cancerous 

cells. For example, the level of apoptotic cell death is increased in the liver of 

mice fed on a restricted diet compared to those fed ad libitum between 12 and 30 

months (Muskhelishvili et a l 1995). However, it is far from clear how apoptosis 

could have an adaptive role in neurons. Apoptosis in neurons has not been 

previously investigated in relation to a restriction of diet. However, apoptosis is 

the likely mode of death for neurons as a result of withdrawal of trophic support 

or when exposed to environmental insults such as hypoxia.
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7.7 Does hypoxia induce cell death in myenteric neurons?

The observation in chapter 4 that the location of the myenteric neurons in 

relation to the mesenteric attachment influences their survival rate is suggestive 

that hypoxia could play a role in the death of myenteric neurons in the ad libitum 

fed rat. In Crohn's disease, a chronic inflammatory disease of the bowel, the 

majority of ulcers occur along the mesenteric margin (Anthony et at. 1997b ). 

Thus, in Crohn’s disease, as in old age, pathological occlusion of the end arteries 

causes ischaemia to those areas of the intestine closest to the mesenteric margin 

due to the lack of collateral branches, which are present in the anti-mesenteric 

region which therefore remains well supplied by the circulation. Significant 

declines in gastric blood flow with age have been identified in the Fischer rat 

(Lee, 1996), possibly due to ultrastructural changes in the capillary vessels 

(Kuromado and Yamakawa, 1989). This reduction in blood flow with age 

increased the likelihood of acute injury after alcohol application (Gronbech and 

Lacy, 1994).

In relation to the previous section, it appears that exposure of neurons to hypoxic 

conditions can induce apoptotic cell death (Jacobson and Raff, 1995), which can 

be reversed by exposure to the protein produced by bcl-2 (Shimizu et at. 1995). 

This upregulation of bcl-2 is also induced by nerve growth factor, application of 

which can rescue cells from hypoxia-induced apoptosis (Katoh et a i 1997). In
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the next section, I will examine the mechanism by which apoptosis is induced in 

hypoxia.

7.8 Free radicals and cell death.

As part of the experiments described in chapter 6 ,1 examined for the presence 

of free radicals in enteric tissue. Free radicals were considered likely 

contributors as they are generated as by-products of metabolic processes and are 

therefore likely to be increased in the Ad libitum fed animal. Their damaging 

effects on the cell are well known, and free radicals are increasingly seen as 

being extensively involved in the ageing process. Harman proposed the 'free 

radical theory of ageing' to suggest that ageing is a phenomenon that results from 

a gradual accumulation of damaged products, thus decreasing the ability of the 

organism to maintain homeostasis (Harman, 1956). This is currently a very 

popular theory, and drugs which are believed to improve free radical defences 

are available; for example, melatonin, a naturally occurring compound, the 

effects of which are currently controversial [for example, see Turek (Turek,

1996) for comment]. There is also some experimental evidence to support this 

theory. For example, aged animals have greater amounts of free radicals in their 

tissue than young (Sohal et al. 1990). It is possible to extend the lifespan of the 

fhiit fly. Drosophila melanogaster, by the overexpression of the primary 

enzymatic defenses against free radical damage, which include enzymes such as 

superoxide dismutase, an observation fully computable with the free radical
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theory of ageing (Orr and Sohal, 1994). It has been proposed that the effects of 

dietary restriction on lifespan may be due to a reduced oxidative threat from 

metabolic processes within the body (Keenan et a l 1994). Interestingly, NGF 

restores an age related decline in the activity of the enzymes involved in free 

radical defence (Nistico et a l 1992). The decline in NGF levels in the brain 

with age could be responsible for both neuronal decline and imbalances in the 

enzymes responsible for free radical defence (Whittemore and Seiger, 1987). 

However, at present, it is unknown whether a loss of oxidative homeostasis is a 

cause or a consequence of ageing. There is also no clear correlation between the 

level of anti-oxidant enzymes and the local pattern of neurodegeneration in the 

CNS.

In chapter 4 ,1 hypothesised that hypoxia was a factor in the cell death observed 

in the myenteric plexus of the ageing ad libitum fed rat. Hypoxic-ischaemic 

brain injury is a causative factor in stroke and other brain dysfunctions (Chan, 

1994). It can be reversed by infusion of another neurotrophic molecule, brain 

derived neurotrophic factor (BDNF), which protects the brain to a variable 

extent from the tissue loss observed in ischaemia (Cheng et a l 1997). Whether 

NGF has a similar neuroprotective mechanism to BDNF is unknown. For a 

review of ischaemic brain damage, see Chan (Chan, 1996). The above 

description of ischaemic events has almost exclusively focused on the CNS. 

However, a model for inducing intestinal ischaemia exists, simply by clamping 

the superior mesenteric artery (see Nilsson et a l 1989). In these experiments,
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there are significant correlations between ischaemic damage to the vasculature 

and free radical damage. It would be interesting to examine the long term 

effects on myenteric neurons of a period of severe ischaemia. It is predicted that 

those neurons present on the anti-mesenteric surface would be better protected 

than those on the mesenteric margin. In addition, infusion or overexpression of 

free radical scavengers would be expected to protect these neurons from long 

term damage.

7.9 Does a process similar to excitotoxic cell death occur in the ENS?

In the previous section, I suggested that free radical damage could contribute to 

the cell death I observed in chapter 4. However, I also suggested that free 

radicals may not be the initiating event, but rather a stage in a series of events 

which ultimately result in cell death. In chapter 4 , 1 described a phenomenon 

encountered in the CNS, that of excitotoxic cell death. One consequence of 

excess neurotransmitter (for example. Glutamate in the CNS) is an increase 

production of free radicals (see Rothstein, 1996). This complements the theory 

discussed in that chapter, that neurons are vulnerable to over-activity in the aged 

animal, and that this is especially so for neurons in the aged ad libitum fed 

animal, where greater demands are placed on them than on similarly aged 

animals kept on a restricted diet. Studies of organotypic spinal cord neurons 

have revealed that motor neurons are particularly susceptable to excitotoxic cell 

death (Rothstein et a l 1993). The results of the experiments carried out in
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chapter 4 allow the speculation that a similar process could be occurring in the 

periphery, because the cholinergic motor neurons appear to account for the 

majority of cells lost with age in the ad libitum fed animal. Several lines of 

evidence able to support this theory, for example, glutamate appears to be 

located within cholinergic enteric neurons (Liu et a l 1997 -  see chapter 4 for 

further details). However, as yet, there is no evidence for a toxic accumulation 

of neurotransmitter in the periphery in ageing neurons exposed to excess load.

It should be noted that cell death due to ischaemia is a relatively quick process. 

In certain neurodegenerative diseases, another theory for excitotoxic cell death 

has been proposed. It has been suggested that a defect in mitochondrial energy 

metabolism in central neurons is responsible for a slower form of excitotoxic 

cell death, by which neurons are less and less able to cope with toxic products 

from their metabolic processes. This theory explains the delayed onset of 

neurodegenerative diseases, and their rarity in early life. Several inhibitors of 

mitochondrial function have been shown to result in a 'slow" excitotoxicity 

similar to that observed in neurodegeneration (Beal, 1992). Recently, a 

transcription factor known as NF-kB has been found to be involved in both 

neuroprotection against excitotoxicity (Grilli et a l 1996) and in neurodestruction 

by the same method, where its activation by excess glutamate appears to be the 

final stage in excitotoxic cell death (Ankarcrona et a l 1995). An understanding 

of this molecules dual role appears to be an important step in determining the 

causes of cell death due to excitotoxicity, in the CNS at least (Lipton, 1997).
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Finally, cell death by excitotoxicity has been shown to occur by apoptosis after 

activation of excitatory N-methyl-D-aspartate (NMDA) receptors (Simonian et 

a l 1996).

7.10 Why are some nerve types more affected by age than others?

Excitotoxicity may also help to explain how the cholinergic motor neurons are 

selectively vulnerable. If these neurons are active all their life, yet become 

functionally impaired in the latter stages of maturity, it is possible that continued 

overactivity in the ageing ad libitum animal is sufficient to destroy a large 

proportion of them. Cholinergic neurons may also be vulnerable to withdrawal 

o f , or lack of access to, an unspecified target-derived neurotrophic factor, rather 

than to changes within the neurons themselves. Changes in receptor expression 

may also be important (Gavazzi and Cowen, 1998). This could be the case in a 

number of CNS pathologies (Appel, 1981), as well as in ENS neurons, as 1 

suggested in chapter 4. In humans, from the age of 40, degenerative features 

known as neurofibrillary tangles appear, and it has been suggested that these 

prevent the cholinergic neurons in the basal forebrain from receiving trophic 

support in the form of NGF (Kerwin et a l 1993). Nothing similar to these 

tangles was observed in the morphology of enteric neurons, although in chapter

3,1 identified an increase in low, medium and heavy neurofilament expression in 

neurons from aged rats maintained on a restricted diet, which suggests that there 

are alterations in the ageing neuronal cytoskeleton, the nature of which are
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unknown. Whether such changes occur in the myenteric neurons of ad libitum 

fed animals is a matter for further investigation. Since neurofilament proteins 

are common in the ENS (Baker and Sallustio, 1994), including the human ENS 

(Baker, 1997), changes in the cytoskeleton may be an important feature of 

peripheral neuronal degeneration, and may be indicative of impending neuronal 

atrophy or death. Previous studies have suggested that reductions in axon 

transport which occur with changes in the cytoskeleton of sensory nerves 

supplying mesenteric arteries may be responsible for reduced neurotransmitter 

content within the cell body (of CGRP) as a well as being indicative of a 

possible functional impairment of the neuron itself (Li and Duckies, 1993). 

Axon transport of CGRP in rat sensory nerves has been shown to decline with 

age (Fernandez and Hodges-Savola, 1994), In this case, apparent neuronal loss 

was explained by defective axon transport. However, with regard to the results 

described in chapter 4, counter staining revealed no evidence to suggest that 

changes in neurotransmitter expression were responsible for the apparent loss of 

cells.

Cholinergic neurons in the CNS appear to be mainly dependent on BDNF and/or 

NGF. Since levels of these two growth factors appears to be unchanged or 

slightly reduced in the ageing brain (Rylett and Williams, 1994), it appears that 

other factors may be involved (for example, cholinergic differentiation factor - 

CDF - a molecule involved in the switching of neurotransmitter phenotype in 

sweat glands from cholinergic to noradrenergic (Rao and Landis, 1990).
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Changes in the cytoskeleton may also result in reduced transport of NGF by 

cholinergic neurons, preventing the neuron from receiving adequate supplies, 

and inducing an atrophic state (Cooper et a l 1994).

7.11 Why are nitrergic neurons unaffected by age?

In chapter 5 ,1 analysed the responses of nerve populations to growth changes in 

their target and noted that sensory and sympathetic nerves responded differently. 

In chapter 4 ,1 again examined two neuronal populations and noted that nitrergic 

neurons were relatively spared in comparison to those with a cholinergic 

phenotype. The reason for this may lie in a protective mechanism which has 

evolved to prevent NO from exerting a toxic effect on its parent cell (Lees, 

1993). In CNS pathological states, the nitrergic neurons are also relatively 

spared, which is suggestive of a protective mechanism operating in these 

neurons throughout the body (Koh and Choi, 1988). Previous work in the gut 

certainly seems to suggest that nitrergic neurons are selectively protected against 

age related loss in the myenteric plexus (Santer and Baker, 1994).
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7.12 Conclusion

This discussion has attempted to show the reader that the possible mechanisms 

of cell death in the ageing ad libitum fed Sprague-Dawley rat which I have 

identified, and speculated on, are all interconnected to a certain degree. The 

involvement of other agents has been hypothesised throughout the course of this 

discussion, and research into these areas may yield the implication of yet more 

mechanisms. In Figure 7.1, I have attempted to combine these factors 

diagrammatically. It will be seen that these can be divided into two groups, 

inrinsic and extrinsic, which can be closely involved with, and influence, each 

other. The correct hypothesis is therefore most likely to use a combination of 

these factors.
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Figure 7.1

A schematic diagram which shows possible contributing factors involved in age- 

and diet- related neuronal cell loss in the adult rat myenteric plexus, as identified 

by this thesis and discussed in Chapter 7.

ROS -  Reactive oxygen species 

GFR’s -  Growth factor receptors
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