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ABSTRACT
The aim of this thesis has been to use morphological techniques to study the
influence of targets, growth factors and presynaptic activity in neuronal
ageing.

I have used immunohistochemical and histochemical methods to investigate
changes in the innervation in blood vessels from the cerebral, portal, cardiac
and caudal circulation of the rat through development and ageing. These
studies showed that neurodegeneration is not a general phenomenon of ageing
perivascular nerves. However, significant amounts of neurodegeneration were
seen on the middle cerebral artery (MCA) and the tail vein (TV).

Intracellular injection techniques were developed to allow analysis of the
dendritic arbors of the same neurones whose axons had been investigated. A
preliminary study showed that, in accordance with other studies the dendritic
arbors of sympathetic neurones in the SCO increase in length and complexity
during

postnatal

development.

However,

in

old

age

significant

neurodegeneration of dendrites was observed. Furthermore contrary to
previous studies, we show that the number of primary dendrites on SCG
neurones decreases during postnatal development and ageing.

Using retrograde tracing in combination with intracellular injection, I showed
that the dendritic arbors of sympathetic neurones projecting to different targets
demonstrated striking target-specificity. Furthermore, changes in dendritic
1

geometry of these neurones during development and ageing were again targetspecific.

The ability of aged sympathetic neurones to respond to increased synaptic
activity was investigated. The ability of aged neurones to upregulate tyrosine
hydroxylase (TH) and neuropeptide Y was either slowed or abolished. Data
shows that TH levels and TH activity are differentially regulated.
Furthermore, evidence is provided to show that TH activity can be
upregulated by nonsynaptic mechanisms.

The ability of degenerating aged neurones to respond to exogenous nerve
growth factor (NGF) was tested in vivo. Aged neurones are able to increase
both their dendritic and axonal arbors in response to NGF. The pattern of
regrowth innervation of the axonal arbors from aged neurones after NGF
treatment was typical of the plexus found in young rats, providing evidence
that variable NGF levels may cause the neurodegenerative changes we have
observed. Dendritic regrowth was also observed in response to NGF treatment
of the trarget tissue. However, reduced plasticity of response was shown by
the inability of these neurones to induce new dendritic branches.
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INTRODUCTION
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The first aim of this thesis is to describe the effect of ageing in the nervous
system and thereby provide models of neurodegeneration with which to
investigate the primary causative events in neuronal ageing. Two questions
have been studied: Is age associated neurodegeneration a result of intrinsic
changes in the neurone or is it due to changes in some aspect of its local
environment. Secondly, is it possible to reverse neurodegenerative changes by
the application of exogenous factors? In the Introduction, I will begin by
describing how ageing affects both the central and peripheral nervous system.
I will then go on to formulate a hypothesis of the mechanisms underlying
neuronal degeneration based on the description of neurodegenerative changes
and what is known about the trophic regulation of neurones.

AGE CHANGES IN THE NEURONES OF THE CNS.
Neurones do not in general multiply after birth. Therefore, neuronal
populations can either remain unchanged or decrease in number with age.
Neuronal loss is generally believed to be a hall-mark of ageing. In the humzm
cerebral cortex, decreased packing density has been interpreted as cell loss
(Brody, 1955). However, studies using recent developments in cell counting
techniques have shown shrinkage but not cell loss in the ageing human cortex
(Haug, 1984; Terry et al. 1987). In humans neuronal loss has been reported
in the parts of the hippocampus (Ball, 1977), the substantia nigra, basal
forebrain (Selkoe, 1992) and the locus coeruleus (Vijayshankar and Brody,
1979) but appears not to be a general phenomenon affecting all parts of the
CNS. Nerve cell loss in the dopaminergic neurones of the substantia nigra and
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the cholinergic neurones of the basal forebrain is seen in Parkinson’s (Selkoe,
1992) and Alzheimer’s disease (Whitehouse et al. 1982; Coyle et al. 1983)
respectively. The stability of human neuronal populations have been
demonstrated in the hypothalamus (Selkoe, 1992), and the brain stem
(Konigsmark and Murphy, 1970). In contrast to the human studies, the
majority of animal studies report no change of neurone numbers in the rodent
cerebral cortex (Diamond et al. 1993) and locus coeruleus (Coleman gmd
Goldman, 1981) but show good evidence of neuronal loss in the hypothalamus
(Duara et al. 1990). The evidence for the effects of age on neuronal
populations reveals that certain areas of the nervous system are more
vulnerable to ageing than others. However, the whole discussion about cell
loss in the brain is made problematic by the difficulties resulting from changes
in cell size and differential brain shrinkage (Haug, 1984).

In contrast to neurone numbers, synaptic morphology is not fixed at birth but
remains plastic throughout life (Purves, 1988; Berry et al. 1980). An important
question is, does the nervous system retains its plasticity in old age? Dendrites
and dendritic spines have been studied in more detail than other synaptic
indices because they can be studied at the light microscopical level. Since in
the CNS most synapses terminate on dendritic spines, this provides a good
index of synapse abundance and distribution. There is evidence of both
regressive and progressive changes in the dendritic arbors of neurones in the
cerebral cortex (Vaughan, 1977; Feldman and Dowd, 1975), hippocampus
(Buell and Coleman, 1979) and hypothalamus (Machado-Salas et al. 1977) of
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several species. The pyramidal cells of the aged mouse hippocampus show a
decrease in dendritic arborisation and loss of spines (Machado-Salas and
Scheibel, 1979) whereas, in humans there is an increase in both the number
and length of terminal dendritic segments with age (Buell and Coleman,
1979). In Alzheimer’s disease dendritic atrophy is evident in the hippocampus
(Buell and Coleman, 1979) but not in the frontal cortex where there is
evidence of dendritic growth (Scheibel and Tomiyasu, 1978).

The synaptic plasticity of the adult nervous system is well established, and can
be elicited by partial denervations or manipulating the external environment.
Partial denervation studies in the CNS have shown that age has no effect on
the ability of neurones to sprout, although the sprouting response following a
lesion is slowed with age (Hoff et al. 1982). In the rat olfactory bulb there is
evidence of remodelling of synaptic input with an increase in the ratio of
mitral/granule cell synapses with age (Hinds and McNelly, 1979). An increase
in dendritic branching and spine density of cells in the visual cortex is
observed in aged animals that spent their final days in an enriched
environment compared with those housed under standard conditions (Connor
et al. 1981). Coleman and coworkers describe the increased growth seen in
hippocampal pyramidal neurones in middle age and early old age as an
attempt by viable neurones to cope with age-associated loss of their
neighbouring neurones (Buell and Coleman, 1979). Such findings are
encouraging because they suggest that the nervous system is capable of
dynamic remodelling of its neuronal connections even in later years and may
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be able to adapt to deleterious age changes. In summary, age-dependent
changes in synapses and dendrites are widespread in the nervous system. Most
studies report selective losses in synapses, dendrites and spines. However,
recent studies have reported significant growth and plasticity in some areas of
the aged nervous system.

Age changes in neuronal connectivity may be attenuated by alterations in
neurotransmitter mechanisms, which can involve both pre- and postsynaptic
cells. Presynaptic responses can be affected by the density of neuronal
innervation, neurotransmitter synthesis and levels, and factors that regulate
release such as uptake mechanisms. Postsynaptic response is affected by the
availability of target neurones, the number of receptors and receptor-effector
coupling mechanisms. The neurones of the basal forebrain are predominantly
cholinergic. Their main projections are to the hippocampus and the neocortex
where they have been associated with learning and memory. They are of
interest here because of their susceptibility to death in Alzheimers disease.
The most frequently studied presynaptic marker of cholinergic neurones is the
enzyme choline acetyl transferase(CAT). The activity and levels of CAT in
the cerebral cortex of Alzheimer’s patients have been reported to decrease by
up to 90% (Davies and Maloney, 1976). CAT activity is decreased with age
in the rat hippocampus and striatum (Morgan and May, 1990). However, in
the mouse many studies have reported an increase in CAT activity in similar
areas (Selkoe, 1992). One of the most studied neurochemical systems in the
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central nervous system is the dopaminergic nigro-striatal pathway. In
Parkinson’s disease levels of dopamine in the substantia nigra are severely
depleted (Selkoe, 1992). In the striatum, the target of the substantia nigra, D1
and D2 receptors decline by approximately 40% in rats. The D2 receptor
declines to a similar extent in mice and humans, however, the D1 receptor is
stable in these species (Morgan and May, 1990). These results show the
regional- and species- specific effects of ageing on neurochemical systems,
and the close relationship between normal and pathological ageing processes.

AGE CHANGES IN THE NEURONES OF THE PERIPHERAL NERVOUS
SYSTEM.
The ageing peripheral nervous system(PNS) has received much less attention
than the ageing CNS. This is in contrast to studies of early development where
the PNS has proved to be a good model for neuronal development. The
selective nature of nerve cell loss is also apparent in the PNS. No nerve cell
loss has been reported in the rat superior cervical, coeliac and superior
mesenteric ganglia although the packing densities are reduced (Baker and
San ter, 1988). However, a significant reduction in neuronal number is seen
in the enteric nervous system where up to 40% of neurones are lost in the
small intestine of the guinea-pigs and rat (Santer and Baker, 1988; Gabella,
1989). Cell loss has also been reported in the intrinsic neurones of the human
heart (Amorim and Olsen, 1990).

The growth of peripheral nerves to their targets has been studied in
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development and ageing (Cowen and Bumstock, 1986). Peripheral nerve
plexuses begin to grow about halfway through gestation in animals and
humans (Griffith and Bumstock, 1983). A period of rapid nerve growth then
occurs in the early perinatal period (De Champlain et al. 1970; Cowen et
al. 1982). The innervation density of autonomic targets does not stabilise but
continues to grow into maturity (Cowen et al. 1982; Dhall et al. 1986).
However, the rate of growth and the maximal innervation density vary
dramatically between different targets. This pattem of variable nerve growth
is continued into ageing; indeed there appears to be no clear demarcation as
to when the ageing process begins. The effect of ageing on peripheral nerves
has been shown to vary between regions. The coeliac ganglion of the rabbit
projects postganglionic sympathetic fibres to the renal artery which are
substantially effected in old age and also to the mesenteric artery where there
are no apparent changes in old age (Cowen et al. 1982). Ageing of peripheral
nerves is also species specific. The density of sympathetic innervation on the
basilar artery in the rat is reduced by 50% (Mione et al. 1988) whereas there
is no change in the same vessel in the rabbit (Cowen et al. 1982).

Peripheral nerve plexuses contain sympathetic, parasympathetic and sensory
axons. These neuronal groups can be further divided according to
neurotransmitter phenotype. A study of the axonal innervation on rat cerebral
blood vessels shows the differential effect of ageing on nerves expressing
different

neurotransmitters.

The

density

noradrenaline(sympathetic) decrease,
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of

nerves

expressing

whereas those nerves expressing

CGRP(sensory) and VlP(parasympathetic) increase (Mione et al. 1988). The
age-related increase in CGRP nerves on cerebral arteries is not matched in
mesenteric vessels where there is a decline with age (Dhall et al. 1986). These
results demonstrate the selective nature of the ageing process on nerves of
different phenotype. However, such studies are limited to describing the
density of nerves expressing a particular substance at a particular time and
cannot differentiate between axon loss and reduced

expression of

neurotransmitters or other neuroactive substances.

Changes occur in neurotransmitters in autonomic ganglia with age. The levels
of noradrenaline have been shown to be reduced in ageing human sympathetic
ganglia, whilst levels of ACh are unchanged (Hervonen et al. 1978). This is
in contrast to an increase in the levels of mRNA for tyrosine hydroxylase(THthe rate limiting enzyme in NA synthesis) in rat sympathetic ganglia
(Kedzierski and Porter, 1990). Although levels of TH appear to increase
decreases in the uptake and synthesis of noradrenaline have been reported in
the sympathetic neurones of the aged rat (Santer, 1979; de Avellar et al. 1990).

To summarise, age changes in neuronal numbers, connectivity and
neurotransmission in the PNS, like the CNS are regionally, temporally and
species specific. I have described the selective effects of the ageing process
on various aspects of neuronal morphology and phenotypic expression. The
limited evidence for retained plasticity in some neurones in old age indicates
that some potential exists to compensate for neurodegeneration.
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HYPOTHESIS
The hypothesis upon which this thesis is based is that selective
neurodegeneration during ageing is the result of a breakdown in the trophic
mechanisms that neurones use in the developing and adult nervous system to
form appropriate neuronal phenotypes. The word trophic is derived from the
Greek word ’trophe’, which means nourishment. The word has been used in
neuroscience to describe interactions between neurones and their neuronal or
non-neuronal targets that are important in their survival, differentiation and
plasticity. Evidence for the retention of similar trophic interactions in the
plasticity and remodelling of the adult nervous system has been shown in
several experimental studies (Purves, 1988; Kandel and O’Dell, 1992). The
retention in maturity of trophic interactions between neurones and their targets
means that the selective breakdown of these mechanisms with age may
underlie aspects of neurodegeneration.

The development and functioning of the nervous system requires the
interaction of signals both within and between cells. Many studies have shown
the importance of neural activity (McKee et al. 1989; Lipton and Kater, 1989),
neurotrophic factors (Levi-Montalcini, 1987; Thoenen, 1991), extracelluar
matrix (Edelman, 1983), glia (Rakic, 1974) and hormones (Devoogd and
Nottebohm, 1981) in neuronal development. I will describe the role of neural
activity and neurotrophic factors in neuronal development and plasticity. The
role of neurotrophic factors and neuronal activity have direct relevance to the
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studies of ageing described in my thesis.
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NEUROTROPHIC REGULATION OF NEURONAL DEVELOPMENT AND
PLASTICITY.
The history of the role of the target as a trophic regulator of neuronal
development can be traced back to the late 1940s. A collaboration between
Victor Hamburger and Rita Levi-Montalcini showed that about half of the
nerve cells initially generated in some parts of the vertebrate embryo die later
in development and that the amount of this cell death is modulated by the
neuronal target for review see (Levi-Montalcini, 1987). Thus, the vast
majority of neurones in a population degenerate if their intended target is
removed and, conversely, the incidence of cell death is reduced if an
additional target is provided (Hollyday and Hamburger, 1976). These results
showed for the first time that the fate of individual neurones is not a
predestined affair but depends upon their ability to respond to some property
of the target. Further evidence from Levi-Montalcini, Hamburger and Cohen
showed that the survival and neurite outgrowth of sympathetic and sensory
neurones in chicks and mammals was greatly enhanced by the protein nerve
growth factor(NGF) (Levi-Montalcini and Hamburger, 1951; Levi-Montalcini
and Booker, 1960). Furthermore, NGF deprivation causes a marked increase
in naturally occurring cell death. The biological importance of NGF as a
target derived molecule involved in the neuronal development is now well
established (Levi-Montalcini, 1987; Thoenen, 1991). Recent studies have
shown that BDNF, a neurotrophic factor very similar to NGF, may be able
to rescue motor neurones from cell death early in development (Oppenheim
et al. 1992; Van et al. 1992; Sendtner et al. 1992).
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NGF is produced by the target tissue then taken up by nerve terminals after
binding to its specific receptors (NGFr). Following binding, the NGFr
complex is internalised and retrogradely transported to the neuronal soma and
its uptake, internalisation and retrograde transport to neurones soma, where
it has a range of trophic effects(Hendry and Hill, 1980). High-affmity binding
of NGF requires the coexpression of a low affinity NGFr and a tyrosine
kinase trk. The recent discovery of a number of new neurotrophic factors has
raised the expectation of the generality of the neurotrophic hypothesis in
neuronal development. Some of these trophic factors such as Brain Derived
Neurotrophic Factor(BDNF) and Neurotrophic Factor 3(NT3) are closely
related to NGF (Thoenen, 1991). They too require the coexpression of the
same low affinity NGFr but with different members of the trk receptor
(Ragsdale and Woodget, 1991).

Trophic interactions are not restricted to regulating cell survival and neuronal
connectivity. The role of trophic interactions with the target in determining
neurotransmitter phenotype has been best described in the sympathetic nervous
system (Patterson, 1978; Landis, 1990). Sympathetic neurones that are
cultured in the absence of other cells develop characteristic noradrenergic
phenotype, whereas if they are grown in culture with cardiac or skeletal
muscle they develop a cholinergic phenotype (Patterson and Chun, 1974). A
small population of sympathetic neurones that innervate sweat glands are
noradrenergic early in development but switch to a cholinergic phenotype later
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(Leblanc and Landis, 1986). The switch occurs as the nerves make contact
with their target (Stevens and Landis, 1990). Transplants of sweat glands to
areas of skin which are normally adrenergically innervated induces transmitter
expression appropriate to the new target ie. the nerves become switched to a
cholinergic phenotype (Stevens and Landis, 1990). NGF has also been
reported to increase the level and activity of catecholaminergic enzymes in
neonatal rat sympathetic ganglia (Thoenen et al. 1971). Furthermore, NGF has
been shown to alter expression of the neurotransmitters substance P and
CGRP in sensory neurones (Lindsay et al. 1989).

The work of Dale Purves and his colleagues has been important in extending
the trophic theory of neuronal connections from embryonic to postnatal
development and through into maturity. The concept that neurones retain the
capacity for growth and remodelling in response to trophic signals in later life
has been largely established in the PNS (Purves, 1988). Quantitative studies
of the autonomic nervous system in mammals have provided evidence that
neuronal geometry and innervation are regulated by long-term trophic
interactions between neurones and their targets (Voyvodic, 1987; Purves et
al. 1988). Experimental alteration of the size of target tissues changes the
extent of axon and dendritic branching (Voyvodic, 1989), axon diameter
(Jacquin et al. 1989) and the number of preganglionic inputs (Purves and
Lichtman, 1985). Further experiments using antibodies to NGF or NGF itself
provide strong evidence that it is the quantity of NGF in the target that causes
these changes in neuronal geometry (Snider, 1988; Ruit and Snider, 1991).
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Levels of NGF mRNA have been shown to be proportional to the density of
the axonal innervation from sympathetic neurones (Korsching and Thoenen,
1983; Shelton and Reichard, 1984).

Recent evidence for similar functions of growth factors have been found in the
CNS (Varon et al. 1988). The responsiveness of the cholinergic neurones of
the basal forebrain nuclei to NGF is of particular interest because of the
importance of these neurones in cognitive functions and their extensive,
degenerative changes in Alzheimer’s disease (Seiler and Schwab, 1984).
Transection of their axons results in substantial loss of cells in developing and
adult animals (Hefti, 1986; Montero and Hefti, 1989). The reason for this cell
loss appears to be loss of trophic support from their targets. The exogenous
application of NGF rescues a significant proportion of these neurones (Hefti,
1986; Montero and Hefti, 1989) and promotes axon outgrowth (Schinstine and
Combrooks, 1989). The possibility that the loss of the cholinergic neurones
in the basal forebrain, in normal ageing and Alzheimer’s disease, is due to the
decreased access of these neurones to NGF has been summarised in the
cholinergic theory of ageing (Bartus et al. 1982; Perez-Polo et al. 1990; Appel,
1981). The prospect that neurotrophic mechanisms exist for other neuronal
systems is of great interest. A recent investigation showed that BDNF is
trophic for the dopaminergic neurones of the substantia nigra and that its
target, the striatum, produces BDNF mRNA (Hyman et al. 1991). This raises
the possibility that a breakdown in the trophic effects of BDNF may have a
role in the degeneration of nigral cells in Parkinson’s disease. However, it has
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not been easy to prove that changes in target levels of NGF are indeed a cause
of neurodegeneration in the ageing brain.

THE ROLE OF ACTIVITY IN THE DEVELOPMENT AND PLASTICITY
OF THE NERVOUS SYSTEM.
In addition to changing the electrophysiological properties of postsynaptic
cells, activity can also play important trophic roles in the cellular development
and plasticity of individual neurones (Leslie, 1993; Lipton and Kater, 1989).
The trophic role of activity in critical stages of early neuronal development
has been well established (Shatz, 1992). Increasing evidence points to the
continued use of these mechanisms in the adult nervous system. A major role
has been postulated for experience-dependent plasticity in the adult nervous
system (Kandel and O’Dell, 1992).

Neurotransmitters play an important role in the maintenance and plasticity of
individual neurones (Leslie, 1993; Lipton and Kater, 1989). The role of the
hippocampus in learning and memory has resulted in much research directed
at the effects of activity on the synaptic plasticity of its neurones. The
excitatory neurotransmitter glutamate has been implicated in processes
additional to synaptic transmission such as long term potentiation. In the rat
hippocampus glutamate promotes both neurite outgrowth (Pearce et al. 1987),
regression (Mattson and Kater, 1988) and at high levels, cell death (Rothman
et al. 1987). In the PNS, the neuropeptide vasoactive intestinal peptide (VIP)
regulates the mitosis, differentiation and survival of cultured sympathetic
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neuroblasts (Pincus et al. 1990).

Presynaptic innervation has been shown to play an important role in the
modulation of dendritic growth of some neurones (Rakic, 1972; Berry et
al. 1980). Martin Berry has shown using mutant mice that the development of
branching patterns and growth of dendritic arbors from Purkinje cells in the
cerebellum is dependent on presynaptic innervation and continues well into
maturity in adult mice where the continued growth of corticopontine fibres
may indicate remodelling according to functional criteria (Berry and Sadler,
1988).

In the rat CNS it appears that neurotransmitters and neurotrophic factors have
complementary roles in the maintenance of neuronal structure during
development and that imbalances in this system may cause neuronal
degeneration (Mattson et al. 1989; Cohencory et al. 1991). It is interesting to
note that recent studies have shown the activity-dependent regulation of
trophic factors in the CNS (Zafra et al. 1990). However, this is probably not
the case in the sympathetic nervous system or in motor neurones (Oppenheim,
1989). For example, mRNA NGF in the target tissues of sympathetic neurones
is unchanged following denervation (Shelton and Reichardt, 1986).

Some of the best studied examples of activity-dependent trophic effects are the
alterations in transmitter biosynthesis that occur in noradrenergic sympathetic
neurones in response to increased preganglionic sympathetic nerve activity

25

(Biguet et al. 1989; Rittenhouse et al. 1988). Tyrosine hydroxylase(TH) is the
rate-limiting enzyme in the synthesis of the neurotransmitter, noradrenaline.
Acute activity causes a transient increase in the activity of TH (Rittenhouse
et al. 1988) whereas, chronic activity causes an increase in the synthesis of TH
(Biguet et al. 1989). This mechanism enables the neurones to maintain
neurotransmission under conditions of chronic high activity. The possibility
that such mechanisms occur in the CNS has yet to be explored.

To summarise, activity, presynaptic contact neurotransmission and neuronetarget interactions may all affect different aspects of neuronal connectivity
including dendritic growth and neurotransmitter synthesis. The possibility that
the production of some trophic factors are regulated by neuronal activity is of
great interest and suggests that orthograde and retrograde trophic effects may
not be interdependent.

AN INTRODUCTION TO THE METHODOLOGY

A comparison o f different methods for visualizing dendritic arbors.
The two most common ways of showing dendritic arbors are Golgi staining
or intracellular injection (Marsel Mesulam, 1982). Although the Golgi method
is an impregnation method and therefore does not require the more technically
demanding intracellular techniques, the use of intracellular injection has
distinct advantages. In contrast to the capricious impregnations obtained with
the Golgi technique, specific types and numbers of neurones characterized on
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their physiological and anatomical properties can be labelled using the
intracellular method. Intracellularly stained neurones provide similar
morphological detail when compared to nerve cells impregnated with the Golgi
method. Another advantage of the intracellular method is related to specificity
of staining. In the Golgi technique, multiple nerve cells may be stained,
masking the processes of an individual cell. In addition, all of the processes
of a single cell may not be visualized because of a incomplete impregnation.
In intracellular staining, only one neurone is stained in a given volume of
tissue.

A range of substances have been injected using microelectrodes in neurones.
The intracellular injection of physiologically intact neurones requires either in
vivo injections in the living nervous system or the in vitro injection of brain
slices. Both of the above techniques allow the investigator to study the
physiology and anatomy of a single cell. The discovery that cells can be
injected intracellularly following formaldehyde fixation has allowed the study
of neuronal arbors without the need for careful physiological maintenance of
living tissues (Thomas et al. 1984). The most commonly used molecule for
intracellular injection of fixed tissue is Lucifer Yellow. However, other
compounds have been used for intracellular filling that are preferable to
Lucifer Yellow particularly as regards detection. Derivatives of the plant
lectin, biotin, have the distinct advantage in detection in that they can bind to
several molecules of conjugated streptavidin thus allowing amplification of the
signal. In this study I have used the molecule neurobiotin for intracellular
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injection and have detected this compound with streptavidin texas red.

Quantitative definition of the structure of dendritic trees, their development
and plasticity would appear fundamental to understanding the function of the
neurone. Because they are branched, dendrites are amenable to topological
analysis, which achieves a precise quantitative definition of an arborisation
facilitating a better understanding of growth modes and also of the mechanics
of remodelling which underlie plasticity.

In the confocal microscope the specimen is illuminated point-wise by a
coherent focused beam of light, and only light emanating from the illuminated
point is detected. Compared with conventional microscopy, this combination
of point illumination and detection offers several advantages, such as
improved resolution and a drastically reduced level of out of focus light. In
addition, it is possible to generate thin (l-2fim) optical sections from relatively
thick specimens. The mechanism behind this optical sectioning is that out-of
focus information is strongly attenuated. By collecting a number of
consecutive sections, a perfectly aligned volume recording of the specimen can
be obtained. Using this technique there is no need for mechanical sectioning,
a process which is time-consuming, destroys the specimen and produces
sections without mutual alignment.
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AIMS
The aim of this thesis has been to test the hypothesis that neuronal ageing is
the result of a breakdown in neurotrophic mechanisms established earlier in
development. This has required the development of appropriate experimental
models with which to investigate this question.

Chapter 3 investigates the effect of age on the innervation of rat blood vessels
in order to establish an animal model of ageing. The aim of this study was to
quantify: (i) the density and pattern of the entire perivascular nerve plexus
supplying different blood vessels using the general neuronal marker a PGP9.5;
(ii) the density of the sympathetic innervation at several stages of development
and ageing.

Chapters 4 & 5 investigated the effect of age on the morphology of dendritic
arbors of sympathetic neurones. This study required the development of a
technique to visualise, fill and measure the dendritic arbors of neurones
projecting to particular target tissues. I have attempted to describe (1) the
effect of ageing on the general sympathetic population (chapter 4), (2) whether
neurones projecting to particular targets had specific dendritic morphologies
and age changes (chapter 5), I have also compared the affects of ageing on the
dendrites and axons of the same neurones.

Chapter 6 investigates the ability of chronically increased nerve activity to
upregulate TH and NPY in sympathetic ganglia of young and old rabbits. The
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aim of these experiments was to investigate the ability of aged neurones to
respond to elevated levels of presynaptic neuronal activity.

Chapter 7 investigated whether neurotrophic factors were involved in agerelated axonal loss from the rat perivascular plexus. Using the model
developed in chapter 3 I infused exogenous NGF over these target tissues in
vivo in young and old animals, using miniosmotic pumps. I then studied the
extent of regrowth of old and young perivascular nerves.

Exogenous NGF and anti-NGF antibodies increase and decrease, respectively,
the dendritic arbors of developing and mature sympathetic neurones (Snider,
1988; Ruit and Snider, 1991; Ruit et al. 1990). In the final study (chapter 8),
I have investigated the ability of exogenous NGF, applied to target tissues to
reverse age changes in dendritic morphology. NGF was infused over target
tissues using miniosmotic pumps in young and old animals. Neurones
projecting to these targets were identified and their dendritic morphology
measured and compared with normal and vehicle-treated controls.
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CHAPTER 2
MATERIALS AND METHODS
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METHODS
Section 1
Quantitative analysis o f neurotransmitters and neurotransmitter synthesizing
levels in sympathetic ganglia.

Adult male New Zealand White rabbits were used at two age stages, 6 months
and > 3 .5 years. Animals of both ages were maintained in groups of 6 for 8
days or 4 weeks at either 4-8°c or 20-25°C. All groups were fed ad libitum
and kept under similar conditions. Animals were removed from the cold and
immediately killed with an overdose of pentobarbitone sodium (i.v). The
animals were perfused with Tyrode’s solution containing 0.05% Pontamine
Sky Blue. The left and right SCG and the ear artery were quickly removed.
The right SCG and ear artery was placed in a sealed vial and frozen in liquid
nitrogen for assay. The left SCG was removed, immersed in 4%
paraformaldehyde for 2 hours and processed for immunohistochemistry.

Surgery prior to cold exposure.
In some animals bilateral SCG decentralizations were carried out by cutting
the cervical sympathetic trunk under halothane anaesthesia. The trunk was
freed close to the ganglion, cut and tied into the subcutaneous connective
tissue to prevent regeneration. Decentralizations were carried out 3 days
before the start of the experiment.
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Microscopical assay for TH levels
Ganglia were washed after fixation in phosphate-buffered saline (PBS), kept
in 20% sucrose in phosphate-buffered saline (PBS) overnight and mounted in
OCT cryoprotectant. Ten pm

sections were taken from each ganglion

approximately 1/3 and 2/3 through the ganglion. The sections were processed
using conventional indirect immunocytochemical techniques. Sections were
incubated overnight in a monoclonal antibody to TH diluted 1:2 (Seralab UK)
followed by a second layer of sheep anti-mouse IgG conjugated to FITC
diluted 1:80 (Seralab, UK). Sections were counterstained with a 0.05%
solution of Pontamine Sky Blue in PBS. An antifade mountant (Citifluor UK)
was used. TH immunofluorescent cells were visualized under a Leitz Ortholux
fluorescent microscope. Control sections were prepared after omitting the
primary antibody. These specimens showed no positive cell labelling.
Immunofluorescence was quantified using a densitometric application of image
analysis (Cowen and Thrasivoulou, 1992). In order to avoid problems
associated with the fading of fluorescence, measurements were made within
3 days of preparation of the specimens which were kept at -ITC in the
intervening period, and after a uniform 15s exposure to illumination by the
mercury lamp. Each section contained approx 20 fields and each field was
measured. A small minority of the SCG sections contained SIF cells. Size
criteria were used to exclude individual but not clumped SIF cells from the
analysis of neurones, our observations indicated that only a minority of SIF
cells were excluded. The amount of TH immunofluorescence, as a measure
of TH levels, was quantified using a Kontron IPS image analyzer and
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expressed in terms of grey value. Variance between the different groups was
measured using Student’s t-test and the Mann Whitney U test.

ELISA assay fo r NPY.
Ganglia and ear arteries were placed in 0.5 M acetic acid in a boiling bath
for 15 min for extraction of peptides and determination of NPY levels using
an inhibition enzyme-linked immunosorbent assay (ELISA) as previously
described (Milner et al. 1987). NPY levels were expressed as mean pmol NPY
per ganglion or per cm artery

S.E.M.

Enzyme assay fo r TH activity
The procedure for measuring TH activity was based on that described by
Rittenhouse et al. (Rittenhouse et al. 1988). Briefly, the dissected ganglia were
homogenized in 400 jul of buffer containing lOmM potassium phosphate, 5mM
sodium pyrophosphate, and 0.1% triton X-100 (pH7.2). 20/^1 aliquots were
mixed with 20 yl aliquots of an incubation mixture containing 400mM
potassium phosphate buffer (pH 6.9), 6yM NSD-1015 (DOPA-decarboxylase
inhibitor), 160/aM tyrosine, 180/iM 6-methyltetrahydrobiopterin, 80mM
mercaptoethanol and 200,000 units/ml catalase. The samples were incubated
for for 6 min. 37°C. The reaction was stopped by the addition of 400^1 of ice
cold O.IM perchloric acid containing 0.4mM sodium bisulphite and 25ng/ml
of adrenaline as an internal standard. Blanks consisted of samples where the
perchloric acid and the incubation mixture were added in reverse order.
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Dihydroxphenylalanine (L-DOPA) and adrenaline were measured, following
alumina extraction by high performance liquid chromatography with
electrochemical detection. Separation was carried out using a mobile phase of
0. IM sodium dihydrogen phosphate, 0. IM ethylenediaminetetraacetate, 5mM
heptane sulphonate and 10% (v/v) methanol(pH 2.6). Quantitation was
achieved using a coulochem detector set at the following potentials: guard cell,
+0.35v; detector l,+0.35v; detector 2, -0.3v. Levels of L-DOPA were
calculated by measuring the peak heights relative to standards and corrected
for recovery from the alumina extraction using the adrenaline internal standard
and for endogenous levels of L-DOPA using the blanks. Results for TH
activity have been expressed as nmoles of L-DOPA synthesized per hour per
ganglion.

It was established in control ganglia that, under the conditions used, TH
activity was linear with respect to time and concentration of the homogenate.
Addition of 2mM iodotyrosine (TH inhibitor) to the incubation mixture
completely inhibited the production of L-DOPA. Furthermore, noradrenaline
levels did not change on incubation, indicating that DOPA decarboxylase
activity was inhibited during this assay.
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Section 2
Quantitative (immuno)histochemical analysis of the peripheral nerve plexus,

Sprague Dawley rats were sacrificed at 6 weeks, 7 months, 18 months and 24
months of age. 6 weeks of age represents a time when the perivascular plexus
is fully established. At 7 months of age the animals had achieved maximum
body length and were thus fully mature but not aged. 18 and 24 months of age
represent two different stages of the ageing process. At 24 months the animals
were senile, mortality ranging from 30-50% of the population. The
perivascular innervation of 5 blood vessels, the middle cerebral posterior
cerebral and basilar arteries, the superior vena cava and the portal and tail
veins, and the submandibular gland were studied immunohistochemically and
histochemically with the general neuronal marker PGP9.5 and the sympathetic
nerve marker glyoxylic acid respectively. Antibodies against PGP9.5, an
enzyme on the ubiquitin pathway isolated from human brain, has been used
as general neuronal markers with a high degree of species cross-reactivity
(Thompson et al. 1983). Animals were given an overdose of pentobarbitone
sodium. They were perfused intraventricularly with Tyrode’s solution before
tissue was taken for immunohistochemistry and histochemistry.

Immunohistochemistry
Vessels were removed quickly and immersed in 4 % paraformaldehyde for 2
hours. An eyepiece graticule was used in the dissecting microscope to stretch
the vessels to their in vivo dimensions before fixation. All vessels except the
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basilar and middle cerebral arteries were opened and pinned onto silicone
rubber strips adventitial side up. Vessels were washed in phosphate buffered
saline (PBS) and treated with 0.1% TritonX-100 and 80% alcohol to enhance
penetration. Conventional immunohistochemical procedures were used to
process the specimens; 5% swine serum in PBS was applied for 2 hours
followed by anti-PGP9.5 (1:4(X) Ultraclone) overnight, and a FITC-conjugated
swine-anti-rabbit antibody (1:80 Dako) for 2 hours. Antibodies were
dilutediluant of PBS (containing 1% swine serum, 0.1% azide and 0.1%
triton). Vessels were counterstained with 0.05% pontamine sky blue (BDH
UK) for 10 minutes, re-stretched to their in vivo dimensions over mica strips
and mounted with an antifade mountant (Citifluor UK).

Histochemistry
Vessels were removed and stretched quickly to in vivo dimensions on sylgard.
All vessels except the basilar and middle cerebral arteries were opened
adventitial side up and incubated in a 2 % glyoxylic acid solution in phosphate
buffer (pH 7.2) at room temperature for 90 minutes. For the last 10 minutes
0.05% pontamine sky blue was added to the incubation solution. The vessels
were then stretched on mica and placed in a chamber at 80% humidity for 15
minutes then placed in an 80° oven for 5 minutes. The vessels were then
mounted on microscope slides in liquid paraffin.

Sympathetic nerve fibres were detected

in the Submandibular gland

(SMG) and the iris using the SPG method of la Torre and Surgeon (1976).
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lO^m of SMG were made using a Bright 5030 cryo-microtome. Within 1
minute of being sectioned, the sections(3 from each gland were processed in
the glyoxylic acid solution containing sucrose, potassium dihydrogen
orthophosphate (KH2P04), glyoxylic acid and IM sodium hydroxide (NaOH)
in distilled water. The solution was adjusted to pH 7.4 (physiological pH)
using IN NAOH.

After having 3 x 1 second dips in the glyoxylic acid

solution, the slides were dried with a hairdryer for 1 min., and then placed
into an 80° oven for 4 mins. The sections were then mounted on gelatinecoated glass slides in liquid paraffin.

Light microscopical image analysis
Specimens were observed with an Olympus Vanox fluorescence microscope.
Three fields were chosen from the rostral, middle and caudal ends of each
vessel and nerve fibre density quantified using established methods of image
analysis (Cowen and Thrasivoulou, 1992). A Kontron IPS image analyzer was
interfaced to an Olympus Vanox AH-2 fluorescence microscope via a low
light video camera. An image of the perivascular nerves was taken in. The
optimal gain setting and integration time of the camera was set so that the
maximum intensity of the image did not exceed the upper limit of grey value.
Images were subject to background substraction and the resulting nerve
density measured. Nerve density was expressed as area % (% of the field
covered by nerves) and intercept density (measured as the number of nerve
bundles that transected a grid of lines placed at right angles to the vessel axis
and expressed as intercepts per mm).

38

Variations in area density of nerve fibres with age may not represent a net
change in the total nerve fibre population if there is also a change in the size
of the target tissue. To evaluate the overall nerve population, the
circumference of each vessel was measured at multiplied by its nerve density
to give a number representing the total nerve number. This removes
inaccuracies that may have occurred due to differential size changes during
processing.
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Section 3
Quantitative analysis o f the dendritic arbors from sympathetic neurones.

Animals were used at 6 weeks, 7 months and 24 months of age. These age
groups correspond to young adult, fully grown adult and aged, respectively.
Neurones were investigated from the superior cervical ganglion and the
lumbar and sacral sympathetic chain ganglia. This study is divided into two
parts. In the first part a general set of neurones was studied from the superior
cervical ganglion (SCG) whose axon projections were unknown. The second
part investigated neurones whose axon projections were known. The
identification of target-specific neurones required retrograde labelling.
Neuronal populations projecting to the middle cerebral artery,

the

submandibular gland, the iris and the tail vein were investigated.

Retrograde tracing
A combination of two retrogradely transported dyes Fast Blue (FB) and
Diamidino Yellow (DY) (Sigma UK) dissolved in distilled water were used for
the tracing. Animals were anaesthetized using a mixture of halothane and
oxygen during the application of retrograde labels. Survival periods post
operation were 5-7 days.
(i) middle cerebral artery:
Under deep aesthesia rats were fixed in a stereotaxic head frame. A sagittal
scalp incision was made between the eyes. The scalp and the temporal muscle
on the left side was retracted laterally. A bone window was drilled below the
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sagittal suture and between the coronal and lambdoid sutures. The middle
cerebral artery was identified and the dura over the artery incised. A small
piece of sponge preabsorbed with 2% FB and 0.5% DY was placed inside the
dura over the artery. A small sheet of antibacterial sponge was placed over the
exposed area and the animal sutured.
(ii) The iris:
Under deep aesthesia, a scleral injection of 3-5um of 1% FB and 0.2% DY
was made into the anterior eye chamber using a hamilton syringe with sharp
bevelled tip.
(iii) The submandibular gland:
Under deep aesthesia an incision was made in the neck and the submandibular
glands exposed. A hamilton syringe was used to inject 10 jul of 1% FB and
0.25% DY into several sites around the gland. Care was taken to inject inside
the connective tissue sheath of the gland in order to prevent spread of the dye
to other areas.
(iv) The tail vein:
The tail vein was exposed by a 0.5cm incision made on the lateral borders of
the tail 1 cm from its base. A total of 10/il of the FB (1%) and DY (0.25%)
solution was injected at three sites along the vein.

The specificity of the retrograde tracing to each target was investigated by
looking at the sympathetic ganglia contralateral to the labelled tissue. On the
contralateral side only occasional neurones, faintly stained with fast blue, were
observed which was in no way similar to the bright staining of the cytoplasm
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(FB) and the nucleus (DY) seen on the ipsilateral side.

Intraneuronal labelling technique (Figure 2.1).
Rats were killed with an overdose of sodium pentobarbitone. They were then
perfused

intra-cardially

with

Tyrode’s

solution

followed

by

4%

paraformaldehyde in Pipes buffer. A good perfusion was necessary for proper
fixation of the tissue. Sympathetic ganglia were dissected free, desheathed and
post-fixed in 4% paraformaldehyde for 2 hours. Ganglia were washed in
phosphate buffered saline (PBS) and stored in PBS containing sodium azide
at 4°C until used. Ganglia were pinned out in a Sylgard-coated culture dish.
The dish was placed on a stage of a standard epifluorescence microscope
(Leitz Orthoplan) equipped with a 100 W mercury lamp. The dish was filled
with PBS so that fluid just covered the ganglion. Ganglion cells were
visualised using a long working distance 32 x objective (Leitz; 4.5mm,
NA=0.4). Neurones innervating targets that had been retrogradely labelled
were identified by the presence of Fast Blue in the cytoplasm and Diamidino
Yellow in the nucleus. In experiments with unlabelled neurones the fluorescent
nuclear dye DAPI was used to visualize the soma. Ganglia were immersed in
a solution of 1:1(K300 DAPI in PBS for 10 minutes. Cells labelled with
FB/DY and DAPI were detected using filters for ultra-violet wavelengths
(Leitz D cube).

Neurones were impaled with glass electrodes (Clarke Electromedical UK)
containing a mixture of 4% Neurobiotin (Vector UK) and Lucifer Yellow
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(Molecular Probes); electrodes had resistances of 30-50MQ. Using the ultra
violet filter block (Leitz D2 cube) the neurones and the Lucifer-filled electrode
could be seen simultaneously, thus permitting accurate placement of the
microelectrode tip. The amount of time that the electrode and the ganglion
were illuminated was kept to a minimum because prolonged excitation caused
fading of adjacent FB/DY labelled cells. A satisfactory impalement was
characterized by the rapid filling of the cell with Lucifer Yellow following a
short burst of hyperpolarizing current. If the cell body appeared bright and the
primary dendrites were beginning to fill, 3 nA of depolarizing current was
passed for 30 minutes to fill the cell with neurobiotin. After cells on both
sides of the ganglion had been injected in this way, the ganglion was placed
in a 1:50 solution of Streptavidin-Texas Red (Amersham UK) in PBS
containing 0.3% Triton overnight, washed in PBS and mounted in an antifade
mountant (Citifluor UK).

43

Figure 2.1 Intracellular labelling of sympathetic neurones innervating specific
target tissues. All 3 panels show the same region of a rat sympathetic
ganglion, a, Using ultraviolet filters neurones are seen that are retrogradely
labelled with Fast Blue(cytoplasm) and Diamidino Yellow(nucleus). b, The
cell is impaled with an intracellular micropipette. The marker Lucifer Yellow
is injected to verify that the cell is properly injected, c, Neurobiotin is then
injected and reacted to reveal using the confocal microscope the entire
dendritic arbor.
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Quantitative analysis o f dendritic arbors using the confocal microscope.

Confocal scanning laser microscopy was performed using a Bio-Rad MRC 600
microscope fitted with a krypton-argon laser. Neurones were observed with
either a x 40 (Olympus DPlanApo 40UVPL)or a x 16 (Zeiss NeoFluar 16/0.5)
lens depending on the extent of their arbors. Neurones were first located with
conventional fluorescence microscopy with filters for rhodamine. Using the
confocal microscope, the aperture and the gain settings were set optimally for
each neurone to maximise contrast. Kalman filtering was used to remove non
specific background noise. Successive 2pm optical sections of the neurones
were taken in by the confocal microscope and stored on optical disc, creating
files up to 125 consecutive sections which were then used to generate throughfocus images of the entire neurone.

Bio Rad confocal software was used in the analysis of neuronal morphology.
Several quantitative measures of dendritic morphology were determined. From
the through-prqjection image, soma size and area of the dendritic field were
measured. The total dendritic length was measured by tracing the length of
every dendrite in an arbor. The file of consecutive sections of each neurone
was used to count the no. of primary dendrites, defined as a dendritic process
that arose from the ganglion cell soma and extended radially for a distance
greater than the diameter of the cell soma. The number and type of vertices
(branch points) were also calculated. Resolving whether a junction between
dendrites was a branch point or crossing over of two adjacent dendrites was
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achieved by examining successive optical sections of the neurone. The analysis
of vertices has been previously described by Berry (Sadler and Berry, 1989).
A "c" type branch point gives rise to two link segments, a "b" type branch
point gives rise to a link and a terminal segment, whilst an "a" type branch
point gives rise to two terminal segments. The number of terminations (T) was
given by the following equation;

T = (b+2c) 4- u (u= the no. of unbranched 1° dendrites).

The segment length was calculated;

TDL / 2 X (total number of branch points 4- the no. of primary dendrites)

The final parameter was the depth of the dendritic arbor in the ganglion which
was calculated as the range of the dendritic arbor in the z plane.
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Section 4
The in vivo application of Growth Factors with Alzet mini-osmotic pumps.

Experiments were designed to reverse the neurodegeneration of nerves
associated with the ageing MCA by the exogenous application of growth
factors. The MCA was exposed as described in section 3(retrograde tracing
from the middle cerebral artery). As previously described a slit in the dura
was made and a piece of sponge soaked in retrogradely transported dyes
placed over the MCA. A catheter made of translucent vinyl tubing of ID
0.63mm + OD 1.4mm (Portex UK 800/010/100/800) attached to a 2002
Alzet mini osmotic pump was inserted into the sub-dural space over the MCA.
The pumps contained (i) NGF (Boehringer) lOOug/ml in PBS containing rat
albumin (ii) Cytochrome C (Calbiochem) in PBS/albumin. Cytochrome C was
used as a control protein of similar size to NGF but without its neurotrophic
activity. Albumin was used as a carrier protein for cytochrome C and NGF.
The tubing was fastened in position with dental cement, and sutured to the
connective tissue on the skull. The wound was closed and the animal left to
recover. The miniosmotic pumps delivered 15^1 a day. The animals were
killed after 2 weeks and the axonal and dendritic arbors analyzed as described
in sections 2 and 3 respectively.
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CHAPTER 3
NEURODEGENERATION OF SYMPATHETIC
AND NONSYMPATHETIC NERVES IN
AGEING RATS
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INTRODUCTION

The perivascular nerve plexus may include nerve fibres from sympathetic,
parasympathetic

and

sensory

neurones.

Immunohistochemical

and

histochemical techniques have shown that the pattern and density of
neurotransmitter-defmed nerves vary in blood vessels from similar and
different vascular beds and between identical blood vessels from different
species

(Todd and Tokito, 1981; Cowen and Bumstock, 1986; Dhall et

al. 1986; Mione et al. 1988). Studies of development and ageing show that
temporal changes in perivascular nerves are region-specific (Cowen et
al. 1982; Dhall et al. 1986). The neurotransmitter phenotype of some
perivascular nerves is unknown. The neuropeptide CGRP, commonly used as
a marker for peripheral sensory nerves, is only present in about 30% of
cerebral blood vessels supplying cerebral blood vessels (Edvinsson et al. 1989).
Other studies have shown that ageing in perivascular nerves may include
changes in neurotransmitter content combined with nerve fibre loss (Cowen
and

Thrasivoulou,

1990).

Therefore,

studies

using

staining

for

neurotransmitters are limited to describing the density of nerves expressing a
particular substance at a given developmental age. It is of particular
importance in studies of ageing to know if neurodegeneration occurs and
where it does, whether it is selective for particular nerve populations or a
general process affecting all nerves.

The first aim of the study was to investigate the density and pattern of the
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whole perivascular nerve plexus, including sympathetic, parasympathetic and
sensory nerves, from different vascular beds through development and ageing.
Antibodies against PGP9.5, an enzyme on the ubiquitin pathway isolated from
human brain, were used as general neuronal markers with a high degree of
species cross-reactivity (Thompson et al. 1983; Cowen and Thrasivoulou,
1990).

The second aim of this study was to investigate, using glyoxylic acid
histochemistry, the effects of age on the sympathetic innervation of the same
vessels. The sympathetic innervation is the most profuse in the autonomic
nerve plexus. Glyoxylic acid histochemistry has been widely used to detect
the noradrenaline content of sympathetic nerves (Todd, 1980; Mione et
al. 1988). Established techniques of image analysis were used to quantify nerve
density (Cowen and Thrasivoulou, 1992).
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METHODS
See materials and methods section 2.
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RESULTS

PGP-immunohistochemistry (Fig 3.1-3.3).
There was great variation in the nerve density of different vessels. The middle
cerebral and the basilar arteries had the most dense plexuses of PGPimmunoreactive (PGP-IR) nerves consisting of large ’paravascular’ nerve
bundles orientated in a longitudinal manner in the superficial adventitia and
a more randomly orientated ’perivascular’ plexus of smaller nerve bundles
closer to the medial smooth muscle. The pattern of the perivascular nerve
plexus on the middle cerebral and basilar arteries showed changes with age.
Younger vessels appeared to have more longitudinally orientated paravascular
nerve bundles than the older vessels where predominately fine perivascular
nerve fibres formed a relatively random plexus. The nerve plexus of the tail
vein was less dense than the arteries described above but was more dense than
the other two veins. It also had para- and perivascular components. The nerve
plexuses to the portal vein and the superior vena cava appeared to have similar
densities. Both vessels had a relatively sparse, randomly orientated innervation
with both very thick and very fine nerve bundles. The nerve plexus was often
seen innervating vasa vasorum. The portal vein has two smooth muscle layers
both with autonomic innervation. Because whole mounts were used only the
innervation of the more superficial layer was studied in this vessel.
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Noradrenaline histochemistry (Fig 3.4).
The variability in the pattern of innervation between targets was also seen
following noradrenaline histochemistry (NA). The innervation patterns differed
from those observed with PGP in that mainly fine nerve bundles were seen in
contrast to the large and fine bundles seen using PGP. The NA innervation of
both smooth muscle layers in the portal vein could be detected. The
innervation of the underlying layer is orientated tangentially whereas the
innervation of the superficial layer is orientated longitudinally. The innervation
of the submandibular gland was different to the vascular tissue. Fine nerve
bundles were seen orientated around the acini of the gland. The innervation
of the iris was very dense and randomly orientated.

Image analysis (Fig 3.5-3.8).

The mean circumference of all blood vessels increased from 6 weeks to 7
months but were generally unchanged in old age (Fig 3.5).

The area density of PGP-IR nerves on the middle cerebral artery was
unchanged from 6 weeks to 7 months but from 7 months to 24 months there
was a significant decrease in density (-37%,p<0.05, Fig 3.6). The total
number of PGP-IR nerves was calculated by multiplying the intercept density
(number of nerve bundles/mm) of each vessels by its circumference in mm.
The total number of PGP-IR nerves, like the area density, was unchanged
from 6 weeks to 7 months but a significant (-37%,p<0.05) loss of nerve
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fibres was seen between 7 and 24 months (Fig 3.6). The NA nerve density to
the MCA was decreased from 6 weeks to 24 months (-52% ,P < 0.0005,Fig
3.8).

There was a significant decrease in the PGP nerve density of the tail vein
from 6 weeks to 7 months (-27%,p<0.05) and from 7 months to 18 months
(-32%,p<0.01) but no change was detected between 18 and 24 months
(Figure 3.6). Making allowances for changes in size, the total number of
PGP-immunoreactive nerves on the tail vein there was a no significant loss of
nerve fibres between adjacent age groups but a significant loss of nerve fibres
between 6 weeks and 18 months (-40%,p < 0.05, Fig 3.7). In contrast to the
total nerve plexus as stained by PGP, the area density of NA nerves increased
with age. A 50% increase in nerve density occurs between 6 weeks and 24
months ( p < 0.001,Fig 3.8).

The PGP-IR area nerve density of the basilar artery was at its highest level at
6 weeks and it then decreased significantly (P < 0.05) relative to this age stage
at 18 and 24 months (Figure 3.6). However, the total number of PGP-IR
nerves to the basilar artery remained unchanged throughout development and
ageing (Figure 3.7). The density of NA nerves decreased by 50% from 6
weeks to 24 months in the basilar artery (P < 0.001,Fig 3.8).

The density of PGP-IR to the superficial smooth muscle layer of the portal
vein decreased from 6 weeks to 7 months (-22%,p<0.01), increased from 7
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to 18 months (+60% ,p<0.05) and decreased again from 18 months to 24
months

(-47%,p<0.05, Fig 3.6). This variability in the PGP-IR nerve

density of the portal vein may have been caused by the changing stretch-ability
of the portal vein with age. The total number of PGP-IR nerve fibres to the
portal vein did not change from 6 weeks to 7 months, increased significantly
from 7 to 18 months (+35% ,p<0.05) but decreased after 24 months (33% ,p<0.05). The density of NA nerves to both layers of smooth muscle on
the portal vein was unchanged from 6 weeks to 24 months of age.

The density and the total number of PGP-IR nerve fibres to the superior vena
cava was unchanged throughout development and ageing, the NA innervation
was also unchanged.

The density of the NA nerve fibres in the submandibular gland was unchanged
with age. The NA nerve density as given by the % area (Area %) covered by
nerves was increased from 6 weeks to 24 months of age in the iris (P<0.05).
However, the NA nerve density as given by nerve bundles per mm (Intercept
density) was not significantly changed with age. This probably represents an
increase in the size of nerve bundles in the old animals.

56

Figure 3.1 Photomicrograph of whole-mount preparations of rat middle
cerebral arteries showing PGP-immunoreactive nerve fibres demonstrated by
immunohistochemistry at different age stages. The axis of the vessel runs
horizontally. Bar = SOjtim

a) 6 weeks of age( Young adult)

b) 7 months of age(Fully grown adult)

c) 24 months of age(Aged)
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Figure 3.2 Photomicrograph of whole-mount preparations of rat tail veins
showing

PGP-immunoreactive

nerve

fibres

demonstrated

by

immunohistochemistry at different age stages. The axis of the vessel runs
vertically. Bar = 50^m.

a) 6 weeks of age(Young adult)

b) 7 months of age(Fully grown adult)

c) 24 months of age(Aged)
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Figure 3.3 Photomicrograph of whole-mount preparations of rat portal veins
showing

PGP-immunoreactive

nerve

fibres

demonstrated

by

immunohistochemistry at different age stages. The axis of the vessel runs
vertically. Bar = 50/im.

a) 6 weeks of age(Young adult)

b) 7 months of age(Fully grown adult)

c) 24 months of age(Aged)
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Figure 3.4 Photomicrograph of whole-mount preparations of middle cerebral
arteries (a,c) and tail veins (b,d) showing noradrenergic nerve fibres
demonstrated by glyoxylic acid fluorescence histochemistry in young (a,b) and
old (c,d) rats. The axis of the vessel runs vertically. Bar = 50/xm.
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Table 3.1 Table showing the mean changes in circumference in blood vessels
at 4 stages of development and ageing ±_ S.E.M.. Significance between
adjacent age groups was tested by ANOVA * p<0.05. Units in mm.
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Blood vessel circumference/mm.
Young

Mature

MCA

0.29+0.01

0.40jL0.02*

0.39+0.02

Basilar

0.34+ 0.02

0.51+.0.04* 0.494:0.03

0.60+0.04*

Tail vein

0.67+.0.03

1.33+.0.13*

1.19+.0.16

1.16+0.09

Portal vein

4.7+.0.46

6.4+0.27*

5.68± 0.29

5.73+0.50

SVC

3.24+.0.31

5.51+.0.25* 4.944:0.45

6.03±0.03

Aged

Senile

Figure 3.5

Graph showing the intercept density (mm-*) of PGP-

immunoreactive nerve fibres on rat blood vessels demonstrated by
immunohistochemistry at different age stages. Error bars represent S.E.M.

67

Age Changes in Density of PGP-IR Nerves
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Table 3.2 Table showing the mean total number of PGP-immunoreactive
fibres demonstrated by fluorescence immunohistochemistry at different age
stages in blood vessels of the rat ±_ S.E.M .. Significance between adjacent
groups was tested by ANOVA * p <0.05.
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Total Number of PGP-IR Nerves
Young

Mature

MCA

28.3+.2.9

36.1+ 3.3

Basilar

34.14+4.5

3 8.6 + 3 .0

34.67+5.2

28.3+ 4.0

Taü vein

S9.4+.5.2

79.5+,8.2*

48.8+11*

46.5+5.1

Portal

137.0+14

132.6+.7

178.9+.23*

119.3 + 19*

SVC

93.94+ 7.2

1 2 5 .7 0 il5

119.94:18

147.7+31

Aged

Senile
22.8+3.3*

Figure 3.6 Graph showing the intercept density (mm-') of noradrenergic nerve
fibres of rat blood vessels demonstrated by glyoxylic acid fluorescence
histochemistry at different age stages. Error bars represent S.E.M..
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Age Changes in Density of NA Nerves
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DISCUSSION

The heterogeneity of autonomic perivascular nerve plexuses has been well
documented (Cowen and Bum stock, 1986). Perivascular nerves are composed
of several populations of nerves including sympathetic, parasympathetic and
sensory nerve fibres. The pattern and density of neurotransmitter-defined
nerve fibres varies dramatically, between blood vessels of similar (Todd and
Tokito, 1981) and dissimilar (Cowen et al. 1982) structure in one species, and
between identical blood vessels from different species (Saba et al. 1984; Mione
et al. 1988). Furthermore, temporal fluctuations in the level of perivascular
innervation during development and ageing are specific to different regions.
(Cowen et al. 1982; Dhall et al. 1986; Gale et al. 1989; Mione et al. 1988).

However, apparent changes in nerve density seen in these studies may reflect
changes in the expression of particular neurotransmitter or related substances,
that are used to detect them, rather than morphological alterations in the
numbers of nerves constituting a particular nerve population. The situation is
further confused by recent evidence for the expression of the same
neurotransmitter in different nerve types. For example, neuropeptide Y has
been found in both sympathetic and parasympathetic nerves of rat cerebral
blood vessels (Ekblad et al. 1984; Cavanagh et al. 1990).

The aim of this study is to identify whether neurodegeneration occurs in old
age and if so which nerve groups are affected. I have used (i) the general
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neuronal marker PGP9.5 to study the entire perivascular plexus and

(ii)

noradrenaline histochemistry (GA) to study the sympathetic innervation from
5 vascular beds through development and ageing.

Nerve fibre loss was seen in the middle cerebral artery and tail vein. This agerelated loss of nerve fibres may have been a result either of a pruning of axon
collaterals or alternatively cell loss and the complete withdrawal of the
projections of these neurones. The 50% decrease in the density of NA nerve
fibres on the rat middle cerebral artery could mean that sympathetic nerve
fibres may account for the loss of PGP-IR nerves. However, it has been
shown that there is no neuronal cell loss in the SCG of the rat with age.
Therefore, the likelihood is that collateral branching takes place. In a similar
study Mione et al confirmed the loss of NA nerves in the MCA of ageing
Wistar rats (Mione et al. 1988). In that study it was reported that the density
of nerves showing parasympathetic and sensory phenotype increased with age.
In the tail vein, the decrease in the total number of nerve bundles coincides
with a doubling in density of NA nerves, suggesting substantial nerve fibre
loss in sensory and/or parasympathetic nerves. My results therefore provide
direct evidence of neurodegeneration with age, probably of sympathetic nerves
in the MCA, and inferred evidence of age-related neurodegeneration of nonsympathetic nerves in the tail vein.

Nerve fibre loss however, was not universal for all aged blood vessels. The
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total number of PGP-IR nerves on the superior vena cava and the basilar
artery were unchanged with age and the portal vein exhibited increased nerve
fibre density in early stages of ageing followed by decreased nerve fibres in
senility. The fluctuations in the density and total number of perivascular
nerves of individual vessels with age shown in this and other studies indicate
that the perivascular nerve plexus is in a state of dynamic equilibrium during
mature life. Furthermore, they demonstrate the target-specific nature of age
changes seen in the peripheral nervous system.

Different patterns of nerve plexus were obtained with PGP-IR and NA
histochemistry. PGP-IR nerve bundles were both thick and fine whilst, NA
nerve bundles were mostly fine. The reason is probably that NA detects
neurotransmitters which are more likely to be present in the small perivascular
nerves whereas PGP detects all nerves including large paravascular nerve
bundles carrying fibres of transit to other areas of the blood vessel. The
density of innervation from NA nerves was similar to that obtained by PGP
confirming previous results that show sympathetic nerves to be the most
profuse in the autonomic plexus (Todd, 1980; Mione et al. 1988).

Autonomic neurones retain a close dependence on their targets through
postnatal development and into maturity

(Purves, 1988). Transplantation

studies have also shown that the pattern and density of the innervation to
autonomic targets in maturity is target-dependent (Bumstock, 1974). A recent
study in our laboratory using intraocular transplantation has shown that target
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tissues are primarily responsible for age-related loss of perivascular autonomic
nerve fibres (Gavazzi et al. 1992). The role of the target as an important
regulator of neuronal development and ageing receives further support from
studies showing that the ability of transplanted sympathetic neurones to
generate neurite outgrowth and survive is not impaired by old age (Gavazzi
and Cowen, 1992; Stieg et al. 1991). Therefore we hypothesize that the
variation in innervation density between different blood vessels and the
selective age-related axonal degeneration of some neuronal pools could be a
result of differing interactions between neurones and their non-neuronal
targets.
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CHAPTER 4
DEVELOPMENT AND AGEING OF DENDRITIC ARBORS
FROM SYMPATHETIC NEURONES OF THE SCG.

77

INTRODUCTION

The variety of dendritic arborization is a striking feature of the nervous
system. Dendritic arbors have an important role in neuronal function, for
example in the integration of presynaptic electrical potentials (Miller and
Jacobs, 1984) and in determining the number of different inputs that converge
on individual cells (Purves and Lichtman, 1985). The development of
dendritic arbors are determined by a number of influences such as the genetic
expression (Banker and Cowan, 1979), presynaptic axons (Berry et al. 1980),
target regulation (Purves, 1988), hormonal changes (Devoogd and Nottebohm,
1981) and the effects of age (Cotman and Holets, 1992).

Topological and metrical analysis of dendritic arbors can help in showing how
different factors influence their formation. The dendritic length of a neurone
is important in the integration of presynaptic potentials because the majority
of presynaptic contacts occur on the dendrites of neurones (Forehand, 1985).
Furthermore, the total dendritic length of individual neurones has been shown
to be proportional to the number of innervating presynaptic neurones (Purves
and Lichtman, 1985). Primary dendrites are defined as processes other than
the axon that emerge from the cell body and extend radially for a distance
greater than the cell’s diameter. The number of primary dendrites has been
thought to be a stable morphological feature set up early in development
(Voyvodic, 1987). Primary dendrites divide the dendritic arbors of neurones
into separate microcircuits. In addition, the number of primary dendrites has
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been shown to be proportional to the number of presynaptic neurones (Purves
and Hume, 1981). Branching patterns may be relevant to dendritic function,
since potentials sequentially interact at branch points on route to the cell body.
Analysis of branch points has been important in showing the influence of
environmental factors on dendritic growth (Berry et al. 1980).

Dendritic growth of sympathetic neurones occurs postnatally and continues
well into maturity (Voyvodic, 1987; Ruit and Snider, 1991). The target tissues
of these neurones play an important role in the regulation of this dendritic
growth (Voyvodic, 1989; Purves et al. 1988). Ageing can involve growth and
degenerative changes in the dendritic arbors of CNS neurones. The role of the
peripheral nervous system as a model of CNS neurodegeneration with its
advantages of simplicity and manipulability has been postulated. In this study,
we have investigated the effects of age on the dendritic arbors of sympathetic
neurones from the rat SCG. We have used intracellular injection into fixed
tissue to fill the dendritic arbors of neurones combined with confocal
microscopy to visualise and quantify the metrical and topological structure of
the dendritic arbors.
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RESULTS

The changes that take place during development and ageing in sympathetic
neurones are shown in Fig 4.1. We have measured a number of parameters
related to sympathetic nerve cell growth which are summarised in table 4.1.

Dendritic growth (Fig 4.2).
The total dendritic length of SCG neurones increased (+48% , p<0.05) from
6 weeks to 7 months of age but decreased (-37%, p<0.05) from 7 to 24
months of age. Previous studies have shown an increase in dendritic length
during post natal development that was comparable to ours (Voyvodic, 1987).
The dendritic area (xy plane), or area of dendritic influence of neurones
within the SCG increased (+104%, p<0.05) from 6 weeks to 7 months of
age but decreased (-30%, p<0.05) from 7 to 24 months of age. The depth
(zplane) of the neurones dendritic field also increased (+70% , p< 0.05) from
6 weeks to 7 months of age but was unchanged from 7 to 24 months of age.
Our results show that the dendritic degeneration seen in aged sympathetic
neurones within the SCG is a result of a polarised dendritic regression in the
xy plane, ie parallel to the ganglion surface.

Primary dendrites (Fig 4.3).
The number of primary dendrites on SCG neurones decreased from 6 weeks
to 7 months of age (-17%, p<0.05) and decreased again (-29%, p<0.05)
from 7 to 24 months of age. Previous studies have proposed the number of
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primary dendrites on sympathetic neurones to be a stable feature set up early
in development (Voyvodic, 1987). Our data indicate that this may not be the
case. In this study we find that primary dendrites set up early in development
are lost later in development and in ageing.

Dendritic length per primary dendrite (Fig 4.4).
Using the changes in the number of primary dendrites in each group, we have
analyzed how the dendritic length and no. of segments per primary dendrite
change with age. There is an increase in the dendritic length(+66% ,p<0.05)
per primary dendrite from 6 weeks to 10 months of age. This is due to the
increase in the overall total dendritic length combined with the loss of primary
dendrites. However, there was no change in the number of segments or the
dendritic length per primary dendrite from 10 to 24 months. The average loss
of 2 primary dendrites and their dendritic arbors in old age would account for
the overall loss of total dendritic length and number of segments. This implies
to us that the degeneration of dendrites from sympathetic neurones in old age
could be the result of the loss of primary dendrites and their complete
dendritic arbors. The remaining dendrites on the other neurones would appear
to be relatively unaffected by old age.

Segments No. and lengths (Fig 4.5)
There was an increase in the no. of segments in the dendritic arbors from 6
weeks to 10 months of age(+21 %, p<0.05). This was followed by a decrease
in the number of segments from 10 to 24 months(-23%,p<0.05). The
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segment length increased from 6 weeks to 10 months(+20%,p<0.05) but
decreased from 10 to 24 months(-16%,p<0.05). This shows that the increase
in dendritic length from 6 weeks to 10 months is due to an increase in the
length and number of segments. Furthermore, the decrease in dendritic length
between 10 and 24 months is due to both decreased number and length of
segments.

Branch points (Fig 4.6).
The total number of branch points on SCG neurones increased (+32%,
p< 0.05) from 6 weeks to 7 months of age and decreased (-22%, p<0.05)
from 7 to 24 months. We have classified the branch points into three types
according to Berry (Sadler and Berry, 1989): type A branch points give rise
to two terminal segments; type B branch points give rise to a terminal segment
and a link segment; type C branch points give rise to two link segments. The
number of type A and B branch points were approximately 3 fold higher than
type C branch points. Type A branch points on SCG neurones were
unchanged from 6 weeks to 7 months of age but were significantly decreased
(-27%, p<0.05) from 7 to 24 months of age. Type B branch points on SCG
neurones increased (+46%, p<0.05) from 6 weeks to 7 months but decreased
(-23%, p<0.05) from 7 to 24 months. Type C branch points on SCG
neurones increased (+95%, p<0.05) from 6 weeks to 7 months but were
unchanged from 7 to 24 months.

Abnormal dendritic profiles.
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The number of abnormal dendritic profiles such as swollen dendrites or cell
body swellings was calculated at different ages. The number of abnormal
profiles was 0% at 6 weeks, 4% at 7 months and 12% at 24 months.
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Figure 4.1 Photomicrograph of the dendritic arborization from sympathetic
neurones of the superior cervical ganglion taken from 2D confocal images of
intracellularly injected neurones at 3 age stages. Bar = 50/xm.

a) 6 weeks of age (Young adult).

b) 7 months of age (Fully grown adult).

c) 24 months of age (Aged).
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Table 4.1 Summary of the growth of rat SCG cells at 3 stages of development
and ageing. Errors

S.B.M.
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Soma
Size

Total Dendritic
Length
(TDD

Primary
Dendrites

TDL/
Primary
Dendrite

No.
Branch
Points

Type A
Branch
Points

Type B
Branch
points

Type C
Branch
points

6 weeks

660.5 +
34

894.3 + 49

9 + 0.5

111.1 + 7

17 + 1.2

8.8 + 0.6

6.4 +
0.5

1.7 + 0.2

7 months

1129 +
59

1325 + 69

7.4 + 0.4

184.5 + 10

22.5 +
1.4

9.9 + 0.5

9.3 + 0.8

3.25 + 0.3

24 months

975.7 +
55

836.5 + 50

5.2 + 0.3

170 + 9

17.5 +
1.5

7.2 + 0.5

7.2 + 0.6

3.0 + 0.3

Figure 4.2 Histogram of the total dendritic length of sympathetic neurones in
the SCG demonstrated by intracellular injection and confocal microscopy in
young, adult and aged rats. Significance between adjacent groups was tested
by ANOVA * p < 0 .1 , ** p<0.05, *** p<0.01. Units in jxm.
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Figure 4.3 Histogram of the number of primary dendrites of sympathetic
neurones in the SCG demonstrated by intracellular injection and confocal
microscopy in young, adult and aged rats. Significance between adjacent
groups was tested by ANOVA * p < 0 .1 , ** p<0.05, *** p<0.01.
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Figure 4.4 Histogram of the dendritic length per primary dendrite of
sympathetic neurones in the SCG demonstrated by intracellular injection and
confocal microscopy in young, adult and aged rats. Significance between
adjacent groups was tested by ANOVA * p < 0 .1 , ** p<0.05, *** p< 0.01.
Units in ^m.
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Figure 4.5 Histogram of the number of dendritic segments of sympathetic
neurones in the SCG demonstrated by intracellular injection and confocal
microscopy in young, adult and aged rats. Significance between adjacent
groups was tested by ANOVA * p < 0 .1 , ** p<0.05, *** p<0.01.
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Figure 4.6 Histogram of the number of different types of dendritic branch
points of sympathetic neurones in the SCG demonstrated by intracellular
injection and confocal microscopy in young, adult and aged rats. Type A
branch points give rise to 2 terminal segments. Type B branch points give rise
to 1 terminal and 1 link segment. Type C branch points give rise to 2 link
segments. Significance between adjacent groups was tested by ANOVA *
p < 0 .1 , * * p < 0 .0 5 , ***p<0.01.
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DISCUSSION
The variety of dendritic form is a marked feature of the nervous system.
Topological and metrical analysis has been used to investigate the role of the
different factors in the development of dendritic arbors. In this study I have
described the effects of age on the dendritic arbors from sympathetic neurones
in the superior cervical ganglion(SCG) of the rat. My results support the
following conclusions. First, significant age-related neuro-degeneration occurs
in the dendritic arbors of sympathetic neurones from the SCG. Second,
primary dendrites are lost during postnatal development and in old age. Third,
we show the differential effect of development and ageing on topological
patterns of dendritic growth and degeneration.

The study has been carried out using intracellular injection of fixed tissue and
confocal microscopy. Previous studies have used intracellular injection of
fixed tissue to study the dendritic arbors of sympathetic neurones and have
shown good comparability with conventional methods such as the injection of
HR? into live neurones (Ruit et al. 1990). The dendritic arbors we obtained
were filled to the fine processes and the axons of the cells could be tracked
for considerable distances.

Dendritic growth in sympathetic neurones occurs predominantly in postnatal
development (Voyvodic, 1987; Ruit and Snider, 1991). The role of the
peripheral target is paramount in the regulation of dendritic growth in these
neurones (Voyvodic, 1989; Purves et al. 1988). In this study we show a
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regression in the total dendritic length and the area of dendritic arborization
in aged sympathetic neurones. Our data appear to show that the loss of
dendrites does not affect all parts of the dendritic tree equally. The decrease
in the overall dendritic length of neurones in old age probably results from a
loss of primary dendrites with their individual dendritic arbors. The increased
appearance of swollen and abnormal dendrites may reflect this degenerative
process. If true this may give us some insight into the degenerative processes.
It would argue against a factor present in the local environment of the
dendrites because the dendritic length on the remaining dendrites is unaffected.
It would appear more likely to be a factor intrinsic to the cell which causes a
degeneration of primary dendrites resulting in the complete loss of that part
of the dendritic arbor. The total dendritic length of neurones has been shown
to be proportional to the synaptic input they receive (Purves and Lichtman,
1985; Forehand, 1985). Our results infer that an the age-related loss of
presynaptic input is likely to result from a regression of dendritic arbors.

Previous studies propose that the number of primary dendrites on sympathetic
neurones is a stable morphological feature set up early in development
(Voyvodic, 1987; Ruit and Snider, 1991). Contrary to these studies, we show
a decrease in the number of primary dendrites on sympathetic neurones during
postnatal development and in old age. We offer the following suggestions for
the discrepancy between our data and those shown in other studies. First, an
advantage of the confocal microscope compared to conventional light
microscopy is its ability to analyze neuronal structures that are obscured by
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overlying parts of the same neurone. It is possible that additional primary
dendrites are being detected in our study due to the increased resolution of the
confocal microscope. Second, the age stages at which we have chosen to
investigate neuronal morphology are different to those used in comparable
studies. In a comparable study the number of primary dendrites on SCG
neurones from the rat was about 6.5 at 4 and 12 weeks. We show about 9
primary dendrites on each neurone at 6 weeks. It is possible that the number
of primary dendrites increases to a peak number during these early stages of
postnatal development before being reduced to a stable level. The number of
primary dendrites is correlated with the number of preganglionic inputs that
a sympathetic ganglion cell receives and has an important role in presynaptic
integration (Purves and Hume, 1981). Fluctuations in the number of primary
dendrites shown in this study imply that important changes take place in the
synaptic organization of sympathetic neurones during development and ageing.

The development of the shape of dendritic arbors has been shown to be
controlled by genetic factors, presynaptic innervation, interactions with the
target and hormonal changes. In previous studies target tissues have been
shown to have an important influence on the development of dendritic arbors
in sympathetic neurones (Purves, 1988; Yawo, 1987; Voyvodic, 1989). The
loss of dendrites that we see in our study may result from a breakdown in this
relationship in old age.

100

CHAPTER 5
TARGET SPECIFIC CHANGES IN THE
DENDRITIC ARBORS OF RAT
SYMPATHETIC NEURONES DURING
DEVELOPMENT AND AGEING
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INTRODUCTION
Dendritic variation is a striking feature of the vertebrate nervous system.
Dendritic arbors have an important role in the integration of presynaptic
innervation (Purves and Lichtman, 1985; Purves et al. 1986). The development
of shape of dendritic arbors can be determined by a number of different
factors including genetic influences (Banker and Cowan, 1979), target
regulation (Purves, 1988), presynaptic innervation (Berry et al. 1980) and
hormonal changes (Devoogd and Nottebohm, 1981). The regulation of
dendritic morphology from sympathetic neurones by their target tissues early
in postnatal development is well established (Purves, 1988; Voyvodic, 1987;
Voyvodic, 1989; Yawo, 1987). Recent evidence shows that sympathetic
neurones continue to rely on their target tissues for trophic support in maturity
and old age (Gavazzi et al. 1992; Crutcher, 1990; Ruit et al. 1990; Montero
and Hefti, 1989).

Topological analysis of dendritic arbors is a useful way of establishing which
factors are important in their formation. The majority of presynaptic inputs
occurs on the dendrites of sympathetic neurones (Forehand, 1985). Therefore,
changes in dendritic length have important implications for the integration of
presynaptic innervation. Primary dendrites are an important morphological
feature of neurones.

The number of primary dendrites on sympathetic

neurones has been shown to be proportional to the number of innervating
neurones (Purves and Hume, 1981). The number of primary dendrites on a
neurone has been proposed to be a stable morphological feature set up early
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in development (Voyvodic, 1987; Ruit and Snider, 1991). The branching
patterns of neurones may play an important role in the integration of synaptic
potentials as they are sites where local potentials are summed. In vivo imaging
of the dendrites of adult sympathetic neurones has shown that they are in a
continual state of growth and retraction indicating ongoing remodelling
(Purves et al. 1986). Changes in the branching patterns are likely to have an
important role in the synaptic reorganization of neurones.

In the first part of this study we have investigated whether sympathetic
neurones projecting to different targets have different dendritic morphologies.
Analysis of the dendritic arbors from adult sympathetic neurones from cervical
and lumbar ganglia has shown that no significant differences are present
(Snider, 1986). However, other evidence shows that variability does occur in
the soma size of neurones within the same ganglion but with different axonal
projections (Gibbins, 1991).

In the second part of the study I looked at changes in the dendritic arbors of
sympathetic neurones projecting to different target tissues during development
and ageing. Previous studies have shown that the dendritic arbors of
sympathetic neurones continue to grow throughout postnatal development
(Voyvodic, 1987; Snider, 1986; Yawo, 1987) whilst in chapter 4 I showed a
significant loss of dendrites in ageing sympathetic neurones from the SCG.
However, in these studies neurones were sampled without reference to their
target projections and may only represent an average change in subpopulations
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of neurones. There many examples of the regional variability of ageing in the
CNS. There is evidence of dendritic growth (Buell and Coleman, 1979) as
well as degeneration (Vaughan, 1977). Here, I have looked at the changes that
take place in neurones projecting to different targets to see if changes that
occur during development and ageing in the dendrites of sympathetic neurones
are target-specific. Studies of the neurones innervating the tail vein and the
submandibular gland were carried out in collaboration with Ms. W. Nesbitt
as part of her BSc project.
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METHODS
I have studied the dendritic arbors of neurones innervating the middle cerebral
artery, submandibular gland, iris and tail vein at 3 stages of development and
ageing. The ages I have chosen represent young-adult(6 weeks), fully grown
adult(7 months) and aged(24 months). Sympathetic neurones that project to the
submandibular gland, iris and middle cerebral artery in rat are localised in the
superior cervical ganglion. However, the localisation of neurones that
innervate the tail vein is unknown. Previous studies have shown that
sympathetic neurones innervating the tail artery were found in the lower
lumbar and sacral sympathetic chain. We used retrograde tracing to localise
the sympathetic neurones innervating the tail vein.
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RESULTS
The sympathetic neurones innervating the tail vein were found in the lower
lumbar paravertebral sympathetic chain. There were some differences in the
gross morphology of the paravertebral chains from young and old rats which
are shown in Figs 5.11 & 5.12. An attempt was made to assess the relative
distribution of the sympathetic neurones innervating the tail vein which is
summarised in Figs 5.10 & 5.11.

The appearance of sympathetic neurones projecting to different targets during
different stages of development is summarised in figures 5.1 - 5.4. There were
no obvious differences in the shape of neurones projecting to different target
tissues within the SCG. However, there were striking differences in shape
between neurones in the SCG and neurones in the lumbar ganglia. The
dendrites of neurones projecting to the TV were very polarised in a rostrocaudal direction in contrast to neurones in the SCG, which were arranged
more symmetrically around the soma.

Changes in dendritic length with age o f sympathetic neurones projecting to
different targets(Fig 5.5).
The dendritic lengths of sympathetic neurones projecting to different targets
were different depending on the target they innervated. For example the
neurones projecting to the iris had a total dendritic length in the fully grown
adult animal that was 76% greater than those neurones projecting to the MCA.
Furthermore, the relative changes of dendritic length in sympathetic neurones
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during development and ageing were different depending on the targets they
were projecting to. The total dendritic length of neurones projecting to the
middle cerebral artery (MCA) was unchanged during postnatal development but
decreased by 18% in old age (p< 0.05). The total dendritic length of neurones
projecting to the submandibular gland(SMG) increased in length during
postnatal development by 38% (p<0.05) but decreased in length in old age
by 22% (p<0.05). The total dendritic length of neurones projecting to the tail
vein (TV) increased by 34% during postnatal development (p<0.05) but
decreased in old age by 38% (p<0.05). The total dendritic length of neurones
projecting to the iris increased by 18% (p<0.08) during postnatal
development but decreased in old age by 15% (p<0.09). Thus all groups of
neurones showed reduced total dendritic length in old age.

Changes in the number o f primary dendrites o f sympathetic neurones
projecting to different targets (Fig 5.6).
The number of primary dendrites on MCA neurones decreased during
postnatal development by an average of 1.5 (p<0.05) but was unchanged in
old age. The number of primary dendrites on the iris decreased by an average
of 3 (p<0.01) during postnatal development but remained unchanged in old
age. The number of primary dendrites on the SMG neurones increased by an
average of 1.2 during postnatal development (p<0.1) but decreased by an
average of 1.5 during ageing (p<0.05). The number of primary dendrites on
the TV neurones was unchanged during postnatal development but decreased
by an average of 1.7 in old age (p<0.07). The number of primary dendrites
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has previously been proposed as a stable morphological feature that is set up
early in development(383,1202). These results would appear to refute this
assumption. The changes in the number of primary dendrites again show
target specificity.

Changes in the dendritic length per primary dendrite with age in sympathetic
neurones projecting to different targets (Fig. 5.7).
In an attempt to understand how growth and degeneration occurs I have
calculated the average dendritic length per primary dendrite. The dendritic
length per primary dendrite of neurones projecting to the submandibular gland
remains constant throughout postnatal development and ageing. This implies
that the increase in total dendritic length during postnatal development and the
decrease in old age can be explained in terms of additions or losses of primary
dendrites and their entire dendritic arbors rater than a uniform change over the
whole arbor. The dendritic length per primary dendrite of neurones projecting
to the tail vein shows a tendency for an increase from 6 weeks to 7
months(+27%, p< 0.1) whilst the number of primary dendrites on TV
neurones is unchanged during the same period. Thus we can assume that the
increase in total dendritic length observed during this period is due to
increased growth of existing dendritic arbors. There is a decrease in number
of primary dendrites in aged tail vein neurones coupled with a decrease in
total dendritic length. Since the dendritic length of per primary dendrite
remains approximately constant, it appears that whole primary dendrites and
their arbors are lost in old age. In the MCA during postnatal development,
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there is no change in total dendritic length, combined with a loss of primary
dendrites. Remaining primary dendrites therefore continue to grow whilst
neighbouring arbors are lost (+27%, p<0.05). Conversely, there is a
decrease in dendritic length per primary dendrite in old age(-15, p < 0 .1).
Because primary dendrites are not lost on MCA neurones in old age the
degeneration of dendrites on MCA neurones presumably occurs uniformly all
over the dendritic tree. During postnatal development the dramatic loss of
primary dendrites coincides with an increase in total dendritic length. The
dendritic length per primary dendrite on the iris increases during the same
period (+88%, p<0.01). These results emphasize the target specific nature
of age changes in sympathetic neurones.

Changes in the number o f dendritic branch points with age in sympathetic
neurones projecting to different targets (Fig 5.8).
The number of dendritic branch points varied between neurones projecting to
different targets. The SMG neurones were on average twice as branched as
the TV neurones. Changes in the number of branch points during development
and ageing varied according to the neuronal projection. The number of branch
points on MCA neurones was unchanged throughout postnatal development
and ageing. The number of branch points on SMG neurones increased by
103% during postnatal development (p<0.01) but decreased by 43% in old
age (p<0.01). The number of branch points on TV neurones increased by
70% during postnatal development (p<0.05) but decreased by 40% in old age
(p<0.05). There were no significant changes in the number of branch points

109

of neurones projecting to the iris during postnatal development but a small loss
of branch points of 16% was seen in old age (p<0.09).

Changes in the dendritic segment length o f sympathetic neurones projecting
to different targets.
Changes in the length of the average dendritic segment of neurones during
development and ageing varied according to target tissue. The average
segment length of dendrites from MCA neurones did not change throughout
postnatal development and ageing. The average segment length of dendrites
from SMG neurones decreased during postnatal development by 32%
(p<0.05) but increased by 23% in old age (p<0.05). The average segment
length of dendrites from TV neurones was unchanged throughout postnatal
development and ageing. Iridial neurones increased their segment length
during postnatal development(4-36%, p<0.05) but not in old age.

Changes in the soma size o f sympathetic neurones projecting to different
targets (Fig 5.9).
The average soma size of neurones projecting to different targets showed
considerable differences. The soma size of young adult neurones projecting
to the iris were 100% larger than comparable neurones projecting to the
MCA. The soma size of neurones has been shown to relate closely with
dendritic complexity (Voyvodic, 1989). My results compare well to a previous
study that showed sympathetic neurones that project to glands have a larger
soma than neurones projecting to blood vessels (Gibbins, 1991).
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Figure 5.1 Photomicrograph of the dendritic arborization from sympathetic
neurones projecting to the middle cerebral artery in the superior cervical
ganglion taken from 2D confocal images of intracellularly injected neurones
at 3 age stages. Bar = 50/xm.

a) 6 weeks of age (Young adult).

b) 7 months of age (Fully grown adult).

c) 24 months of age (Aged).
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Figure 5.2 Photomicrograph of the dendritic arborization from sympathetic
neurones projecting to the submandibular gland in the superior cervical
ganglion taken from 2D confocal images of intracellularly injected neurones
at 3 age stages. Bar = 50/>im.

a) 6 weeks of age (Young adult).

b) 7 months of age (Fully grown adult).

c) 24 months of age (Aged).
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Figure 5.3 Photomicrograph of the dendritic arborization from sympathetic
neurones projecting to the iris in the superior cervical ganglion taken from 2D
confocal images of intracellularly injected neurones at 3 age stages. Bar =
SOfim.

a) 6 weeks of age (Young adult).

b) 7 months of age (Fully grown adult).

c) 24 months of age (Aged).
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Figure 5.4 Photomicrograph of the dendritic arborization from sympathetic
neurones projecting to the tail vein in the lumbar sacral sympathetic chain
taken from 2D confocal images of intracellularly injected neurones at 3 age
stages. Bar = SO^im.

a) 6 weeks of age (Young adult).

b) 7 months of age (Fully grown adult).

c) 24 months of age (Aged).
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Figure 5.5 Histogram of the total dendritic length of sympathetic neurones
projecting to different targets (MCA = middle cerebral artery, SMG =
submandibular gland, TV = tail vein) demonstrated by intracellular injection
and confocal microscopy in young, adult and aged rats. Significance between
different groups was tested by ANOVA * p < 0 .1, ** p<0.05, *** p< 0.01.
Units in /xm.
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Figure 5.6 Histogram of the number of primary dendrites of sympathetic
neurones projecting to different targets (MCA = middle cerebral artery, SMG
= submandibular gland, TV = tail vein) demonstrated by intracellular
injection and confocal microscopy in young, adult and aged rats. Significance
between different groups was tested by ANOVA * p < 0 .1, ** p<0.05, ***
p< 0.01.
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Figure 5.7 Histogram of the

dendritic length per primary dendrite of

sympathetic neurones projecting to different targets (MCA = middle cerebral
artery, SMG = submandibular gland, TV = tail vein) demonstrated by
intracellular injection and confocal microscopy in young, adult and aged rats.
Significance between different groups was tested by ANOVA * p < 0 .1 , **
p < 0 .0 5 , *** p< 0.01. Units in ^m
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Figure 5.8 Histogram of the number of branch points of sympathetic neurones
projecting to different targets (MCA = middle cerebral artery, SMG =
submandibular gland, TV = tail vein) demonstrated by intracellular injection
and confocal microscopy in young, adult and aged rats. Significance between
different groups was tested by ANOVA * p < 0 .1 , ** p<0.05, *** p<0.01.
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Figure 5.9 Histogram of the number of the soma size of sympathetic neurones
projecting to different targets (MCA = middle cerebral artery, SMG =
submandibular gland, TV = tail vein) in the SCO demonstrated by
intracellular injection and confocal microscopy in young, adult and aged rats.
Significance between different groups was tested by ANOVA * p < 0 .1 , **
p < 0 .0 5 , *** p< 0.01. Units in fim^
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Figure 5.10 A diagram of the lumbar-sacral sympathetic chain in young rats.
An indication of the position and distribution of neurones innervating the tail
vein.
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Figure 5.11 A diagram of the lumbar-sacral sympathetic chain in aged rats.
An indication of the position and distribution of neurones innervating the tail
vein.
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DISCUSSION
The effects of old age on dendritic morphology of CNS neurones are well
documented (Feldman and Dowd, 1975; Feldman, 1976; Buell and Coleman,
1979). There is evidence of dendritic degeneration (Feldman and Dowd, 1975;
Feldman, 1976) and dendritic growth (Buell and Coleman, 1979). However,
few studies have investigated dendritic change in the aged peripheral nervous
system. Dendritic morphology plays an important role in the functioning of
neurones. In sympathetic neurones the majority of presynaptic innervation
occurs on dendrites (Forehand, 1985) and the number of primary dendrites is
proportional to the number of innervating neurones (Purves and Hume, 1981).
The role of target tissues in regulating the dendritic morphology of
sympathetic neurones is well established (Purves, 1988; Voyvodic, 1989;
Yawo, 1987). In this study we have investigated the dendritic morphology of
sympathetic neurones projecting to different postganglionic targets during
development and ageing. Our results support two general conclusions: firstly,
sympathetic neurones innervating different target tissues have different
dendritic morphologies; secondly, age graphs of changes in sympathetic
dendritic arbors are specific to neurones innervating particular target tissues;
thirdly we have shown unexpected age-related reductions in the numbers of
primary dendrites in selected populations of neurones which appear to provide
novel insights into the process of neurodegeneration.
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Differences in the dendritic arborization o f neurones projecting to different
targets.
In this study we show that sympathetic neurones projecting to different targets
have different dendritic morphologies. For example, the neurones projecting
to the submandibular gland had a dendritic length, total number of branch
points and soma size that was 75-100% greater than neurones projecting to the
MCA. A previous study (Snider, 1986) showed that there is little difference
in the adult dendritic arbors of lumbar compared to superior cervical ganglia.
This may be the case for random samples of neurones within both ganglia.
However, as our results show, considerable differences in dendritic
morphology are found in subpopulations of neurones projecting to different
targets both between and within ganglia. In young adults the iridial neurones
of the SCG had a 36% larger total dendritic length compared to tail vein
neurones of the lumbar sympathetic chain. However, the tail vein neurones
had a total dendritic length 50% larger than MCA neurones in the SCG. The
dendritic arbors of neurones have an important role in the determining the
number of different inputs that converge on different postsynaptic cells
(Purves and Hume, 1981; Purves and Lichtman, 1985). The soma size of
SMG neurones is approximately 75% larger than MCA neurones. This
confirms a study by Gibbins (Gibbins, 1991) showing that sympathetic
neurones in the rat superior cervical ganglion projecting to glands have a
larger cell body than neurones projecting to blood vessels.
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Target-specific changes in the dendritic arborization o f sympathetic neurones
during development and ageing.
We also show that the dendritic arbors of sympathetic neurones projecting to
different targets have different patterns of change with age. Previous studies
have shown that the dendritic arbors of sympathetic neurones continue to grow
during postnatal development (Voyvodic, 1987; Ruit and Snider, 1991). This
study shows that although the dendritic arbors of most sympathetic neurones
increase during postnatal development this is not a general phenomenom. For
example the dendrites of neurones projecting to the tail vein increase in length
by 34% during postnatal development whilst the dendrites of MCA neurones
are unchanged. The regulation of sympathetic neurones by their targets in
postnatal development is well documented (Voyvodic, 1989; Yawo, 1987;
Voyvodic, 1987). The variability in dendritic growth between subpopulations
of sympathetic neurones in the postnatal period may reflect differential
changes in the growth of their target tissues.

In old age dendritic regression was a general feature in all the groups of
neurones studied. However, the magnitude of this change varied between
different subpopulations. For example the dendritic length of the TV neurones
decreased by 38% in old age compared to only 15% in the iris neurones. In
a recent investigation, Gavazzi et al showed that autonomic nerves continue
to be dependent on their targets in old age (Gavazzi et al. 1992). The
differences in the rate of neurodegeneration of the dendritic arbors in old age
may represent differential changes in the continuing neurone-target
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relationship, although problems with interpretation are discussed below.

Although primary dendrites have been proposed to be a stable morphological
feature set up early in development (Voyvodic, 1987; Purves et al. 1986; Ruit
and Snider, 1991), we find that this is not the case at all age stages in the
subpopulations of sympathetic neurones we have studied. The number of
primary dendrite on MCA neurones decreased significantly during postnatal
development, whereas the number of primary dendrites on the SMG neurones
decreased in old age. Previous studies have not investigated numbers of
primary dendrites during ageing however, postnatal changes have been studied
in SCG. There are several possible reasons for the discrepancy between our
data and that of the other studies. Firstly, we have looked at the number of
primary dendrites on subpopulations of sympathetic neurones within SCG in
contrast to other studies which have looked at an average number of primary
dendrites on randomly sampled neurones in the whole ganglion. It is possible
that the differential changes of primary dendrites in subpopulations of
sympathetic neurones would cancel each other out in random samples of the
whole neuronal population. Secondly, in this investigation we have used the
confocal microscope which has distinct advantages over conventional light
microscopical methods with regard to resolving power and 3 dimensional
imaging, enabling primary dendrites projecting above and below the soma to
be visualised clearly. It is therefore possible that we are able to detect
significant changes in the number of primary dendrites which are not seen in
other light microscopical studies.
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Analysis of changes in dendritic length per primary dendrite can show how the
dendritic arbors grow and retract during development and ageing. The loss of
primary dendrites in the neurones innervating the iris and MCA during
postnatal development coincides with an increase in the dendritic length of the
remaining primary dendrites, whereas the increase in total dendritic length of
SMG neurones in the same period is due to an increase in the number of
primary dendrites and not to increased growth on existing primary dendrites.
The decrease in total dendritic length in old age seen in the MCA neurones
is a result of symmetrical loss of dendrites from all parts of the arbor,
whereas the loss of dendrites from the tail vein neurones is probably due to
the loss of whole primary dendrites and their dendritic arbors. These
differences again illustrate the target specific nature of dendritic growth in
sympathetic neurones with age.

A comparison between the axonal and dendritic growth o f sympathetic
neurones projecting to different targets during development and ageing.
In chapter 3 I described the changes in sympathetic axonal innervation of
different targets during development and ageing. I have attempted to compare
the changes that take place in axonal arbors with the changes that take place
in the dendritic arbors of the same sympathetic neurones. Using measurements
of the terminal nerve plexus, I have shown that the axonal arborisation of
sympathetic neurones on the middle cerebral artery appears to remain
unchanged throughout postnatal development but decreases in old age. This
mirrors closely the changes that take place in the dendritic arbors of MCA
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neurones. This leads me to assume that the degeneration of axons and
dendrites from sympathetic neurones projecting to the MCA is similarly
regulated with age. However, this does not happen in all the neuronal
populations we have studied. The density of axonal arborisation on the tail
vein increases in old age whilst the total dendritic length of the neurones
projecting to the tail vein decrease, suggesting differential regulation of axonal
and dendritic growth. We must however be cautious about making
comparisons between very different techniques. The measurement of dendritic
length from single intracellularly filled neurones is very different from the
histochemical measurement of density of the axonal projections of many
neurones to the perivascular terminal plexus.

Target regulation o f sympathetic neurones by NGF.
Targets influence their innervating neurones via the release, uptake and
retrograde transport of neurotrophic factors (Levi-Montalcini, 1987; Hendry
and Hill, 1980; Hendry and Campbell, 1976). NGF is the best characterised
growth factor (Thoenen, 1991). Sympathetic neurones are sensitive to NGF
levels throughout postnatal development and in adulthood (Snider, 1988; Ruit
and Snider, 1991; Ruit et al. 1990). Several studies have correlated levels of
NGF mRNA in different target tissues with the density of sympathetic
innervation (Korsching and Thoenen, 1983; Shelton and Reichard, 1984). We
hypothesize that the reason for the differences in dendritic arborization
between subpopulations of sympathetic neurones may reflect differential
neurone-target interactions perhaps in growth factor availability. Furthermore
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the continued dependence of aged sympathetic neurones on NGF for their
survival (Ruit et al. 1990) suggests that the variable changes in development
and ageing we observe may be due to fluctuating levels of NGF in the target
area. This concept would explain the changes in axons and dendrites we have
seen in the MCA neurones. However, the fact that in old age changes in
dendritic arbors do not always correlate with changes in the axonal arbors, for
example in the tail vein neurones suggests that there may be other factors
involved.
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CHAPTER 6
THE UPREGULATION OF TH AND NPY
FOLLOWING INCREASED NERVE ACTIVITY
IN YOUNG AND OLD SYMPATHETIC
NEURONES
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INTRODUCTION

Tyrosine hydroxylase (TH) is the rate-limiting enzyme involved in the
synthesis of noradrenaline.

Changes in the amount of TH protein and its

activity in response to sympathetic nerve activation have been widely studied
(Biguet et al. 1989; Thoenen et al. 1971 ; Stachowiak et al. 1986). The presence
of an effective coupling between release and synthesis is believed to underlie
this capacity.

Stimuli that increase release of noradrenaline increase the

activity of TH. Cold stress and reserpine have been used as tools to increase
sympathetic activity. They induce the up-regulation of TH in sympathetic
neurones by increasing presynaptic activity and enhancing catecholamine
release.

Neuropeptide Y (NPY) is co-localised with noradrenaline in many perivascular
sympathetic neurones including those of the superior cervical ganglion (SCG)
(Jarvi et al. 1986). NPY modulates the pre- and post-junctional effects of
sympathetic nerve activity and produces long-lasting effects in its own right
(Ekblad et al. 1984; Pemow et al. 1986; Allen et al. 1984; Saville et al. 1990).
A previous study showed an increase in levels of NPY in the SCG of young
rabbits following 8 days of cold exposure (Cowen et al. 1988). The application
of reserpine causes a release of NPY stores and upregulation of its synthesis
in sympathetic neurones (Lunderg et al. 1985).

Old age affects responses to stress in a number of ways. In general, responses
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are slower and adaptation to stress is reduced in old animals and humans
compared to young (Sapolsky et al. 1986). Older people are on the whole less
able to adapt to temperature changes, hypoxia, trauma, physical exercise and
disease all of which represent different types of stress and require complex
physiological adjustments (Collins, 1991). There are, however, few studies
of the cellular mechanisms involved in these changes in response in old age.
In previous studies the effects of increased activity on sympathetic neurones
have been investigated over short time periods, up to a maximum of 5 days
(Thoenen et al. 1971). One of the aims of the present study was to investigate
the responses of sympathetic neurones to prolonged cold exposure.

Rabbits regulate body temperature largely through vasomotor control to the
ear. Consequently, the ear artery and its innervation from the sympathetic
neurones of the SCG were chosen as a potentially useful animal model for
studying these questions. We studied the effects of cold exposure in rabbits
for 8 days and 4 weeks. Levels and activity of TH and NPY in SCG and of
NPY in ear arteries of young and aged adult rabbits were assayed. The role
of preganglionic nerve activity was investigated by decentralizing the SCG in
some animals prior to cold exposure.
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METHODS
See section 1 Materials and Methods.
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RESULTS

There were no significant changes in the weights of the young or old rabbits
as a result of cold stress throughout the study.

Effect o f cold stress on TH immunoreactivity and activity in young and old
rabbits (Fig 6.2 & 6.3).

There was no difference in the distribution of TH-IR neurones in the SCG
with age (Fig 6.1). SIP cells were rarely seen in the sections of ganglia. The
mean grey value of TH immunofluorescence in SCG of young animals
increased significantly at 8 days (p<0.05) and remained at a similar level
after 4 weeks of cold stress. In the old animals the mean grey value did not
change significantly after 8 days of cold exposure from controls. However, a
significantly higher grey value was seen after 4 weeks of cold exposure
(P<0.05). The mean grey value of TH immunostaining was similar in ganglia
from the control old and young animals as was the maximum amplitude of
change following cold exposure.

Denervation had no significant effect on the TH immunoreactivity of young
rabbits

relative

to

their

nondenervated

controls.

However,

TH

immunoreactivity in denervated SCG from old rabbits were higher than their
nondenervated controls. In both young and old rabbits, cold stress had no
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effect on the mean grey value of TH immunoreactivity in decentralized SCG.

TH activity in SCG from young rabbits showed no change after 8 days of cold
exposure but there was a significant decrease in TH activity after 4 weeks of
cold exposure (p<0.05). There was no change in TH activity in SCG from
old animals after 8 days or 4 weeks of cold exposure relative to controls.

TH activity in the SCG of young rabbits maintained at 20-25°C for 8 days
after decentralization was reduced to 5% of non-denervated

controls.

Following 8 days cold exposure the TH activity in denervated SCG of young
rabbits increased (p<0.01) and remained at a similar level after 4 weeks of
cold exposure relative to control denervated young rabbits. In the old animals
TH activity was reduced by 50% rather than by 95% as in young animals.
Only 2 ganglia were available for assay after 4 weeks cold exposure of
denervated old rabbits, both values were within range of the decentralized
controls.
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Effect o f cold exposure on NPY levels in the SCG and ear artery o f young and
old rabbits (fig 6.3 & 6.4).

The mean content of NPY in the SCG from young rabbits was significantly
higher than control values following 8 days of cold exposure (p<0.05) and
was maintained at a similar level after 4 weeks of cold exposure. In SCG from
old animals there was no significant change in NPY levels following 8 days
or 4 weeks cold exposure although there was a trend for an increase after 4
weeks.

NPY levels were dramatically reduced after denervation in the SCG of young
and old rabbits relative to non-denervated controls. Denervation abolished the
cold- induced increase in NPY levels of SCG from young and old rabbits.

NPY levels did not increase in the ear artery of young or old animals after 8
days or 4 weeks of cold exposure. The NPY levels were significantly higher
in the ear arteries of young rabbits relative to similarly treated ear arteries
from old rabbits(p< 0.001).
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Figure 6.1 Photomicrographs of TH immunoreactive cells in SCG from
control young (a) and old (b) rabbits. Note the similar appearance of THimmunostaining at different ages. Bar = 50ptm.
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Figure 6.2 Histogram showing the effect of cold exposure on THimmunoreactivity:[C=control, S=cold stress, D=decentralization] note the
increase after 8 days of cold exposure in young animals and 4 weeks of cold
exposure in old animals. TH-immunoreactivity is expressed as mean grey
value +. SEM (*= P < 0.05).
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Figure 6.3 Histogram showing the effect of cold exposure on TH
activity: [C=control, S=cold stress, D=decentralization] note the decrease
after 4 weeks of cold exposure in young but not in old animals. Denervation
reduced TH activity levels to 5 % of control values. Cold exposure then
increased TH activity significantly in the decentralized ganglia, but to values
below non-denervated controls. TH activity is expressed in mean nmols LDOPA\h\ganglion ± SEM (*= P < 0.05; **=P<0.01).
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Figure 6.4 showing the effect of cold exposure on NPY levels in
SCG:[C=control, S=stress, D=decentralization] note the increase after 1
week of cold exposure in young rabbits. Decentralization dramatically reduced
NPY levels in young and old animals and abolished any cold induced rise.
NPY levels are expressed as mean pmol\ganglion ±_ SEM (*=P<0.05).
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Figure 6.5 Histogram showing the effect of NPY levels in ear artery: NPY
levels were not significantly changed following cold exposure in the ear artery
from young and old rabbits relative to their unstressed controls. NPY levels
are expressed as mean pmol\cm artery ±_ SEM.
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DISCUSSION

The ability of sympathetic neurones to sustain enhanced noradrenaline (NA)
synthesis as a result of increased activity has been well documented
(Rittenhouse and Zigmond, 1990; Biguet et al. 1989; Thoenen, 1970). Two
processes involving TH, the rate limiting step in NA synthesis, have been
described: 1) an increase in TH activity taking place within minutes of
stimulation as a result of covalent modification of the protein, and 2) an
upregulation of synthesis of TH protein occurring 1-3 days after stimulation.
Both of these processes are facilitated by the trophic influence of
preganglionic innervation.

Changes in TH activity and synthesis have been quantified using a number of
different techniques including enzyme assay, in situ hybridisation and
radioimmunoassay (Thoenen et al. 1971; Biguet et al. 1989; Chuang and
Costa, 1974). The techniques that we have used include an enzyme assay
method, which measures the rate at which tyrosine is hydroxylated into dopa,
and a microscopical assay for TH levels. The microscopical assay measures
fluorescent stain intensity using a densitometric application of image analysis
(Cowen and Thrasivoulou, 1992).

Cold stress has previously been reported to induce increased TH activity and
synthesis in sympathetic neurones, acting via preganglionic stimulation. In the
adult rat SCG, cold stress results in an increase in TH activity and protein
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following 5 days of cold exposure (Thoenen et al. 1971). However, changes
in TH activity and levels following longer time periods of cold stress have not
been investigated.

In this study, cold exposure of young rabbits for 8 days caused a 25% rise in
TH levels of SCG neurones that was maintained after 4 weeks of cold
exposure.

Surprisingly, TH activity responded differently to cold stress

showing no change after 8 days, then falling by 20% after 4 weeks of cold
exposure. This reduction in TH activity displays a different trend to previous
studies in the rat using shorter time scales, which have shown an increase in
TH activity, as well as TH levels in response to stimulation (Rittenhouse and
Zigmond, 1990) and cold stress (Thoenen et al. 1971).

Consequently, the

decrease in TH activity and the increase in TH levels that we have shown in
response to cold stress appear to contradict each other.

Previous studies have shown that decentralising the rat SCG prior to cold
stress prevents an increase in TH levels and activity (Thoenen et al. 1971). In
our study, TH activity decreased by 95% in non-stressed, decentralized SCG.
However, unexpectedly, decentralization followed by cold stress caused a
highly significant increase in TH activity.

TH

levels

following

decentralization remained unchanged and were not affected by subsequent cold
exposure. Again measures of TH activity and TH levels appear to contradict
each other.
Previous studies in the rat have shown that preganglionic nerve activity is of
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primary importance in inducing increases in TH levels and activity following
short periods of cold stress (Rittenhouse 2uid Zigmond, 1990; Biguet et
al. 1989). Our results, however, imply there is differential regulation of TH activity and TH levels during the longer experimental time-courses we have
used. We are unable to explain how TH levels and activity are differentially
regulated under these conditions. However, because there was a cold-induced
increase in TH-activity in decentralised SCG it would appear that factors other
than preganglionic input may play an important role.

Extraneuronal factors such as glucocorticoids and adrenaline have been
implicated in the induction and maintenance of TH activity (Otten and
Thoenen, 1975; Lewis et al.l983; Ip and Zigmond, 1985).

There are a

number of intraneuronal factors which can influence TH activity apart from
the actual synthesis of the enzyme. These include the phosphorylation of the
enzyme to its active form, availability of the substrate, tyrosine, and levels of
the cofactor, tetrahydrobiopterin (Masserano et al.l989). Intracellular levels
of tetrahydrobiopterin can also be regulated in stress and sympathetic nerve
activity (Masserano et al.l989). At this stage we are unable to determine
which if any of these factors contributed to the results presented here.
However, it appears that, in the rabbit, under conditions of long term cold
exposure, TH levels and TH activity are subject to differential regulation.
This emphasizes the importance of time scale in studies of chronic stress. To
summarise, the role of trophic interactions in the control of neurotransmitter
synthesis may be more complex than initial studies in this area show.
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In the present study we examined the SCG and its terminal nerve fibres on the
ear artery of the rabbit as a model system with which to compare the
responses of old animals to cold stress to those of young animals. Our aim
was to throw light on the effects of age and prolonged cold stress on
cardiovascular and temperature homeostasis.

In old animals, responses of both TH levels and activity to prolonged cold
stress were impaired but in different ways. TH levels increased, but the
increase was delayed compared to young animals, taking place at 4 weeks
rather than 8 days of cold exposure. Sympathetic neurones from old animals
may be slower to respond to demands for protein synthesis, as studies of
noradrenaline synthesis in SCG of old rats following reserpine treatment have
shown (Santer, 1979). TH activity remained at basal levels in old animals,
failing to demonstrate the reduction seen in the young animals following cold
stress. Decentralization also resulted in reduced TH activity, although the
reduction was not so dramatic as in young animals. Furthermore, TH activity
in old SCG was unchanged following decentralization and subsequent cold
exposure.

The impairment of thermoregulatory control in elderly humans is of major
clinical relevance in hypothermia. Longitudinal studies of ageing people have
shown attenuation of sweating and peripheral vascular reflexes with age. A
recent study has shown dramatic reductions in old age in autonomic
innervation of sweat glands in humans (Abdel-Rahman et al.l992) and
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rats(Abdel-Rahman personal observations). With the present study, these
observations suggest to us that age-related impairment of thermal homeostasis
is in part due to a range of localised impairments in the autonomic nervous
system.

Assays of NPY content in the SCG showed alterations with cold stress which
were similar to changes in TH levels , with maintained high levels following
prolonged cold exposure in young animals, which were abolished by
denervation. In old animals neither NPY or TH levels were increased
following 8 days cold exposure indicating a delayed response to cold stress.
Treatment with reserpine has been shown to have a similar effect on NPY and
TH levels within sympathetic neurones (Lunderg et al.l985). A common
mechanism, perhaps preganglionic nerve activity, may regulate the synthesis
of different substances associated with vasoconstriction. However, it is likely
that preganglionic nerve activity is not the only mechanism involved since TH
levels were unaffected by decentralization whereas NPY levels were markedly
reduced.

.

There is evidence for impaired axonal transport in old age (Tomlinson, 1988).
NPY levels were lower in peripheral axons of the ear artery from old control
rabbits compared with young animals. This supports previous studies showing
reduced sympathetic perivascular innervation with age (Mione et al.l988;
Cowen et al.l982). In addition since there was no loss of NPY from cell
bodies of the SCG in the old compared to young animals, our results may
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indicate a reduction in axonal transport with age.

In conclusion, we have shown that under conditions of prolonged cold stress,
TH levels and activity in the SCG of adult animals are differentially regulated.
Decentralization of the SCG prior to prolonged cold exposure shows that
factors other than preganglionic neurotransmission may play a part in this
differential trophic regulation.

In old age, cold-induced changes in NPY

levels, TH levels and TH activity were shown to be either slowed or
abolished.

However,

the complexity of the trophic regulation

of

neurotransmitter synthesis in our system with young adult animals does not
allow us to say anything concrete about these changes in the aged animals.
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CHAPTER 7
IN VIVO INFUSION OF NGF INDUCES
ORGANOTYPIC GROWTH OF DEGENERATING
PERIVASCULAR NERVES IN AGED RATS
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INTRODUCTION
Target tissues influence the phenotype and survival of their innervating neurones via the
production of neurotrophic factors (Levi-Montalcini, 1987; Purves, 1988). NGF is the best
characterised neurotrophic factor (Thoenen, 1991), the role of which was first established in
sympathetic and sensory neurones and later in CNS neurones (Seiler and Schwab, 1984;
Hefti, 1986; Varon et al. 1988). NGF treatment in vivo has the ability to induce nerve growth
from young and adult neurones (Isaacson et al.l990; Snider, 1988; Ruit and Snider, 1991;
Zettler et al.l991). Decreased availability of NGF has been proposed as a factor in agerelated neurodegenerative diseases (Appel, 1981; Bartus et al.l982; Perez-Polo et al.l990).
In in vitro studies NGF has been shown to elicit outgrowth from aged sympathetic and
sensory neurones (Hellweg et al. 1990; Uchida and Tomonaga, 1985a; Uchida and Tomonaga,
1985b). However, it is unknown whether NGF can induce nerve growth from aged neurones
in vivo.

A recent study shows that age-related degeneration of autonomic neurones is caused primarily
by their non-neuronal targets (Gavazzi et al.l992). This has received further support from
transplantation studies, which show that aged autonomic neurones are not impaired in their
ability to regenerate (Gavazzi and Cowen, 1992; Crutcher, 1990). The nerve plexus of
cerebral arteries from the rat decreases in density by about 50% in old age (Gavazzi et
al. 1992; Andrews and Cowen, 1991; Cowen and Thrasivoulou, 1990; Mione et al. 1988). The
perivascular nerve plexus can contain both sympathetic and sensory neurones which depend
on NGF for trophic support. Vascular smooth muscle which is a target of these nerves has
been shown to produce NGF (Creedon and Tuttle, 1991). We are working on a hypothesis
that age-related neurodegeneration is caused by a loss of neurotrophic support provided by
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their targets.

In this study we have investigated whether NGF can reverse age-related neurodegeneration.
We have used miniosmotic pumps to infuse exogenous NGF in vivo over the cerebral arteries
of freely

moving young and old rats.

Treated vessels were

examined

using

immunohistochemical staining for the general neuronal marker PGP9.5 was used to detect
all nerves (Thompson et al.l983; Cowen and Thrasivoulou, 1990) and established methods
of image anadysis were employed to quantify nerve density (Cowen and Thrasivoulou, 1992).
Our results suggest that NGF can induce nerve growth from perivascular nerves undergoing
age-related neurodegeneration.
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METHODS
Sprague Dawley rats were used at 6 weeks(young) and 24 months(old) of age. Animals
received 200 ul NGF(100ug/ml) or Cytochrome C infused over 14 days via miniosmotic
pumps connected to catheters implanted under the dura (see Methods section 4). Rats were
allowed to recover for 2 weeks. Following the operation the animals were killed with an
overdose of pentobarbitone sodium and perfused intracardially with 4% paraformaldehyde
in Pipes buffer. Blood vessels were removed for the quantification of their perivascular nerve
density using immunohistochemistry combined with image analysis (see Methods chapter 2).
The vessels used were the middle and posterior cerebral arteries(MCA & PC A). Vessels both
ipsilateral and contralateral to the infusion site were investigated. Thus the effect of NGF on
perivascular nerves was measured on vessels at varying distances from the infusion site.

Measurements of nerve density.
Two parameters of nerve density, area% and intercept density, were measured on all vessels.
Area% is the percentage of the vessel surface covered by nerves. Changes in area% of the
nerve plexus are due to either an increase in number of nerve bundles, an increase in the size
of nerve bundles, or a combination of the two. Intercept density measures changes in the
number of nerve bundles intercepting a grid placed at right angles to the vessels axis,
irrespective of the size of those nerve bundles, and is expressed as nerve bundles per mm.
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RESULTS

The effect of NGF on PGP-IR nerve density are summarised graphically in figures 7.1-7.8
and photographically in figures 7.9 and 7.10.

The effect o f NGF on perivascular nerves o f old MCA (Fig 7.1-7.4 & 7.9).
Ipsilateral to the site of infusion NGF significantly increased the area% of PGP-IR nerves
on old MCA relative to untreated vessels(205 %, p < 0.05) and cytochrome C(cytC)(p < 0.05)
treated controls. Furthermore, NGF caused a significant increase in the intercept density of
PGP-IR nerves on old MCA relative to untreated (85 %, p < 0.05) and cytC (p < 0.05) treated
vessels. Because the increase in the area% of PGP-IR nerves is larger than the increase in
the intercept density on old MCA we can infer that NGF increased both the size and number
of nerve bundles on old MCA ipsilateral to the site of infusion. Interestingly, cytC caused
a significant increase in the area% but not intercept density of PGP-IR nerves on the old
MCA(116%, p<0.05), suggesting that CytC-induced nerve growth was restricted to an
enlargement of existing nerve bundles. Contralateral to the site of infusion NGF did not
induce any changes in PGP-IR nerve density on old MCA relative to cytC treatment.
However, NGF and Cytochrome C induced nerve growth that was significantly higher than
untreated controls (p<0.05).

The effect o f NGF on perivascular nerves o f young MCA (Fig 7.1-7.4 & 7.9).
Ipsilateral to the site of infusion NGF significantly increased the area% of PGP-IR nerves
on the young MCA (74%, p<0.05) relative to untreated and cytC treated vessels. However,
NGF did not affect the intercept density of PGP-IR nerves on young MCA. This implies that
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NGF infusion caused an increase in the size, but not the number, of nerve bundles on the
young MCA. Cytochrome C had no significant effect on the PGP-IR nerve density of young
MCA. Contralateral to the site of infusion NGF had no effect on PGP-IR nerve density of
young MCA.

The effect o f NGF on perivascular nerves o f old PCA (Fig 7.5-7.8 & 7.10).
Ipsilateral to the site of infusion, NGF caused a significant increase in the area% (52%) and
intercept density (77%) of PGP-IR nerves on the old PCA relative to untreated (p < 0.05) and
cytC (p<0.05) treated vessels. NGF increased the intercept density more than the area %,
inferring that the increase in nerve density is due to an increase in new nerve bundles and
not to increased size of existing nerve bundles. CytC had no effect on nerves of the old PCA.
Contralateral to the site of infusion, NGF did not change the density of PGP-IR nerves
relative to cytC treatment.

The effect o f NGF on the perivascular nerves o f the young PCA (Fig 7.5-7.8 & 7.10).
Ipsilateral to the site of infusion NGF caused a significant increase in the area% of PGP-IR
nerves on the young PCA relative to untreated(41%, P<0.05) but not to cytC treated
vessels. Intercept density of PGP-IR nerves was not affected. Therefore, in both the young
MCA and PCA, NGF caused an increase in nerve bundle size but not in number.
Cytochrome C had no effect on the PGP-IR nerve density of young PCA ipsilateral to the
site of infusion. Contralateral to the site of infusion NGF treatment did not effect the PGP-IR
nerve density on young PCA relative to untreated vessels. However, cytC caused a
significant increase in the area% (59%, p<0.05) and the intercept density (36%, p< 0.05)
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of PGP-IR nerves on contralateral PCA relative to untreated vessels.
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Figure 7.1

Histogram showing the fluorescent area

(%) of PGP

immunoreactive nerve fibres demonstrated by immunohistochemistry following
the application of NGF and cytochrome C in the middle cerebral artery
ipsilateral to the site of infusion from young and old rats. Error bars represent
S.E.M. Significance between adjacent groups was tested using ANOVA *
p < 0 .0 5 , ** p< 0.01.
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Figure

7.2

Histogram

showing

the intercept density (ID)

of PGP

immunoreactive nerve fibres demonstrated by immunohistochemistry following
the application of NGF and cytochrome C in the middle cerebral artery
ipsilateral to the site of infusion from young and old rats. Error bars represent
S.E.M. Significance between adjacent groups was tested using ANOVA *
p < 0.05, ** p< 0.01.
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Figure 7.3 Histogram showing the fluorescent area (Area%) of PGP
immunoreactive nerve fibres demonstrated by immunohistochemistry following
the application of NGF and cytochrome C in the middle cerebral artery
contralateral to the site of infusion from young and old rats. Error bars
represent S.E.M. Significance between adjacent groups was tested using
ANOVA * p< 0.05, ** p<0.01.

174

The Effect of NGF on Ageing Perivascular Nerves
MCA Contralateral to the Site o f Infusion
20

15

A
R
E
A

10

0/

5

0
Young

Control

O ld

E53 Cytochrome C

jyoF

Figure 7.4 Histogram showing the intercept density (ID) of PGP
immunoreactive nerve fibres demonstrated by immunohistochemistry following
the application of NGF and cytochrome C in the middle cerebral artery
contralateral to the site of infusion from young and old rats. Error bars
represent S.E.M. Significance between adjacent groups was tested using
ANOVA * p < 0 .0 5 , * * p < 0.01.
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Figure 7.5 Histogram showing the fluorescent area (Area%) of PGP
immunoreactive nerve fibres demonstrated by immunohistochemistry following
the application of NGF and cytochrome C in the posterior cerebral artery
ipsilateral to the site of infusion from young and old rats. Error bars represent
S.E.M. Significance between adjacent groups was tested using ANOVA *
p < 0 .0 5 , ** p< 0.01.
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Figure

7.6

Histogram

showing

the intercept

density (ID)

of PGP

immunoreactive nerve fibres demonstrated by immunohistochemistry following
the application of NGF and cytochrome C in the posterior cerebral artery
ipsilateral to the site of infusion from young and old rats. Error bars represent
S.E.M. Significance between adjacent groups was tested using ANOVA *
p < 0 .0 5 , * * p < 0 .0 1 .
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Figure 7.7 Histogram showing the fluorescent area (Area%) of PGP
immunoreactive nerve fibres demonstrated by immunohistochemistry following
the application of NGF and cytochrome C in the posterior cerebral artery
contralateral to the site of infusion from young and old rats. Error bars
represent S.E.M. Significance between adjacent groups was tested using
ANOVA * p < 0.05, ** p<0.01.
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Figure

7.8

Histogram

showing

the intercept density (ID)

of PGP

immunoreactive nerve fibres demonstrated by immunohistochemistry following
the application of NGF and cytochrome C in the posterior cerebral artery
contralateral to the site of infusion from young and old rats. Error bars
represent S.E.M. Significance between adjacent groups was tested using
ANOVA * p< 0.05, ** p< 0.01.
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Figure 7.9 Photomicrographs of whole-mount preparations of middle cerebral
arteries showing PGP-immunoreactive nerve fibres demonstrated by
immunohistochemistry treated with NGF and Cytochrome C in young and
aged rats. Bar = 50/xm.

a) Young-adult treated with cytochrome C.

b) Aged treated with cytochrome C.

c) Young-adult treated with NGF.

d) Aged treated with NGF.
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Figure 7.10 Photomicrographs of whole-mount preparations of middle cerebral
arteries

showing PGP-immunoreactive nerve fibres demonstrated by

immunohistochemistry treated with NGF and Cytochrome C in young and
aged rats. Bar = 50^m.

a) Young-adult treated with cytochrome C.

b) Aged treated with cytochrome C.

c) Young-adult treated with NGF.

d) Aged treated with NGF.
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DISCUSSION
The role of target-derived NGF in the survival and development of neurones
is well established (Levi-Montalcini, 1987; Thoenen, 1991). NGF can induce
axon outgrowth in neurones from young and adult mammals (Saffran and
Crutcher, 1990; Isaacson et al. 1990; Snider, 1988; Ruit and Snider, 1991).
The continued requirement of aged neurones for NGF in order to survive has
been shown in CNS (Montero and Hefti, 1989) and sympathetic neurones
(Ruit et al. 1990). Furthermore, in vitro studies show that ageing sympathetic
and sensory neurones retain the capacity to produce neurite outgrowth in
response to NGF treatment (Hellweg et al. 1990; Uchida and Tomonaga,
1985a; Uchida and Tomonaga, 1985b). However, the ability of NGF to induce
nerve growth from aged animals in vivo has not been investigated. In an
attempt to reverse the neurodegeneration exhibited by some perivascular
nerves during ageing, we have infused NGF in vivo over the peripheral nerve
fibres of these neurones in young and old freely moving rats. The results
described here demonstrate that the exogenous application of NGF in vivo to
an aged nerve plexus can induce growth and regeneration of a pattern of
innervation which resembles that seen in young neurones. This is the first
evidence of the ability of NGF to induce nerve growth from degenerating aged
neurones in vivo.

The perivascular nerve plexuses of cerebral arteries decreases in density by
about 50% in old age (Gavazzi et al. 1992; Andrews and Cowen, 1991 ; Cowen
and Thrasivoulou, 1990; Mione et al. 1988). The overall nerve density as
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measured by PGP-immunoreactivity (Cowen and Thrasivoulou, 1990) and the
sympathetic

component

as

measured

by

TH-immunoreactivity

and

noradrenaline histochemistry (Mione et al. 1988) decrease by a similar
proportion. The loss of nerve fibres on from the aged perivascular plexus of
cerebral arteries in the rat could mean either cell loss or loss of collateral
fibres. The lack of evidence of cell death in the peripheral nervous system
leads us to believe that fibre loss is occurring. Recent studies show that the
age-related degeneration of perivascular nerves on cerebral arteries is
primarily the result of changes in the non-neuronal target (Gavazzi et al. 1992;
Crutcher, 1990). Other studies have shown that sympathetic neurones retain
their plasticity in old age (Gavazzi and Cowen, 1992; Stieg et al. 1991). It is
possible that the reason for the neurodegeneration seen in these perivascular
nerves is a decrease in the availability of target derived factors such as NGF.
In this study we have investigated the total nerve plexus and thus cannot
distinguish any selectivity in the effects of NGF on sympathetic,
parasympathetic or sensory nerve populations that supply the blood vessel
wall. However, both sympathetic and sensory perivascular neurones, which
are dependent on NGF for trophic support, are likely to be affected.

NGF induced a change in both the pattern and density of the old
cerebrovascular nerve plexus. The normal aged nerve plexus on cerebral blood
vessels comprises a randomly orientated plexus of relatively fine nerve
bundles. Following treatment with NGF for 2 weeks, the nerve plexus
develops longitudinally arranged nerve bundles together with more fine nerve
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bundles ie. a pattern resembling that seen in young blood vessels.

NGF had different effects on the density of plexus from old and young nerves.
NGF induced greater absolute growth of neurites from the aged neurones,
despite their ongoing neurodegeneration compared to young nerves in
comparable vessels, suggesting that old nerves have more capacity for growth
than young nerves. This could be because the young nerves are already in an
environment that is favourable for nerve growth and have achieved a
maximum density, whereas old nerves retain the capacity for neurite
outgrowth but lack adequate trophic support. NGF also had a different effect
on the pattern if growth of young and old nerves. NGF increased both the size
and number of old nerve bundles but only increased the size of young nerve
bundles. Thus neurite outgrowth from old neurones occurs along existing and
new pathways in contrast to the nerve growth from young neurones which
only occurs along existing pathways. The ability of NGF to induce these
changes in the pattern and density of innervation supplied by old neurones
implies that one reason for age-related changes could be a decreased
availability of NGF.

Cytochrome C has been used on a number of occasions in studies of NGF as
a control with to our knowledge, no neurogenic effects (Isaacson et al. 1990;
Saffran and Crutcher, 1990; Ruit et al. 1990). However, in this study,
cytochrome C infusion induced an increase in nerve density on some of the
vessels. A recent investigation in our laboratory has shown that exogenous
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bovine serum albumin but not rat serum albumin induces increased nerve
outgrowth from rat autonomic neurones(Gavazzi, personal observations). This
leads us to believe that an immune or inflammatory reaction, possibly
potentiated by the invasive surgery, could directly or indirectly induce nerve
growth. There are a number of studies that show important links between
NGF and the immune system (Levi-Montalcini, 1987). Possible mechanisms
could include the upregulation of NGF synthesis in fibroblasts by cytokines
produced by invading cells of the immune system (Yoshida and Gage, 1992).
It is interesting to note that cytochrome C had its greatest effect on those
nerves at a distance from the site of infusion, in contrast to the more localised
effects of NGF.

In conclusion, we show that NGF can reverse age-related neurodegeneration
of old nerves. Furthermore, it has the ability to reverse age-related changes
in the pattern of nerve plexuses indicating that NGF may be involved in target
induction of organotypic patterns of innervation. A decrease in the availability
of NGF has been linked with age-related changes that take place in human
neurodegenerative diseases (Perez-Polo et al. 1990; Bartus et al. 1982; Appel,
1981; Varon et al. 1988). It has been suggested that NGF could be used as a
therapeutic agent in these diseases (Tuszynski et al. 1991). This study shows
the potential of exogenous NGF to reverse age-related deficits in neuronal
morphology and provides some evidence that reduced levels of NGF in vivo
may induce age-related loss of nerve fibres
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CHAPTER 8
NERVE GROWTH FACTOR ENHANCES
DENDRITIC ARBORIZATION
OF SYMPATHETIC GANGLION CELLS
IN AGED RATS
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INTRODUCTION
The targets that neurones innervate play an important role in their survival in
early stages of neuronal development (Levi-Montalcini, 1987). The trophic
influence of the target on its innervating neurones has been shown to continue
throughout postnatal development and into adulthood (Purves,

1988;

Voyvodic, 1987; Voyvodic, 1989). Recent studies have shown that neurones
remain dependent upon their targets in ageing (Ruit et al. 1990; Gavazzi et
al. 1992). Target tissues exert their effect via the release of neurotrophic
factors that are taken up by the axons of innervating neurones and retrogradely
transported to the cell soma (Hendry and Hill, 1980; Hendry and Campbell,
1976).

NGF is the best characterised neurotrophic factor (Thoenen, 1991). It has
been shown to influence the size (Snider, 1988; Ruit and Snider, 1991),
neurotransmitter synthesis (Thoenen et al. 1971) and preganglionic innervation
of sympathetic neurones (Nja and Purves, 1977). Because the majority of
presynaptic innervation on-sympathetic neurones occurs on their dendrites, the
regulation of growth of dendritic arbors is of great importance in neural
organization (Forehand, 1985). NGF can induce dendritic growth in neurones
from young and adult animals (Snider, 1988; Ruit and Snider, 1991; Ruit et
al.l990). The NGF induced dendritic growth in young and adult neurones is
primarily a result of increased dendritic branching. The dendritic morphology
of adult autonomic neurones has been shown to be in a continual state of
rearrangement (Purves et al.l986). Changes in the branching patterns of
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dendritic arbors seen in these studies probably reflect ongoing neurotrophic
regulation in adult animals. Primary dendrites are a stable morphological
feature set up early in development (Voyvodic, 1987; Ruit and Snider, 1991).
They play an important role in the synaptic organization of neurones cells and
their numbers are proportional to the number of innervating neurones (Purves
and Hume, 1981). However, unlike other aspects of the dendritic arbor,
changes in the number of primary dendrites only respond to treatment with
NGF early in postnatal development (Ruit et al.l990; Ruit and Snider, 1991;
Snider, 1988). The continued role of neurotrophic factors in the maintenance
of neurones in ageing animals have been demonstrated in a few studies.
Antisera to NGF has been shown to cause cell death in adult and aged
sympathetic neurones (Snider, 1988). Conversely, NGF can prevent neuronal
atrophy and cell death caused by the separation of cholinergic forebrain
neurones from their target in adult rats (Montero and Hefti, 1989). In vitro
studies provide contradictory evidence for the ability of NGF to induce neurite
outgrowth from aged neurones (Hellweg et al.l990; Uchida and Tomonaga,
1985a; Uchida and Tomonaga, 1985b; Fukuda et al.l991). No studies have
investigated the ability of NGF to enhance dendritic arborization from aged
neurones in vivo.

We have shown in a previous study that the axons and the dendritic arbors of
sympathetic neurones projecting to the middle cerebral artery of the rat
undergo neurodegeneration in old age. In an attempt to reverse this age-related
neurodegeneration we have infused exogenous NGF in vivo over the
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peripheral processes of these sympathetic neurones in freely moving young
and aged animals. We have used retrograde tracing and intracellular injection
combined with confocal microscopy to quantify any resulting changes in
dendritic morphology. Our results show that sympathetic neurones from aged
animals are still responsive to NGF and that in vivo treatment with exogenous
NGF can reverse some aspects of age-related neurodegeneration.

RESULTS

Changes in dendritic morphology are illustrated graphically in figs 8.1-8.4 and
pictorially in figs 8.5 & 8.6.

Changes in neuronal morphology o f aged sympathetic neurones following
NGF treatment.
Dendritic Growth (Fig 8.1).
NGF treatment increased the total dendritic length of MCA neurones from the
aged rat SCG by 46% compared to untreated neurones (p<0.01) and by 70%
compared to neurones treated with cytochrome C (p<0.01). The increase in
dendritic sprouting following the application of NGF appears to be a result of
symmetrical growth of the whole arbor. NGF treatment increased the area of
the dendritic arbor from aged MCA neurones (xy plane) by 28% (p<0.09)
and increased the depth (z plane) by 40% relative to untreated controls
(p<0.05). NGF increased the dendritic length per primary dendrite by 97%
relative to untreated (p<0.01) and cytochrome C treated (p<0.05) neurones.
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Primary dendrites and cell body size (Fig 8.2 & 8.3).
The number of primary dendrites on aged MCA neurones in the SCG was not
affected by NGF treatment. The number of primary dendrites on MCA
neurones has been shown to decrease in old age (see chapter 5). However, the
application of exogenous NGF for 2 weeks was not able to reverse this loss.
Previous studies have shown that the number of primary dendrites is a
relatively stable morphological feature responsive to NGF only during a
critical phase of early development (Voyvodic, 1987; Ruit and Snider, 1991).

NGF increased the mean cell body size of aged neurones projecting to the
MCA by 60% compared to untreated MCA neurones (p<0.01) and by 47%
compared to neurones treated with cytochrome C (p<0.01). Previous studies
have shown that anti-NGF antibodies can cause cell shrinkage from aged
sympathetic neurones (Ruit et al. 1990).

Dendritic Branching (Fig 8.4).
The increased dendritic growth that we have observed appears to be a result
of an increase in the growth of existing dendritic segments and not due to
increased branching. Thus, NGF increased the mean segment length of
dendrites by 42% relative to cytochrome C treated neurones (p<0.05), but
did not affect the number of dendritic segments or branch points relative to
cytochrome C-treated neurones.
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Changes in the dendritic morphology o f young adult sympathetic neurones.
Dendritic growth (fig 8.1).
NGF increased the total dendritic length of young adult SCG neurones by 50%
relative to control untreated neurones (p< 0.001) but not in relation to
cytochrome C-treated neurones. Moreover, cytochrome C increased the total
dendritic length of neurones relative to untreated controls by 33% (p<0.05).
NGF increased the area of the dendritic arbor in the xy plane relative to
untreated controls (33%, p<0.05) but not relative to cytochrome C treated
controls. NGF did not affect the depth of the young neurones in the Z plane.

Primary dendrites and cell body size (fig 8.2 & 8.3).
NGF had no effect on the number of primary dendrites from young adult
MCA neurones in the SCG. NGF has been shown to increase the number of
primary dendrites from sympathetic neurones during early critical phases of
postnatal development (Snider, 1988; Ruit and Snider, 1991) but not in adult
animals (Ruit et al. 1990). It would appear that our young adult animals had
passed this critical stage of development.

NGF increased the cell body size of MCA neurones from young adult animals
by 53% relative to untreated controls (p< 0.001) and by 44% compared to
cytochrome C treated controls. Comparable increases in cell body size have
been observed in similar studies looking at the effect of NGF on adult mice
sympathetic neurones (Ruit et al. 1990).
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Dendritic branching(fig 8.4).
In young neurones, the increase in total dendritic length caused by NGF
relative to untreated controls is primarily due to cui increase in dendritic
branching and not due to an increase in segment length. NGF increased the
number of dendritic segments (80%) and branch points (100%) relative to
untreated (p< 0.001) and cytochrome C treated (p<0.05) controls. However,
the mean segment length of dendrites decreased following NGF application by
25% relative to untreated (p<0.05) and cytochrome C treated controls
(p<0.1), indicating that new branch points had been inserted within existing
segments.

We have also investigated how different types of branch points are affected.
NGF increased the number of A type terminal branch points by 69 % relative
to untreated controls (p< 0.001) and by 38% relative to cytochrome C treated
controls (p<0.05). NGF increased the number of B type link and terminal
branch points by 85% relative to untreated controls (p< 0.001) and by 48%
relative to cytochrome C treated controls (p<0.05). NGF increased the
number of C type link branch points by 176% relative to untreated controls
(p < 0.001) and by 105 % relative to cytochrome C treated controls (p < 0.(X)1)
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Figure 8.1 Histogram showing the total dendritic length of sympathetic
neurones projecting to the middle cerebral artery demonstrated by intracellular
injection and confocal microscopy following the application of NGF and
cytochrome C from young and old rats. Error bars represent S.E.M.
Significance between adjacent groups was tested using ANOVA * p<0.05,
** p < 0.01. Units in fim.
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Figure 8.2 Histogram showing the number of primary dendrites of sympathetic
neurones projecting to the middle cerebral artery demonstrated by intracellular
injection and confocal microscopy following the application of NGF and
cytochrome C from young and old rats. Error bars represent S.E.M.
Significance between adjacent groups was tested using ANOVA * p< 0.05,
** p< 0.01.
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Figure 8.3 Histogram showing the soma size of sympathetic neurones
projecting to the middle cerebral artery demonstrated by intracellular injection
and confocal microscopy following the application of NGF and cytochrome
C from young and old rats. Error bars represent S.E.M. Significance between
adjacent groups was tested using ANOVA * p<0.05, ** p<0.01. Units in
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Figure 8.4 Histogram showing the number of branch points of sympathetic
neurones projecting to the middle cerebral artery demonstrated by intracellular
injection and confocal microscopy following the application of NGF and
cytochrome C from young and old rats. Error bars represent S.E.M.
Significance between adjacent groups was tested using ANOVA * p<0.05,
** p< 0.01.

207

The Effect of NGF on the Dendritic Arbors of Ageing Sympathetic Neurones
Branch Points
40
* *

30

20

10

0

Young

Control

Old

EX3 Cytochrome C

mgF

Figure 8.5 Photomicrographs of the dendritic arborisations of sympathetic
neurones projecting to the middle cerebral artery demonstrated by intracellular
injection and confocal microscopy following treatment with NGF and
Cytochrome C in young rats. Bar = 50/im.

a) Young-adult untreated.

b) Young-adult treated with cytochrome C.

c) Young-adult treated with NGF.
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Figure 8.6 Photomicrographs of the dendritic arborisations of sympathetic
neurones projecting to the middle cerebral artery demonstrated by intracellular
injection and confocal microscopy following treatment with NGF and
Cytochrome C in aged rats. Bar = 50/xm.

a) Aged untreated.

b) Aged treated with cytochrome C.

c) Aged treated with NGF.
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DISCUSSION
The role of the target in regulating neuronal phenotype has been shown to
continue into ageing (Gavazzi et al. 1992). Sympathetic neurones continue to
rely on NGF for their survival in old age (Ruit et al. 1990). In vitro studies
show that under some conditions NGF can induce neurite outgrowth from
sympathetic neurones (Tanaka et al. 1990; Uchida and Tomonaga, 1985a;
Uchida and Tomonaga, 1985b). However, it is unknown whether NGF
treatment in vivo can induce nerve growth from aged sympathetic neurones.
In an attempt to reverse neuronal age changes we have applied exogenous
NGF in vivo in freely moving rats to sympathetic neurones whose dendritic
arbors undergo age-related neurodegeneration.

Our results show that NGF can elicit dendritic growth from aged neurones.
We have previously shown that the sympathetic neurones projecting to the
middle cerebral artery undergo neurodegeneration in old age that includes a
decrease in total dendritic length and loss of primary dendrites. In this study
we show that NGF can reverse the decrease in total dendritic length but
cannot induce an increase in the number of primary dendrites. The ability of
sympathetic neurones to regenerate neurites in various experimental conditions
has been shown not to be impaired in old age (Gavazzi and Co wen, 1992;
Crutcher, 1990). The plasticity demonstrated by aged sympathetic neurones
in these studies may be relevant in understanding the compensatory dendritic
growth that has been demonstrated in CNS neurones in response to age-related
neurodegeneration (Buell and Coleman, 1979).
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We have shown that NGF has different effects on the neurones from young
adult compared to aged animals. The dendritic growth elicited from aged
neurones in this study was primarily a result of an increase in segment length,
whereas the dendritic growth from young adult animals was essentially a result
of an increase in dendritic branching. Therefore, sympathetic neurones may
become less able to produce new dendritic branches with age. In vivo imaging
has shown the dendritic morphology of autonomic neurones are continually
growing and retracting even in adult life (Purves et al. 1986). However, our
demonstration that aged neurones can no longer produce new dendritic
branches may represent a reduced ability to undergo remodelling in old age.
We have no evidence of the functional status of the regrowing dendrites,
consequently we do not know whether NGF induces organotypic regrowth or
a nonspecific growth response to NGF.

Not all parameters of dendritic morphology were affected by NGF treatment.
The number of primary dendrites on young and aged neurones was unaffected
by the administration of nerve growth factor. The number of primary
dendrites on sympathetic neurones has been said to be a stable morphological
feature that is regulated only early in development by NGF (Voyvodic, 1987;
Ruit and Snider, 1991). NGF or anti-NGF antibody administration in the first
postnatal weeks causes dramatic changes in the number of primary dendrites
that are present on sympathetic neurones (Snider, 1988). However, the
application of NGF on adult mouse sympathetic neurones causes no increase
in the number of primary dendrites (Ruit et al. 1990). We have shown in a
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previous study (chapter 5) an age-related loss of primary dendrites in neurones
projecting to the middle cerebral artery. However, it would appear that this
loss of primary dendrites with age cannot be reversed by exogenous NGF in
the time scales that we have used.

NGF can induce a 200% increase in the dendritic length of sympathetic
neurones in rats during the first postnatal week (Ruit and Snider, 1991) but
only a 30% increase in adult mice (Ruit et al. 1990). In this study we show
that NGF increases the total dendritic length of young adult rat sympathetic
neurones by 50% relative to untreated controls. However, because cytochrome
C also induced dendritic growth(33%), the dendritic length induced by NGF
was not significantly higher than cytochrome C treated controls. This may
suggest that there are some limitations on the capacity of NGF to induce
dendritic growth in sympathetic neurones.

Cytochrome C has been used in a number of studies of NGF as a control,
with to our knowledge no neurogenic effects. I have shown that cytochrome
C dissolved in PBS and rat albumin induces nerve outgrowth from autonomic
neurones (chapter 7). It is not clear whether this is an effect of the vehicle,
inducing an immune reaction, or of the invasive surgery inducing local
inflammation, either of which could directly or indirectly induce nerve
growth. There are a number of studies that show important links between
NGF and the immune system (Levi-Montalcini, 1987). Possible mechanisms
for such effects include the upregulation of NGF synthesis in fibroblasts by
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cytokines produced by invading cells of the immune system (Yoshida and
Gage, 1992). Cytochrome C infusion did not however induce nerve growth
from aged neurones. This may represent a deficiency in the immune or the
inflammatory responses in old age.

In summary, our results provides support for the concept of a continued role
for NGF in the maintenance of dendritic morphology of sympathetic neurones
in old age. However, NGF-induced growth of dendrites in aged animals
provide evidence of reduced plasticity in old age. A decrease in the
availability of NGF has been linked with age-related changes that take place
in human neurodegenerative diseases (Perez-Polo et al. 1990; Appel, 1981;
Bartus et al. 1982; Varon et al. 1988). It has been suggested that NGF could
be used as a therapeutic agent in these diseases (Tuszynski et al. 1991). This
study shows the potential of exogenous NGF to reverse age-related
neurodegeneration of neuronal morphology and provides some evidence that
reduced levels of NGF in vivo may induce neurodegeneration.
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CHAPTER 9
GENERAL DISCUSSION
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GENERAL DISCUSSION
Hypothesis:
’Neurones continue to depend on their targets tissues fo r trophic
support in old age and alterations in this relationship direct the
specific nature o f age-related neurodegeneration. ’

Is age-associated neurodegeneration the result of intrinsic changes in neurones,
of is it due to changes in some aspect of the neurone’s environment? In the
first part of this discussion I shall be looking at the occurrence of
neurodegeneration in different populations of sympathetic neurones. The
accurate description and quantification of age-related neurodegenerative
changes is necessary to provide models to study the mechanisms involved.
Using

these models of neurodegeneration,

I will discuss

whether

neurodegenerative changes are the result of intrinsic changes in the neurones
themselves. I will describe some responses of aged neurones to increased
presynaptic neuronal activity. In the final part the discussion I will look at the
role of local environmentaLfactors in the ageing of neurones. I shall describe
in vivo and transplantation studies that have shown the target tissues of
neurones to be important in age-related neurodegeneration. Finally, I will look
at the ability of target-derived trophic factors to reverse neurodegenerative
changes.

I have looked exclusively at neurones in the peripheral nervous system. The
advantages of working in the peripheral nervous system is its simplicity and
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the ease with which it can be manipulated. A disadvantage is that the majority
of well-documented neurodegenerative diseases associated with ageing are
found in the CNS. However, peripheral neurones have many similar attributes
to CNS neurones and may be useful as a model of neuronal ageing.
Throughout this discussion I will, where possible, relate my results to
observations in the CNS.

The establishment of animal models is important for progress in all fields of
biological research. Years of research into the field of neuronal ageing has
yielded few good models of neurodegeneration. The basis of models of
neurodegeneration

is

an

accurate

quantification

of

the

nature

of

neurodegenerative changes in neurones. In my thesis (chapters 3,4,5) I have
described the effects of ageing on the axonal and dendritic arbors of
predominantly sympathetic neurones. The aim of this initial study was to
localise and characterise neurodegeneration in aged neurones.

The perivascular innervation of blood vessels can be composed of
sympathetic,

sensory

and

parasympathetic

nerves.

Studies

using

immunohistochemical and histochemical markers for neurotransmitters and
neurotransmitter synthesizing enzymes show that the pattern and density of the
perivascular axonal arbors differs between blood vessels of similar and
different structure (Todd and Tokito, 1981; Cowen and Bumstock, 1986;
Dhall et al. 1986; Mione et al. 1988). Furthermore, longitudinal studies have
proposed that changes in perivascular plexuses with age are specific to
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individual blood vessels (Cowen et al. 1982; Dhall et al. 1986). Changes in
neurotransmitter expression with age have also been documented (Cowen and
Thrasivoulou, 1990). However, these studies are limited to describing the
density of nerves expressing a certain phenotype at a particular developmental
stage. I have used a general neuronal marker PGP9.5 (Thompson et al. 1983;
Cowen and Thrasivoulou, 1990) to study the whole perivascular nerve fibre
plexus (chapter 3). I have used established methods of image analysis (Cowen
and Thrasivoulou, 1992) to measure the changes that take place in the
innervation of 5 vascular beds in old age.

I found, in agreement with previous studies, that neurodegeneration is not a
general feature of the axonal arbors of aged peripheral neurones. However,
significant amounts of neurodegeneration were seen in the perivascular
plexuses of the middle cerebral artery (MCA) and the tail vein (TV). The
neurodegeneration seen in this study was detected using a general neuronal
marker and therefore could not specify which population of neurones was
affected. Therefore, I used noradrenaline histochemistry to study the
sympathetic component of the perivascular plexus. The neurodegeneration of
the MCA is due mainly to loss of sympathetic nerves, whilst other
nonsympathetic nerves may increase (Mione et al. 1988). However, in the TV,
because the sympathetic innervation increases in old age, the changes are
likely to be due to loss of sensory or parasympathetic nerves. These results
demonstrate the target-specific nature of the age changes in neurones.
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To investigate how ageing both affects both axons and dendrites of the same
neurones required the establishment of a technique to detect dendritic arbors
in neurones projecting to particular targets. A common method used in the
study of neuronal morphology is Golgi impregnation. However, the capricious
nature of this stain and the fact that it does not work on peripheral neurones
meant that an intracellular technique needed to be developed. The technique
I used involved the intracellular injection of neurones in fixed sympathetic
ganglia. The intracellular injection of fixed tissue is relatively new technique.
Its advantage over intracellular injection of neurones in vivo or in vitro is that
it does not require complicated maintenance of tissue particularly when
neurones to be impaled are visualized under the fluorescence microscope
which can be very damaging. I injected the cells with a molecule called
neurobiotin that could be detected with a streptavidin conjugated to a
fluorescent probe. The dendritic arbors of the neurones could then be analyzed
using the confocal microscope. The additional resolving power and 3
dimensional analysis of the confocal microscope allowed me to investigate and
quantify the fine structure of the dendrites.

In my first study using this technique (chapter 4) I investigated the
development and ageing of sympathetic dendrites in the superior cervical
ganglion. The aim of this study was to establish the technique by comparing
my results with similar studies of the postnatal development of sympathetic
neurones and to look at how ageing affects neurones in the superior cervical
ganglion. Previous studies have shown that the dendrites of sympathetic

221

neurones continue to grow in postnatal development in parallel with the
increased growth of the body (Voyvodic, 1987; Ruit and Snider, 1991).
However, although substantial dendritic growth occurs, the number of primary
dendrites has been proposed to be a stable morphological feature set up early
in development (Voyvodic, 1987; Ruit and Snider, 1991). I quantified the
dendritic arbors of sympathetic neurones in young-adult, fully grown adult and
aged sympathetic neurones. I found that the growth of dendrites from
sympathetic neurones during postnatal development in this study compares
well with other similar studies with respect to dendritic length. However, I
find that the number of primary dendrites is not a stable morphological feature
during postnatal development. The reason for the discrepancy between my
data and that of other studies (Voyvodic, 1987; Ruit and Snider, 1991) could
be the enhanced resolution and 3 dimensional imaging capability of the
confocal microscope. The loss of primary dendrites occurs at a time when the
neurone is undergoing substantial dendritic growth. The dendritic length /
primary dendrite shows substantial increase during the postnatal period.
Therefore it would appear that there is differential regulation of dendritic
length and primary dendrite numbers in the postnatal period. This process of
selective loss and growth of dendrites probably indicated a process of
refinement of dendritic connections during postnatal life.

I have shown significant neurodegeneration of the dendrites of sympathetic
neurones in the SCG in old age. There is a significant decrease in dendritic
length and in the number of primary dendrites. The dendritic length / primary
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dendrite however, remains constant in old age. This implies that whole
primary dendrites and their dendritic arbors are lost in old age rather than the
general pruning of the whole arbor. This study provides the first quantitative
evidence of age-related neurodegeneration of dendritic arbors in the peripheral
nervous system. Age changes in the dendritic arbors of the CNS are well
documented. Although many studies report neurodegeneration in dendritic
arbors (Vaughan, 1977) there are others that show dendritic arbors can grow
in old age (Buell and Coleman, 1979). Therefore, although this initial study
of dendritic development and ageing of a whole population of sympathetic
neurones may represent the average changes taking place, it does not preclude
different trends in subpopulations of neurones.

Subsequently, I studied how the dendritic arbors of subpopulations of
sympathetic neurones projecting to different targets were affected in
development and old age (chapter 5). The populations of neurones were
chosen on the basis of previous analysis of changes in their axonal arbors. For
example the sympathetic neurones projecting to the MCA show significant
degeneration of their dendritic arbors, whilst neurones projecting to the tail
vein increase their axonal arbors. I developed a retrograde tracing technique
that would identify neurones projecting to particular targets and which was
compatible with intracellular injection (see chapter 2). I found significant
differences between the dendritic arbors of subpopulations of neurones in the
same and different ganglia during development. This proved interesting
because previous studies, looking at whole populations of sympathetic
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neurones, could not find any difference between the dendritic arbors of
cervical and lumbar adult sympathetic neurones (Snider, 1986). Changes in
primary dendrites and branch points in postnatal development proved to be
target-specific. The iridial and middle cerebral projecting neurones lost
primary dendrites and did not increase branch points during postnatal
development whereas the submandibular gland and tail vein projecting
neurones had relatively stable numbers of primary dendrites and increased
branch points during this period.

In old age all subpopulations of sympathetic neurones showed significant
amounts of neurodegeneration. However, the rate of neurodegeneration and
the way it occurred was specific to different populations of neurones. For
example the SMG neurones lost primary dendrites, whereas the MCA
neurones showed no such loss. The decrease in dendritic length in the TV
neurones was twice that seen in the iridial projecting neurones. These results
demonstrate target-specific age changes in the dendrites of subpopulations of
sympathetic neurones.

Having described the axonal and dendritic arbors of neurones innervating
different targets I then compared how the axons and the dendrites of neurones
projecting to different targets changed during development and old age. I
found that taking into account the increases in size of the innervated target
tissue, the remodelling of axons and dendrites during postnatal development
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occurs in a comparable manner in all neuronal populations. However, in old
age although parallel changes in the axonal and dendritic arbors occur in some
neurones they do not in others. For example, the axonal and dendritic arbors
of the neurones that project to the MCA both undergo significant
degeneration. However, the axonal and dendritic arbors of the aged neurones
that innervate the TV show opposite changes with age. The axonal arbors
increase with age but the dendritic arbors show significant degeneration. The
description of these age-related changes provides models for further studies
investigating the causes of neurodegeneration.

Experiments carried out in our laboratory have investigated the ability of aged
neurones to regenerate organotypic neurite outgrowth following transplantation
(Gavazzi and Cowen, 1992). The experiments involve taking young and old
sympathetic ganglia and implanting them in oculo onto the iris of young and
old host animals. The iris is a major target tissue of the sympathetic neurones
of the SCO. The iris is surgically denervated before tramsplantation and
therefore provides a large denervated target area for the neurite outgrowth of
the transplanted neurones. The results of this study showed that aged SCO
neurones are not impaired in their capacity for neurite outgrowth relative to
young controls. Furthermore, identical results were obtained when the aged
sympathetic neurones of the stellate ganglion, which do not normally innervate
the iris, were transplanted in oculo. This shows that ageing does not appear
to diminish the ability of neurones to generate neurite outgrowth. Other
laboratories have shown that aged neurones are not impaired in their ability
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to survive following transplantation (Suhonen et al. 1991; Stieg et al. 1991).

In a second set of experiments I have investigated how ageing affects the
ability of neurones to respond to presynaptic neuronal activity (chapter 6).
Abundant evidence suggests that cellular development and plasticity in brain
and other tissues is influenced greatly by afferent neuronal activity (Leslie,
1993; Lipton and Kater, 1989; Shatz, 1992; Kandel and O’Dell, 1992). Thus,
in addition to changing the electrophysiological properties of postsynaptic
cells, neurotransmission can also alter the metabolism of these cells. Some of
the best studied examples of such biochemical changes are the alterations in
transmitter biosynthesis that occur in response to increased presynaptic
activity. The ability of neuronal activity to upregulate the noradrenaline
synthesizing enzyme tyrosine hydroxylase (TH) in order to facilitate increased
release of noradrenaline from sympathetic neurones is a well-documented
phenomenon (Biguet et al. 1989; Rittenhouse et al. 1988). I have investigated
whether the ageing process affects the ability of aged sympathetic neurones to
respond to neural activity. A non-invasive method that has been used to
upregulate the activity of the sympathetic nervous system is cold exposure
(Thoenen et al. 1971). I have used long periods of cold exposure to investigate
how aged sympathetic neurones adapt to prolonged neuronal activity and have
studied TH and vasoconstrictor peptide neuropeptide Y (NPY).

The ability of cold exposure to induce increased TH and NPY levels slowed
or abolished in aged neurones. However, long periods of cold exposure
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induced levels of TH in aged neurones similar to those seen in young animals.
Thus aged sympathetic neurones retain the ability to respond to presynaptic
activity but are slowed in their ability to do so. The reason for the delayed
response could be intrinsic to the aged neurones or the experimental
mechanism(cold exposure) we have used to upregulate neuronal activity may
be less effective in old animals. Evidence from similar studies has shown that
ability of sympathetic neurones to upregulate noradrenaline synthesis is slowed
in old age (Santer, 1979). Our experiments also provided evidence that cold
stress could upregulate TH activity via non synaptic mechanisms. However,
these experiments do not explain the cause of changed neuronal responses. I
have shown that the dendritic arbors of rat sympathetic neurones in the SCG
undergo substantial degeneration in old age (Chapter 4). The dendritic length
of sympathetic neurones relates to the amount of presynaptic innervation that
impinges upon them (Purves et al.l986; Snider, 1987; Forehand, 1985).
Therefore, the reason for the slowed response could be the reduced
presynaptic input upon aged sympathetic neurones. There is evidence that
CNS catecholaminergic neurones show a similar ability to upregulate protein
synthesis in order to facilitate increased neurotransmission in response to
neural activity (Smith et al. 1991). The possibility that ageing may affect these
neurones in a similar manner has not been investigated. In conclusion these
experiments show that there is no conclusive proof that age changes in the
nervous system are due to intrinsic changes in the neurones themselves.

I will now discuss the role of the neurone’s environment on age-related
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neurodegeneration. The development and functioning of the nervous system
requires the interaction of signals both within and between cells. Many studies
have shown the importance of neural activity (McKee et al.l989; Lipton and
Kater, 1989), targets (Purves, 1988; Levi-Montalcini, 1987; Thoenen, 1991),
extracelluar matrix (Edelman, 1983), and hormones (Devoogd and Nottebohm,
1981) in neuronal development. The role of targets in the survival of neurones
early in development is well established (Levi-Montalcini, 1987). Target
tissues continue to have a trophic role on their innervating neurones in
postnatal development and adulthood (Purves, 1988; Voyvodic, 1987). The
surgical enlargement of target tissues causes both dendritic and axonal growth
of sympathetic neurones (Voyvodic, 1989). Conversely, a reduction in target
size or denervation causes degeneration of axonal and dendritic processes
(Voyvodic, 1989; Yawo, 1987). The target-specific nature of the age-related
changes combined with the importance of target tissues in the regulation of
growth and degeneration of sympathetic neurones suggests that targets may
play a role in neurodegeneration.

A recent study in the laboratory, using some data from this thesis, has shown
using in oculo transplantation that age-related neurodegenerative changes in
the perivascular nerve plexus are the primarily a result of changes in target
tissues (Gavazzi et al.l992). In these experiments old and young middle
cerebral arteries were transplanted into contact with host young nerve fibres.
The innervation of the middle cerebral artery undergoes a 50% decrease in
density in old age. During transplantation these blood vessels loose their
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original nerve plexus and become responsive to sprouting host nerves. The
reinnervation of these vessels was quantified and showed that the old and
young nerves reinnervated young vessels with organotypic plexuses, similar
to those normally found on the vessels in vivo. Therefore, target tissues
continue to determine their innervation pattern and density in old age. Another
study has shown that neurite sprouting from sympathetic neurones is regulated
by target receptivity even in old age (Crutcher, 1990). These studies receive
further support from other studies, described earlier, that show that aged
neurones are not impaired in their ability regenerate neurites in old age
(Gavazzi and Cowen, 1992; Stieg et al.l991). Therefore, it would appear that
the age-related neurodegeneration seen in the model described is a result of
changes in a neurone’s trophic relationship with its target. Ageing in the CNS
shows similar region-specific patterns of neurodegeneration. In Alzheimers
disease neuronal atrophy is evident in the hippocampus but not in the frontal
cortex (Scheibel and Tomiyasu, 1978). The cholinergic neurones of the basal
forebrain are lost in pathological and non-pathological ageing (Whitehouse et
al. 1982; Coyle et al. 1983). These neurones continue to depend on their targets
in the hippocampus and the neocortex for survival in old age (Montero and
Hefti, 1989). It has been postulated that a breakdown in the neurone-target
relationship may result in the neurodegenerative changes that are observed
(Perez-Polo et al. 1990; Bartus et al.l982; Tuszynski et al.l991).

However, the role of the target as the sole cause of all the neurodegenerative
changes I have observed would seem unlikely. For example, neurones
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projecting to the aged tail vein increase their axonal arbors, whilst their
dendritic arbors show substantial neurodegeneration. Furthermore, analysis of
changes that take place in the dendritic arbors of neurones implies that there
may other factors involved in their trophic maintenance during development
and ageing. I have shown the continued growth of parts of the dendritic tree,
over a period when primary dendrites are being lost implying that the growth
of different parts of a dendritic tree can be differentially regulated.
Presynaptic innervation has been shown to play an important role in the
modulation of dendritic growth of some neurones (Rakic, 1972; Berry et
al. 1980). It is possible that presynaptic innervation may play an important role
in the remodelling of dendritic architecture and a breakdown in this
relationship in old age may be the cause of some of the more contradictory
changes observed in axons and dendrites of the same neurones.

Targets influence their innervating neurones by the production of neurotrophic
factors which are taken up and retrogradely transported to the cell soma of the
innervating neurone (Levi-Montalcini, 1987; Thoenen, 1991; Hendry and Hill,
1980). The best characterised neurotrophic factor is NGF. Studies of NGF
content in different tissues show that protein and mRNA levels vary
considerably and relate to their density of innervation (Korsching and
Thoenen, 1983; Shelton and Reichard, 1984). The axonal (Saffran and
Crutcher, 1990) and dendritic (Ruit et al.l990; Ruit and Snider, 1991)
morphology of adult neurones can continue to be regulated by the application
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of exogenous NGF. Furthermore, aged neurones from the peripheral and
central nervous system have been shown to continue to depend on NGF for
their survival (Ruit et al.l990; Montero and Hefti, 1989). I am working on
a hypothesis that the cause of some aspects of neurodegeneration is variability
in the synthesis and accessibility of target-derived neurotrophic factors to their
neurones.

I have sought to reverse neurodegenerative changes by the application of
exogenous nerve growth factor (NGF) (chapter 7). The neurones projecting
to the MCA provide a good model of dendritic and axonal degeneration and
were therefore chosen for these experiments. In the first stage I applied NGF
to the perivascular axons on the MCA in freely moving young and old rats for
a 2 week period. The main result from this study was that degenerating aged
perivascular nerves are able to regenerate an organotypic plexus similar to that
seen in young-adult animals. Furthermore, the NGF-induced growth elicited
by the aged neurones is greater than that seen when NGF is applied to young
neurones. This result shows that aged neurones are responsive to NGF and
implies that the reason they are degenerating is lack of neurotrophic support.
NGF has been shown to induce neurite outgrowth from aged sympathetic and
sensory neurones in vitro (Hellweg et al. 1990; Uchida and Tomonaga, 1985a;
Uchida and Tomonaga, 1985b) however, this is the first time that NGF has
been shown to elicit nerve growth from aged neurones in vivo. These results
have received support from other studies in the laboratory that have shown
that exogenous NGF can induce an organotypic pattern of reinnervation on
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transplanted aged target tissues similar to that seen on reinnervated young
transplanted target tissues (Gavazzi personal observations).

Could NGF also reverse neurodegenerative changes in the dendritic arbors of
aged sympathetic neurones (chapter 8). I applied NGF for 2 weeks, in freely
moving young and old rats, to the axonal processes of neurones whose
dendrites were undergoing age-related neurodegeneration in freely moving
rats. Retrograde tracing was used to identify the treated MCA neurones. The
main conclusion of this study is that aged sympathetic dendrites undergoing
neurodegeneration are able to grow in response to NGF. This is the first
demonstration that dendritic arbors from aged neurones are able to grow in
response to NGF. However, the dendritic growth seen in treated neurones
from aged animals was different to that seen in similzu-ly treated young
animals. Dendritic growth in young neurones was a result of increased
dendritic branching whereas in old neurones it was due to increased segment
length, with no new branches. Adult sympathetic neurones have been shown
to be in a continual state of growth and retraction (Purves et al. 1986). The
inability of aged neurones to produce new branch points in response to NGF
suggests a reduction in plasticity in old age. Interestingly, NGF could not
induce an increase in the number of primary dendrites of either young or
aged neurones over the relatively short time scales used. This confirms other
studies that have shown that exogenous NGF is only able to induce increased
primary dendritic growth early in development (Snider, 1988; Ruit and Snider,
1991; Ruit et al.l990). This suggests that the changes in primary dendrites
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observed during development and ageing may not be regulated by fluctuations
in target-derived neurotrophic factors.

An interesting finding in this study was that the vehicle, cytochrome C, used
to control the NGF studies also invoked nerve growth albeit to a lesser extent
than NGF (chapter 7 & 8). Cytochrome C has been used in a number of
studies of NGF as a control, with to our knowledge no neurogenic effects. It
is not clear whether this is an effect of the vehicle, inducing an immune
reaction, or of the invasive surgery inducing local inflammation, either of
which could directly or indirectly induce nerve growth. There are a number
of studies that show important links between NGF and the immune system
(Levi-Montalcini, 1987). Possible mechanisms for such effects include the
upregulation of NGF synthesis in fibroblasts by cytokines produced by
invading cells of the immune system (Yoshida and Gage, 1992). This finding
could be interesting in establishing the regulatory processes involved in NGF
synthesis. Interestingly, recent evidence in our laboratory has shown that
bovine serum albumin but not rat albumin also has neurogenic effects
(Gavazzi, personal observations).

In this discussion I have described the nature of age-related neurodegeneration
in some sympathetic neurones. I have shown age changes to be a targetspecific

phenomenon.

In order

to

understand

whether

age-related

neurodegeneration is a result of intrinsic changes in neurones, or is due to
changes in a neurone’s relationship with its environment, I have described the
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results of studies within the laboratory executed by myself and others that
show age-related neurodegeneration is not intrinsic to neurones but in some
cases is likely to be a result of changes in the trophic relationship between a
neurone and its environment particularly with its target tissue. Furthermore,
I have shown that aged neurones are responsive to the target-derived
neurotrophic factor NGF and have provided some evidence for the idea that
reduced levels of NGF in vivo may have an important role in
neurodegeneration
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