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·111L~ sym

pathetic noradrcnergir nel1ron s o f th e su perior cen ,i ca1 ganglia provide the

major source o f innervation to the pinL!al gland . Studies described in th.is thesis were
rksigncd to fmt hcr investigate the initial decline ,md subsequent recovery of pin eal
rn cl.1t o ni11 :;ccrcto ry capacit y whiL·h h as been report ed in sh eep after unilateral superior
cervical ganglioncctomy (Lapwood, 19~13). Fmihcr to tl1at. the compensatory mechanism
proposed by Dornay, et al (I 085), o f re-innervation of dencrvatcd tissue hy residual nerve
fibres origin ating from the int.act SCG, was investigated
/\ k la lonin secretory capacit y is ad vocated

JS

a superior index o f pineal functi on

with direct m eas urem ent o f pineal output. Radi oinmnmoassay was used to m easure dark
period plasm a level~ o f rndatonin prior to and at I, 3, 7, 14_21 and 28 clays afier unilat eral
SCGX .

Initial response to pa1tial dcnervation was a reduction in secretory capacity by

80% uf µr e-operative kvds, follov,:c<l hy a linear rc;covery to pre-operative levels at 21
days after surgery , which wa, sustained at 28 days
Irnmunocytochcmical localization o f GAP-,13 detennined that n erve regeneration
occurs in the pineal gland as a reponse to tmilateral SCGX

GAP-43 in nerve fibres was

most pwminent at 3 days aflcr surgery afic;r which followed a linear decline to preoperative levels in measurements taken at 28 days.

An association between nerve

terminals and the membranes of pinealocytes was observed at 28 days, suggesting those
cells were the target of new nerve growth .
The presence of nerve grov,rt.h maturity corresponded with the recovery in pineal
function and for this reason the compensatory mechanism of re-innervation is reasoned to
be responsible for that recovery.

hnm1111ocytochernica\ localization of alpha t11buli11 established tl1e presence of
that component ofmicrotubules in the c11oplasm ofpinealocylcs, where it is suggested to
function in the process of hormone secretion.

No variance in the presence of alpha

tubulin was mcasmed in any treatment group indicating that cell integrity was maintained
and that atrophy did not occur, despite partial dcnervation .
The findings of this study have confinned a role for re-innervation in the full
recovery of pineal melatonin secretory capacity aft er w1ila1era1 SCGX and has
demonstrated that the SCG-pineal complex 1s a very useful model for future studies
correlating nerve growth and fimcti.onal regeneration.
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CHAPTER 1

Review of Literature

l. Introduction

'llle pineal gland is an unpaired organ, situated in tl1e roof of the tllird ventricle of
the brain, which controls a number of circadian and seasonal rhythms, through its
secretion of melatonin at night (Reiter, et al, 1981). Its principle nerve supply is via postganglionic sympatlletic fibres which originate in the superior cervical ganglia (Kappers,

1965) See Section 1.3.4.
As discussed in section 1.3.5, one technique which has been used to study the control

of pineal gland function, is denervation by bilateral superior cervical ganglionectomy .
Occasionally unilateral SCGX has also been utilized. In one such sh1dy Lapwood (1993)
found that while melatonin secretory capacity was abolished after bilateral SCGX and
was reduced to 92% of pre-operative levels on day I after unilateral SCGX, it recovered to
77% by day 14 after surgery for tllat group. It was suggested that recovery of function
after unilateral surgery, may have been due to re-innervation of denervated pineal
endocrine cells (pinealocytes) by collateral sprouting of nerve tenninals originating from
tlle remaining SCG.
The experiment described in this thesis investigated whether full restoration of pineal
melatonin secretory capacity occurred if the post-surgery period was extended to 28 days .
In addition, a study was undertaken to investigate whether evidence of re-innervation of
tlle pineal could be demonstrated.
11i.e aim of Chapter I is to provide an overview of the literature relating to both the
pineal gland and the regeneration of nerves, as is pertinent to thi.s thesis.
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1.1 Early history of pineal research

Early anatomists held various views on the physiological function of the pineal
in the human . This unique unpaired structure, that lies deeply recessed under the cerebral
hemispheres of the brain, drew their attention and speculation. According to Kappers
(1979) and Oksche (1984), Herophilas, an anatomist at the University of Alexandria in
Egypt, was first to discover the pineal, around 300 BC.

The philosopher Descartes

considered it the "seat of the soul" . 1l1e possible physiological significance of the pineal
was first recognised by Heubner in 1898, who noted precocious sexual maturity in a
young boy whose pineal was destroyed by a tumor. Holmgren (1917/1918) noted that the
cells of the pineal gland of an elasmobranch were sensory-like in nature: the pinealocytes
resembled the sensory cells of the retina. Because some reptiles possess a prominent
"third eye" the pineal of mammals was considered a vestige of this primitive visual organ.
The obsenration that the human pineal may become calcified at an early age further
consolidated thought that the pmeal was, indeed, a vestigial organ and therefore of little
physiological consequence.

However, in 1954, Kitay and Alt<;chule reviewed the

literature on human pineal tumors and described clinical correlations of pineal
dysfunction with evidence clearly revealing that the pineal may in some way be related to
reproductive functions in humans .
McCord and Allen (1917), interested in endocrme factors affecting morphogenesis,
observed that bovine pineal extracts added to the water in which tadpoles swam caused
the larvae to blanch. In 1958 dermatologist Aaron Lerner, in searching for a factor which
might be responsible for vitiligo, was able to isolate and determine the structure of the
bovine pineal extract as N-acetyl-5-methoxytryptamine, an indoleamine, which he named
melatonin. Tilis molecule can now be readily synthesized and made available for a variety
of physiological studies.
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1.2 Seasonal adaptive changes mediated hy the pineal

1.2.J Seasonal Reproduction

Many mammals in their natural habitat are seasonal breeders. Seasonal
reproduction is one of the more conspicuous changes that natural populations of
mammals rely on for their survival. It ensures the birth of the young during those seasons
of the year in which their chances of survival are greatest (Bronson, 1988).

Clearly, the

most favourable seasons for supporting the survival of off.spring are those in which food
is accessible and environmental conditions are mild, in the spring and summer seasons
(Karsch., et al, 1984).

Diverse species mate during various seasons of the year so that

birth occurs during those favourable seasons.
There are potent exogenous factors on which animals rely for the synchronization
of their annual cycles. Most biometerological parameters change throughout the course
of the year and animals could have selected any one of these to guide or determine their
annual cycle of reproduction (Stonehouse, 1981). However, some factors change with
greater regularity than others. One of the most dependably recurring phenomena in the
environment is the photoperiod, consequently it has great predictive value in terms of
anticipating the upcoming season. Hence, it is logical that many mammals have come to
depend on the seasonal changes in photoperiod to synchronize their annual reproductive
rhythms, as it is both essential and advantageous for these species to initiate reproduction
at approximately the same time each year, before the optimal conditions for birth and
rearing have arrived (Reiter, et al, 1981).

4
1.2.2 Photoperiod and the pineal gland

Both circadian and circannual rhythms in the duration of daily photoperiods have
been shown to be the major factors influencing the timing of reproductive activity in
2lmost all seasonally breeding mammalian species (Reiter, 1980). Central to seasonal
reproductive adjustments in response to light is the pineal gland. Although the photic
information is detected by the retinae of the lateral eyes (Moore, 1978), it is the pineal
that tranduces (Wurtman, et al, 1968) the resultant neural information into a chemical
signal that determines the level of reproductive activity.
The pineal is a small organ located near the centre of the brain, that functions as an
endocrine organ which secretes melatonin.

As an end organ of the visual system in

mammals, the pineal gland's production and secretion of melatonin arc affected by light
which causes a drop in blood levels of the compound. As day length (and therefore night
length) varies seasonally, the pineal gland, because of the secretion of melatonin., provides
information concerning time of year to all other organs of the body. Thus in animals
whose reproductive patterns fit into a specific seasonal scheme the pineal may play a
pivotal role in the control of their gonadal function (Kauppila, et al, 1987). Hence the
pineal gland is essential to the chronobiology that assists an animal in adapting to the
external environment, both daily and seasonally (Reiter, 1991).
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1.2.3 Reproductive seasonality in sheep

Seasonally breeding animals which use photoperiod to time their reproductive
activity can generally be divided into two groups - short and long day breeders. Short day
breeders, such as domesticated sheep, use the decreasing daily photoperiod of autumn to
time the initiation of breeding activity and generally have long gestation periods
eventuating in spring parturition O~albandov, 1976). lhese modem sheep breeds have
developed as a result of controlled breeding programmes intended to improve meat and
wool production, and to increase fecw1dity (Carter & Cox, 1982). Marshall in (1937) was
the first to define the reproductive cycle of sheep, with Hammond ( 1944) later
establishing the importance of photoperiod in regulating the onset and termination of
reproductive activities.

Yeates (1947, 1949) in early studies investigating seasonal

reproduction in sheep, concluded that, seasonal variation in the length of photoperiod was
the predominating factor determining the time of onset and the duration of the breeding
season. A change from increasing to decreasing photoperiod induced in both rams and
ewes to commence behavioural characteristics associated with the onset of reproductive
activity.

Ram behaviour associated with increasing reproductive activity occurs in

conjunction with elevated testosterone secretion from the testes. Characteristic behaviour
includes

increased libido, inter-male aggression and the occurence of fl.ehmen, the

raising of the upper lip in order to facilitate the detection of olfactory stimuli originating
from vaginal secretions (Lincoln & Short, 1980).

Behavioural oestrus of ewes is

characterised by sexual receptivity towards the ram, culminating in pro-active behaviour
by some ewes. Conspicuous signs of behaviol.lf'ctl oestrus are however, mostly absent,
with rams detecting oestrous ewes by pheremonal signals from their vaginal secretions
(Smith, 1982).
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Seasonal reproductive capacity may also be measured by hormonal, physical and
physiological changes in hoth rams and ewes.

The initiation and cessation of

reproductive activity is a reflection of the changing secretory profiles of pituitary
gonadotrophins and gonadal steroids (Lin coln, et al, 1977). Ram testis size is greatest
during the breeding season and least during sexual quiescence (fulley & Burfening,
1983). Sperm output ancl quality (motility and percentage of live sperrnatazoa) (Dufour,
et al, 1984; Boland, et al, 1985) and ejaculate volume (Sanford, et al, 1977; Barrell &

Lapwood, l 978/l 979a: Boland, et al, 1985) are highest during the breeding season and
lowest during sexual quiescence. For ewes, the onset of breeding activity is initiated by
cyclic changes in ovarian hormones leading to follicle growth, ovulation and corpus
luteurn development, swelling of the uterus and vagina, an increase in the secretory
activity of glandular tissue within these structures, and an increase in the secretion of
mucus from the cervix (reviewed by Smith, 1982).
In addition to light and pheremonal factors influencing reproductive seasonality in
sheep, both nutritional and temperature variations may be observed. Through effects of
inhibition ofluteinizing hormone secretion, low levels of nutrition result in reduced levels
of reproductive activity, delaying both the onset of puberty and of the breeding season.
On the other hand high nutrition levels are associated with increased reproductive activity

(Lindsay, et al, 1984; Bronson, 1988; Rhind, et al, 1989a). A study of the effects of
temperature on the breeding cycle of Chm ewes has indicated that temperature, at least in
this breed, may play a secondary, but important, role in timing the onset of breeding
activity (Lees, 1971).
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1.3 Pineal function

1.3.l Pineal development and morphology

The vertebrate pineal, a part of the epithalamus, arises as a median evagination of
the dienccphalic roof of the embryonic bra.in (Oksche, 1965). In some mammals the
pineal gland moves away from the roof of the third ventricle and loses connection with
the brain except for a thin 'pineal' stalk. The gland is richly perfused with blood vessel<;
derived from the posterior cerebral arteries. The venous drainage of the gland is directly
into large venous sinuses which surround the organ (Reiter, 1991).
Pineal parenchyrnal cells, pinealocytes, are derived from the ependyrnal lining of
the epithalamus; both light and dark parenchyrnal cells can be distinguished in the
mammalian pineal gland (Oksche, 1%5). The dark cells contain pigment granules of an
unkno>w11 nature, as well as glycogen deposits of undefined physiological significance.
Dark pinealocytes are interconnected by tight junctions, suggesting that electrical signals
may be communicated between the cells (Reiter, 1977).

TI1e main body of the

pinealocyte, the parikaryon, has either one or two processes emanating from it. These
processes terminate in buds which he in close proximity to pericapillary spaces or intercellular lacunae. The actual relationship of the terminals with the pericapillary space
varies between species and is perhaps related to the mode of release of the secretory
products (Reiter, 1977).

The number of pinealocytes may decrease in advanced age,

when calcium deposits, which can be visualised radiologically, also form in the gland
(Reiter, 1991 ). Fibroblasts and glial cells make up the rest of the cellular components of
the glandular mass which, in an adult sheep weighs about 60-80 mg and measures
approximately 5-7rnm in length, and 3-5 mm in width (Barrell & Lapwood, 197811979b;
Vollrath, 1981).
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1.3.2 Pineal indoleamine blosynthesis

111c biochemistry of pineal indoleamine biosynthesis is well documented (Relkin,
I 076; Sugden, 1989;

Wurtman, et al, 1968).

Indoleamine biosynthesis involves

pinealocy1e uptake of the amino acid, L-tryptophan, from the blood (King & Steinlechner,

1985) Conversion by hydroxylation to 5-hydrnxytryptophan by the enzyme tryptophan
hydroxylase follows. The aromatic enzyme 5-hydroxytryptophan decarboxylase acts on
the hydroxylated derivative to form 5-hydroxytry1Jtamine.

Serotonin concentrations are

higher in the pineal than in any other organ or brain region (Quay, 1964).

Serotonin is

converted t,1 N-acetylserotonin by the action of N-acetyltransferase (Klein & Weller,

1970).

The N-acetylserotonin produced is O-methylated by hydroxyindole-O-

methyltransferase to fonn N-acetyl-5-methoxytryptaminc (melatonin) (A'<elrod &
Weissbach., 1960). The methyl group in this latter conversion is provided by Sadenosylmethionine.
Conversion of serotonin to N-acetylserotonin by NAT occurs almost exclusively during
the dark phase and is considered to be the rate limiting step in the production of
melatonin, due to the lower Km value of this enzyme relative to those of other enzymes in
the melatonin synthetic pathway (King & Steinlecher, 1985). It is considered that the
increase in N-acetylserotonin concentration acts by a mass action effect to enhance the
production of melatonin (Adrendt, 1985).
Although acetylation to N-acetylserotonin is a necessary step in the biosynthesis of
melatonin, dearnination of serotonin by monoarnine oxidase can also occur in the pineal.
The dearninated product may either be oxidized to 5-hydro>-.yindoleacetic acid or reduced
to 5-hydroxytryptophol.

The latter compounds can then become O-methylated by

HIOMT to give 5-methoxyindole acetic acid and 5-methoxytryptaphol (Wilson, 1978).
The formation of melatonin may also occur from methoxytryptophan, although this

is a minor synthetic pathway (Morton, 1987).
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1.3.3 Effect of light on pineal lndoleamlnc blosynthesis

Within the pineal conversion of serotonin to melatonin is a highly cyclic event
which is closely related to the prevailing light : dark cycle to which animals are exposed.
ln all animals thus far studied, melatonin production is greatest within the pineal gland
during the dark phase of the light: dark cycle (Quay, 1964; Lynch, 1971; Panke, et al,
1978). Pineal serotonin levels also rewal marked diurnal changes with highest levels
noted during daylight hours and depressed levels during darkness.
Pineal enzyme activities are rapidly depressed by light (Reiter, et al, 1986). At
night there is an increase in the activity of NAT in rat pineals which is 10- to nearly 100fold greater than values in the light (Adrendt, 1985). The pineal concentration of Nacetylserotonin is subsequently increased to values ten to thirty times greater than
observed under day conditions.

HIOMT activity also increases, which results in

nocturnally elevated levels of pineal melatonin (Adrendt, 1985)
ln experimental conditions reversal of external lighting periods reverses the rhythm
of pineal enzyme activity and indolearnine biosynthesis. Thus a diurnal rhythm of pineal
melatonin synthesis is observed but with maximum levels measured during the true day
when lights are off. Shaw, et al (1988) observed a cessation of melatonin production in
sheep exposed to continuous light, with normal night time levels recurring within 10 mins
of lights off.
Studies using monochromatic light have demonstrated that not all wavelengths are
equally effective in suppressing pineal melatonin synthesis and secretion. Reiter (1985),
in a review of the effect.s of light characteristics on the pineal, identified green wavelengths
(510-550 nm) as being the most potent suppressors of pineal HIOMT activity. That

review also reports between-species differences in effectiveness of various wavelengths in
altering melatonin production.
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In sheep, the intensity of light required to suppress nocturnal pineal melatonin
levels in a dose-dependent manner has been shmvn to range between 1.02 to 88.60 Iux..,
with 88.6 hD, producing a >80% reduction (Arendt & Ravau.lt, 1988). The duration of
light exposure that can inhibit pineal melatonin synthesis during a period of darkness is
very short, as little as 1 sec for the Syrian hamster. Return to night-time melatonin levels
after a light pulse may take several hours in many rodent species, while in sheep there is a
lag period of only 5-10 min (reviewed by Vollrath, 1981 ; Reiter, 199 J) .
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1.3.4 Neural control of pineal lndoleamine biosynthesis

Melatonin is

synthesised

in

response to norcpinephrine

postganglionie sympathetic neurons originating from the SCG's.

released

from

Thus the pineal is

considered to be a neuroendocrine transducer, as neural input to this organ is converted
into an endocrine output (Wurtman. et al, 1968). Postganglionic stimulation of the
pinealocyte cells depends on the absence of light activation of the retina of the lateral
eyes. Light information perceived by the eyes is transduced into a neural signal by the
rcti.nal ganglion cells and then conveyed to the suprachiasmatjc nuclei of the brain by way
of the retinohypothalamic tract. This pathway is always bilateral and decussates at the
optic chiasma innervating the contraleral SCN (Mess & Ruzsas, 1986).
Neuronal fibres from the SCN, which convey information to the pineal on the
status of the environmental photoperiod, then course through the medial forebrain bundle
down to the upper thoracic spinal cord. Axons from the preganglionic neurons, located in
the intermediolateral cell columns of the spinal cord, synapse within the SCG. From
these ganglia postganglionic fibres proceed to innervate the pinealocytes in the pineal
gland (Mess & Ruzsas, 1986).

Prior to their entrance into the gland many of the

sympathetic fibres coalesce to form two bilaterally symmetrical nervi conarii which, in
some mammals, fuse before entering the pineal. Within the pineal the fibres branch
extensively and with the onset of darkness release noradrenaline from their terminals,
followed by interaction of the catecholeamine with beta adrenergic receptors in the
pinealocyte membrane (Panged, et al, 1990). Beta-adrenergic stimulation activates an
adenylate cyclase enzyme via a stimulatory, guanine nucleotide-binding, regulatory
protein (Spielgel, 1989). This results in a rapid and large (up to 60-fold in the rat pineal)
increase in intracellular cyclic adenosine monophosphate.

cAMP setves as a second

messenger in the nocturnal elevation of melatonin biosynthesis by activating a cAMP
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dependent protein kinase Transcription of mRNA follows, initiating an eventual rise in
serotonin NAT activity (Sugden, 1989).
ln addition to sympathetic innervation controlling pineal biosynthesis there is also
evidence for a possible central innervation of sheep pineals.

lmmunocytochemical

studies

substances

have

demonstrated

irnmunoreactivity

for

vanous

including

somatostatin, GnRH, Substance P, CGRP, TRI-I, DSIP, NSE, A VP, OXT, GnRH NPY
and VIP, as well

a5

the enzymes ChAT and PNM!', within pineal nerve fibres, particularly

in the stalk (Mockett, 199 I). Also electrophysiological (Schapiro & Salas, 1971; Dafuy,
1980: Reuss, et al, 1984: Reuss, 1987), retrograde neuron tracing (Guerillot, et al, 1982;
Moller & Korf. 1983a, 1986) and lesion studies (Moller, et al, 1987b) indicate that various
central structures have direct neural connections with the pineal in a range of species. For
example, NPY-like immunoreactive nerve fibres projecting to the pineal from central
nuclei have been demonstrated in the hypothalamus of cat, rat, monkey and golden
hamster. Other peptidergic projections exhibited include rat arnygdala, monkey limbic
regions and rat hippocarnpal region (reviewed by Ebadi, et al, 1989). Catecholaminergic
neurons with a central origin have been demonstrated in the habenular area (Bjorkland, et
al, 1972; Wiklund,. 1974), brainstem (Moore & Bloom, 1979) and hypothalamus (Cuhnan,

et al, 1987).
Although no function has yet been ascribed to these central innervations, it appears
possible that they may influence pineal function indirectly as demonstated in one lesion
study conducted in rats in which disruption of central fibres from the PVN and
hippocampus resulted in a significant reduction in nocturnal levels of NAT and HIOMT
activity (Moller, et al, 1987b). Also, Morgan, et al (1988) demonstrated a VIP dosedependent effect on cAMP in sheep pineal homogenates, suggesting that modification of
enzyme activity by centrally derived nerves is possible in this species.
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Similar conclusions may be drawn from the findings of Mockett (1991) who clearly
demonstrated the presence of NPY, VIP and PNMT immunoreactive nerve fibres v.:ithin
the ovine pineal. While regulation of ovine pineal function is similar to that of most other
mammalian species, in that it is primarily mediated by the sympathetic nervous system, it
is unclear to what extent the two innervations interact to initiate or modify pineal
secretory response. The various central structures having direct neural connections with
the pineal are suggested to process or relay information about environmental or social
conditions (e.g. visual processing by the dorsal nucleus of the lateral geniculate body),
and hence may act as secondary routes fi.1r information of this nature to influence pineal
function .
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1.3.5 Techniques used to evaluate the control of pineal melatonin synthesis.

That the pineal gland, through secretion of melatonin, is responsible for
transducing photoperiodic cues into physiological adjustments to hormone profiles, is
well established (Lincoln, 1980; Lincoln & Short, 1980; Karsch, et al, 1984).

Four

principal e>-.-perirnental methods have been used to investigate the relationships between
control, function and biosynthesis associated with the gland. These arc pinealectomy,
supenor

cervical

ganglionectomy,

melatonin

administration

and

photoperiod

manipulation. Typical results from use of these methods, particularly with sheep, and the
advantages and disadvantages of each, are given briefly in this section.
Removal of the pineal gland has provided conclusive evidence that this gland is
necessary for induction of the normal pattern of reproductive seasonality in sheep (Barrell
& Lapwood, 1979b). Although pinealectomy is relatively difficult to perform in sheep

(Roche & Dziuk, 1969), it does provide the only definitive means by which an animal's
response to changes in environmental lighting, in the absence of pineal influences, can be
measured.

Also, since this gland is the major source of melatonin, pinealectomy

abolishes the circadian pattern of melatonin secretion and allows for the study of
reproductive function in the absence of variations in levels of this hormone (Bittman, et
al, 1983).
Denervation of the pineal gland by bilateral SCGX results in dysfunction of the
pineal in sheep and as such has often been used as an alternative to pinealectomy
(Lincoln, et al, 1989). Studies employing this technique have produced results similar to
those of experiments using pinealectomy, that is, sheep no longer respond to changes in
photoperiod and display cycles in gonadotrophin secretion and sexual behaviour which
are less pronounced and occur at random relative to those recorded from control animals

(Barrell & La.pwood, 1978/1979b~ Lincoln, 1979). The principal advantage of this smgical
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method as compared to pinealectomy is the relative ease with which the SCG can be
located and removed. In addition, the health of ganglionectomized sheep does not appear
to be compromised
As mentioned in the Jntroduction (page I), unilateral SCGX is a technique which
occasionally has been used in studying the control of the pineal. More detail is given here
on the results and conclusions from those studies, than for those using the other
techniques mentioned in this section, because of the central place of unilateral SCGX in
the studies described in this thesis.
Reiter, et al (1978) established that unilateral SCGX caused pineal NAT and
melatonin levels to be intermediate between those in sham-operated control rats and those
in rats from which both ganglia had been removed.

From that experiment it was

concluded that unilateral SCGX impaired the ability of a portion of the pinealocytes to
respond to darkness. Zigmond, et al (1981) measured a 75% decrease in NAT activity
immediately after unilateral SCGX, however, subsequent measurements determined a
recovery in pineal NAT activity to levels similar to those measured prior to surgery. That
group proposed that residual nerve fibres originating from the intact SCG had a "reserve
capacity" to stimulate denervated pinealocytes, whereby the loss of approximately 50% of
sympathetic nerve fibres caused a reduction in nerve "re-uptake" of NE. Subsequent
increases in NE levels were suggested to cause an increase in stimulation of denervated
pinealocytes and hence the recovery in NAT levels.
Later, Dornay, et al (1985) also measured a >50% decline, followed by a recovery,
in both TH activity and NE uptake after unilateral SCGX.

These results led to the

proposal that the mechanism responsible for the recovery entailed "collateral sprouting"
from residual nerve fibre terminals, culminating in the re-innervation of denervated
pinealocytes. Anatomically, this process requires that nerve terminals of fibres from each
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SCG are in close proximity to each other so that following unilateral SCGX and
degeneration of the lesioned axon terminals, collateral sprouts developing from the intact
nerve terminals were able to contact and re-innervate nearby denervated tissue.

Evidence

demonstrating that fibres from each SCG cross over to innervate the contralateral as well
as the ipsilateral sides of the pineal, and that nerve terminals from each SCG are closely
intermingled, has been demonstrated in rats (Dornay, et al, 1985; Zigmond, et al, 1981,
1985; Lingappa & Zigmond, 1985) and also in sheep (Mockett, 1991 ).
Mockett and Lapwood (unpublished) recently found that atrophy of NSE-IR
presumptive pinealocytes, which was observed alter bilateral SCGX., did not occur in
animals killed 14 days after unilateral SCGX. In an attempt to explain why normal cell
morphology was maintained after single SCGX, Lapwood (1993) took the physiological
approach of measuring melatonin secretion profiles during exposure of sheep to darkness,
before and periodically after unilateral SCGX.

On the day after surgery there was a

reduction of pineal melatonin secretory capacity to values 92% (P< 0.001) below those
measured before surgery, however, succeeding measurements indicated a substantial
recovery of that parameter of melatonin biosynthesis, to within 77% of pre-operative
levels after 14 days. These results suggested that a full recovery in pineal secretory
capacity was possible, despite a reduction of sympathetic nerve fibres in the pineal gland
by approximately half.
Reviews by Wurtman, et al (1963) and Reiter (1980) have addressed the topic of
potent antigonadal effects on the mammalian reproductive system in response to
exogenous melatonin injection.
Several studies using administration of melatonin to sheep have focused on the
effectiveness of that hormone in advancing the onset of ovarian cyclicity in seasonally
anoestrus ewes. Collectively their results indicated that during the initial stages of
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anestms, ewes were insensitive to the effects of melatonin and therefore attempts to
advance the onset of the breeding season were unsuccessful. During the latter stages of
anestrus, however, ewes again became sensitive to melatonin and implants or infusions at
that time of year led to an advancement of the breeding season by 5-10 weeks
(Kennaway, et al, 1982; Nowak & Rodway, 1985; English, et al, 1986).
As a separate technique or in con_iunction with those described earlier, artificial

manipulation of photoperiod has been an important feature of experiments designed to
investigate the role of the pineal in mediating the effects of photoperiod on seasonal
reproductive activity.

Experiments described in this section., such as those by Hafez

( 1952), Barrell & Lapwood (1979a,b), Lincoln & Short, (1980) and Robinson & Karsh
(1987), have involved combinations and/or variations of these techniques.

Further

studies investigating the role of light in sheep pineal physiology have experimented with a
range of lighting regimes. Matthews, et al (1992) studying endogenous pacemaker effects
on melatonin biosynthesis, housed sheep in conditions of acutely extended darkness with
results suggesting a functional role for the suprachiasrnatic nuclei in sensitizing the
photoreceptive system to seasonal changes in photoperiod. Shaw, et al (1988) have
demonstrated, by placing sheep in constant darkness following exposure to prolonged
continuous light for 28 days, that the response in melatonin production is rapid, often
commencing within 10 min, regardless of what time of the day dark conditions were
imposed.

This not only indicates that the synthetic mechanisms which generate

melatonin are maintained in an inducible state under constant illumination., but that under
these conditions the pattern of melatonin secretion is not dominated by the historical
photoperiod.
Results derived from these experiments have all been instrumental in advancing our
knowledge of pineal physiology, its control mechanisms and the gland's role in mediating
the effects of photoperiod.
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1.3.6 Post-ganglionic noradrenaline activity

With the onset of darkness, sympathetic neurons increase their firing rate (Taylor &
Wilson., 1970) causing a rise in NE levels (Levitt, et al, 1965) and a significant increase in
NE turnover (Brownstein & Axelrod, 1974). NE ultimately derives from tyrosine, which,
in the pineal, is produced primarily from dietary phenylalanine by the rate limiting
enzyme tryptophan hydroxylase (Bensinger, et al, 1974).

Tyrosine is converted to

dihydroxyphenylalanine (DOPA) by tyrosine hydroxylase (Levitt, et al, 1974), the rate
limiting step in NE synthesis. Tyrosine hydroxylase, which increases by more than 50%

in the dark is highly concentrated in pineal tissue (McGeer & McGeer, 1966).
Conversion of DOPA to dopamine is followed by the conversion of that compound to
NE by the enzyme dopamine beta-hydroxylase (Laduron & Belpaire, 1968).
On release into the axon terminal-pinealocyte cleft, NE can interact with the pineal's
beta-adrenergic receptors.

Deactivation occurs either by reuptake into the terminal

neurons, diffusion away from the terminal-receptor environment, or through deactivating
mechanisms related to enzymatic degradation to nonactive metabolites (reviewed by
Backstrom & Wetterberg, l 972). A marked change in receptor numbers is apparent
during each 24-hour period, with binding of labeled alprenolol (a beta-adrenergic drug)
being twice as great at the end of the light period as it is at the beginning of the light
period (Zatz, el al, 1976; Kebabian, el al., 1975).
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1.3. 7 Melatonin circulation and excretion

Plasma levels of melatonin in sheep and other animals (e.g. primates, pig, rat, cow,
donkey, carnet chicken, salmon, lizard) are highest at middark and lowest at midlight
periods (Vaughan, et al, 1978). ln addition to the circadian rhythm of melatonin levels in
blood there is aLc;o a diurnal melatonin rhythm in the cerebrospinal fluid of primates
(Reppert, et al, 1979) and sheep (Shaw, et al, 1989). In primates night peak values of
melatonin in CSF are 2 to 15 times higher than day values. 'This increase occurs soon
after lights are turned off, and the decrease towards day values occurs rapidly after lights
are turned on again. Changes in CSF melatonin concentrations appear to reflect daily
changes in plasma melatonin concentrations (Vaughan, et al, 1978). A 24 hour rhythm in
the concentration of CSF melatonin suggests the possibility that the CSF may be an
important route of communication between the pineal gland and other parts of the brain
(Li, et al, 1989).

HlOMT activity is also present in some blood cells, the harderian gland and the
retina (Claustrat, et al, 1990), and melatonin may also be synthesized in other extrapineal
sites such as the hypothalamus, retina and gastro-intestinal tract. These sites may assume
some minor functional significance following pinealectomy.
Melatonin is metabolized in the liver to 6-hydroxymelatonin by melatonin
hydroxylase and then conjugated to sulfate or to glucuronide (Kopin, et aJ, 1961). In the
brain,

melatonin

is

metabolized

to

a

hallucinogenic

agent

N-acetyl-5-

methoxykenurenamine (Hirata, et al, 1974). Both the hepatic and neural metabolites are
discharged into the blood and are eventually excreted in the urine along with small
quantities of unchanged melatonin (Kopin, et al, 1961).
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l .4. Circadian rhythms, photoperiodism and the pineal gland

1.4.1 General

The majority of plants and animals have evolved, as part of their internal
organisation, oscillating systems whose periods are closely matched to one or more of the
major physical cycles in the environment. These oscillating systems, which include many
behavioural and physiological processes, show significant daily (circadian) rhythms
which arc thought to confer a selective advantage such that events occur at the correct
time of the day.

In mammals, light is the major entraining environmental cue for

circadian and circannual rhythms, with temperature also being important to fishes,
amphibians and reptiles (deVlamming & Olcese, 1981).

1.4.2 Formal properties of circadian rhythms

Several formal properties characterise circadian rhythms.

Firstly, they are

entrained by the light/dark cycle and show a regular period of24 hours. Secondly , they
do not vary greatly from the 24 hour period and resist entrainment to any other period.
Finally, they are endogenously generated with a period close to 24 hours, even in the
absence of entraining stimuli (Moore, 1978. Underwood, 1984). The light/dark cycle,
therefore, imposes both period and phase on the endogenous rhythm.
The demonstration that the daily pineal rhythms in serotonin, NAT and melatonin
content continue under conditions of constant darkness, confirms that they are true
circadian rhythms (Reiter, 1981).

21

1.4.3 Suprachiasmatic nuclei as circadian pacemakers

Generation of circadian rhythms and their entrainment by the light/dark cycle is a
unique feature of the CNS.

Endogenously generated circadian rhythms require an

oscillating system which is made up of one or more circadian pacemakers, of which the
most important appears to be the suprachiasmatic nuclei (Moore, 1983), within the
hypothalamus. Two observations provide evidence for the role of the SCN as a generator
of photoperiod-entrained circadian rhythms.

Firstly, a neural patl1way from the

photoreceptors (eyes) to the SCN has been identified in the majority of fish, amphibians
and mammals studied. This pathway, the retinohypothalamic tract, is always bilateral and
usually innervates the contra.lateral SCN (Mess & Ruzsas, 1986). Additionally, the ability
of light to alter the neural activity of the SCN (Nishino, et al, 1976) demonstrates that this
pathway is functional and important. Secondly, following ablation of the SCN, there is a
general loss of circadian rhythms, including drinking behaviour, locomotor activity and
adrenal corticosterone secretion in rats and hamsters (Moore, 1983). Circadian rhythms
in both neural activity (Inouye & Kawamura, 1979) and metabolism (Schwartz, et al,
1980) exist in the surgically isolated SCN, adding further support for the role of this

structure as a circadian oscillator. The circadian rhythm in melatonin secretion is thought
to be due to changes in synthesis generated by endogenous signals emanating from a
neural centre located within the SCN (Rusak & Zucker, 1979). Light both suppresses
melatonin synthesis and entrains the neural centre, so that the time of the increase and the
decrease of melatonin secretion is related to the light/dark cycle (farnarkin, et el, 1985).
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1.5 Nerve Regeneration

Ute mechanisms underlying structural plasticity and regenerative growth in
mature neurons, and the extraneural cues that regulate it remain largely undefined. As
mentioned in Section 1.3.5., recovery of pineal gland function after unilateral SCGX, may
occur as a result of pinealocyte innervation, by collateral sprouting of sympathetic nexve
terminals, originating the intact SCG.
Section l. 5 provides a review of current knowledge of nexve regeneration processes
and environmental interactions as they pertain to an interpretation of results of the
experimenlc; described in this thesis.

1.5.1 True regeneration

Under normal circumstances nerves continue to maintain connections with their
targets throughout the life of an animal, suggesting that some cellular behaviours
associated with developmental growth must persist in mature neurons.

They may

continually remodel their connections (Purves & Voyvodic, 1987), produce and transport
to the nerve terminals many of the molecules needed for nexve growth (Lasek, et al,
1984), and they elongate considerably during body growth.

Elongation of axons and

active remodelling of their terminal arbors underlies the differentiation of neural circuits
during development (Collinridge & Bliss, 1987), contributes to some forms of neural
plasticity in adult brains (Merzenich, 1987; Singer, 1987) and may determine the success
or failure of nerve regeneration (Fawcett & Keynes, 1990).
In the mature nervous system, with a few notable exceptions such as the olfactory
system of most species (Graziadei, et al, 1980) and the vocal motor system of songbirds
(Nottebohm, 1985), neurons do not develop either de novo nor migrate to new positions
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(Mathew & Miller, 1990).

However, new process outgrowth in the fom1 of axonal

regeneration or sprouting does occur in response to neural trauma or pathology (Brown,
1984; Seil, 1988), albeit a comparatively slow process Developing sympathetic neurons
explanted from fetal or neonatal animals can reinitiate neurite outgrowth in a culture dish
wiL'un a few hours (Argiro & Johnson, 1982; Collins & Lee, 1982). In contrast, adult
neurons explanted to identical culture conditions do not extend neurites for several days
(Agranoff, et al, 1976; Collins & Lee, 1982).

It is the cell soma that provides the essential metabolic machinery necessary for
continued neuronal function at the onset of regeneration, through the expression of new
genes and synthesis of proteins. Biochemical and structural changes, such as the swelling
of nucleoli and proliferation of rough endoplasmic reticulurn, indicating increased RNA
activity and protein synthesis, are amongst the first signs that regenerntion is starting
(Stein, et al, 1974).

Sequential gene expression is associated with commitment,

migration., process outgrowth and synaptogenesis (Mathew & Miller, 1990). In general,
the proteins produced during regeneration arc the same as those associated with axonal
growth in development.

Substances that are abundant in developing axons, such as

growth associated proteins (GAPs) and tubulin, have their synthesis enhanced during the
migratory phase of nerve regeneration., whereas neurofilament proteins associated with
later developments, when axons have connected with their targets and have expanded
radially, are decreased (Fawcett & Keynes, 1990).

Primary terminology for nerve regeneration differentiates axonal growth which does
not pass beyond the proximal surface of a lesion (Anderson., et al, 1971), and the actual
reestablishment of point to point contacts (Guth, 1974). The former called collateral
sprouting, the latter is true regeneration.
For true regeneration proximal axons of a cut nerve may regenerate through to an
intact distal endoneural tube at distances ofup to 1 cm, an attraction that is dependent on
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the presence of live Schwarm cells in the distal endoneural tube (Kufller, 1986). Schwann
cell multiplication is stimulated by machrophages and myelin debris, and is itself
dependent on the successful degeneration of detached neural segments (Fawcett &
Keynes, 1990).
In response to axotomy penpheral nerve fibres distal to the lesion and detached
from cell body metabolic machinery, degenerate, by the process of anterograde
("wallerian") degeneration (Hallpike, 1976; Allt, 1976).

Anterograde degeneration leads

to the removal and recycling of axonal and myelin-derived material, and prepares the
environment through which regenerating proximal axons will grow. Both the axon and
the myelin degenerate, leaving behind dividing Schwann cells inside a basal lamina tube
that had surrounded the original nerve fibre (Cragg, 1970; Grafstein & McQuarrie, 1978);
these columns of Schwann cell'>, surrounded by the basal lamina, are known as
endoneural tubes.
The proximal axon's initial response to axotomy is also degeneration, however, in
contrast, the intact neuron then initiates a process of axonal regrowth along with its
attendant metabolic changes (Cragg,

1970; McQuanie,

1978), culminating m

synaptogenesis with target tissue and, if successful, a return to operative functioning .
Regenerative growth occurs with greater success following crush rather than cut
injuries (Sutherland, 1978). Endoneural tubes and Schwarm cell basal lamina are left
intact after crush injuries (Haftek & Thomas, 1968) and regenerating axons remaining in
their parent tubes are guided directly back to their targets. If the tubes are disrupted,
however, regenerating axons may enter inappropriate tubes in the distal stump, and so be
guided to inappropriate targets (Muller, 1992) which may not be just ineffectual, but
inhibitory.

25
1.5.2 Collateral regeneration

Both myelinated and unmyelinated regenerating axons exhibit repetitive sprouting,
such that each axon proximal to a site of axotomy can give rise to several processes distal
to it (Jenq, et al, 1987). However, not all regenerative growth survives; over the months
following a nexve repair, some axons will enlarge and return to an approximately normal
diameter, whereas others will disappear (Cragg & 1nomas, 1964).

Subsequent axon

enlargement and maturation is dependent on connection with a target, and branches that
disappear have presumably failed to do this (Aitken., 1949)
In culture, foetal and neonatal axons initiate regenerative sprouting within a tew
hours of axotomy (Argiro & Johnson., 1982; Collins & Lee, 1982). The first sprouts in
myelinated axons are generally seen coming from the tenninal nodes of Ranvier, through
the gap left by partial retraction of Schwann cells (Meller, 1987); unmyelinated axons
sprout equally as rapidly (Bray, et al, 1972). While collateral sprouts are forming, the cut
tip of the axon swells, inflated with smooth endoplasmic reticulum, mitochondria, and
eventually microtubu.les (Fawcett & Keynes, 1990).
A number of morphological variations of collateral regeneration are possible.
Cotman & Nadler (1978) examining morphological variation in collateral sprouting have
differentiated between 'paraterminal sprouting' and 'contact synaptogenesis'.

In the

former the terminal end-feet of an intact axon may simply enlarge and establish new
synaptic contacts at sites left vacant as a result of damage to another neuron.

Contrasted

with 'contact synaptogenesis', in which an intact nerve axon in contact with a denervated
cell would form new synapses at points of apposition where there were none previously.
Alternatively, the formation of new synapses could follow a shift in position of an axon
prior to creating new points of contact. These variations suggest that axon elongation
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need not necessarily be a requirement for successful reinnervation if residual neurons
were in close proximity to denervated cells.
Electron microscopy studies investigating collateral sprouting following partial
denervation of the septal ganglia, indicated that "intact fibres from one system could
replace the axons of another system" . Termed 'heterotypic sprouting', that mechanism of
regeneration occurs when axons passing close to a deaITerented zone respond by
developing and sending collaterals to occupy vacated synaptic sites, while retaining their
own connections. Raisman (l 969) suggested that the response was triggered by the
absence or removal of the normal afferents to the area, and a role for both glial cells and
'neural growth factors' were also implicated.

1.5.3 Axonal dynamics

Although axons have some capacity for synthesis and processing of lipids and
carbohydrates there is an absence of identifiable components for protein synthesis in
neuronal processes (Koenig, 1967). Protein synthesis is generally thought to be restricted
to cell bodies where protein synthesizing organelles are located. Sorting of proteins to
specific membrane compartments occurs mostly at the level of the Golgi complex within
the cell body (Stone & Hammerschlag, 1987).

However, after assembly intracellular

membranous organelles often must be moved considerable distances along an axonal or
dendritic compartment before being delivered to terminal sites of action.
During neuronal growth axonal dynamics encompass the synthesis, packaging,

sorting, targeting, and translocation of the proteins needed for neuronal function and
migration. Consequently, intracellular transport is highly developed in neurons with a
wide variety of polypeptides being delivered to the axonal and dendritic tenninals. Brady
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(1993) provides a review of the molecular mechanisms involved in nerve transport,
including identification of potential mechanisms

for regulating

transport and

characterization of the influence of different axonal environments on transport.
·nu-ee categories of cytoskeletal elements play distinct roles in both neuronal
transport and growth: microtubules, neuroftlaments and microfilaments. Each consists of
a diverse set of polypeptides that are confined in various configuration5 to fill specific
functions within the nervous system . There are overlapping functions between classes,
while isoforms exist with.in each class of cytoskeletal protein; these may subtly change
local properties of the cytoskeleton (reviewed by Brady, 1988).

1.5.4 Microtubules

Microtubules serve at least two main roles in the mature nervous system. First,
they provide a structural framework for the axon (Freide & Samora_jski, 1970), playing an
important role in determining the size and morphology of neuronal processes. In small
unmyelinated fibres and in many dendrites, both of which have few neurofilaments,
microtubules act as the primary structural element.

A second critical role for

microtubules is connected with intracellular transport, mediated by kinesins and dyne.ins,
the molecular 'motors' of the neuronal transport system (Brady, 1991). During axon
elongation and regeneration the synthesis and transport of proteins associated with
growth is increased.
The primary subunits of microtubules are alpha and beta tubulins, which are
disassembled as part of the structural organisation of the cytoskeleton and then must be
reassembled for neurite extension, such that the stability of assembled microtubules plays
a critical role in effective regeneration (Brady & Black, 1986).
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Tubulin is the major protein of vertebrate brain, representing 10-26% of total brain
protein, whereas the protein content of other tissues is only 1-3% tubulin. Less than 5%
of the protein derived from glia and other non-neural cells of the brain is tubulin, so most
brain tuhulin is derived from neurons (Hiller & Weber, 1978)

'The importance of the

tubulins in regeneration can he inferred from changes in axonal transport of tubulin
associated with regeneration (McQuarrie & Lasek, 1989) and the up-regulation of specific
tubulin genes during axonal growth or regeneration (Wong & Oblinger, 1990; Mathew &
Miller, 1993).
Relevant to this thesis, but not to this section on nerve regeneration, is the
reported presence of microtubules and tubulin in pineal glands of some species. This
matter is reviewed and discussed in Chapter 4.

1.5.5 Interactions between regenerating axons and t11elr environment

A complex interplay between extrinsic influences and mechanisms intrinsic to the
neuron initiate and determine the pattern ofregenerative processes.
Based upon a number of observations, the control of regeneration is considered to
be independent of cell body mechanisms (Fawcett & Keynes, 1990). There is evidence
that sprouting of mouse motor terminals may occur even when axons are disconnected
from their cell bodies (Brown & Lunn, 1988), and that an axon completely disconnected
from its cell body can elaborate a new growth cone in response to axotomy (Mason &
Muller, 1982). Also, the earliest regenerative sprouting at the proximal axon tip can occur
·within a few hours of axotomy (Argiro & Johnson, 1982), too rapidly for the cell body to
have been informed by a retrograde signal and to have sent its response, even by fast
axonal transport (Collins & Lee, 1982). Similar considerations apply during development,
during which it would be impossible for the frequent changes in the rate of axonal growth
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to be regulated sufficiently rapidly from the cell body (Cowan, 1979a).

These

observations suggest that there may he controlling mechanisms for axon elongation.,
acting rapidly and locally at the axon terminal..
From transplantation studies, both in vitro and in vivo (for review see Hatton,
1985), the accepted scenario for initiation of axon growth involves extensive interactions
between an axon and multiple environmental cues. Olsen and Mal.mfors (l 970) showed
that when transplanted into the anterior chamber of a host eye, a piece of iris, though
deprived of its ovm nerve supply for 3 months, could evoke collateral sprouting from
intact sympathetic nerves. Target tissue influence was implicated.
Patterns of neural activity are also dependent on the availability of ghal cell
surface molecules and extracellular matrix components (Muller, 1992).

Glial cells

function in the mainteance of ionic homeostasis (Kuffier, 1967; Walz & Hertz, 1983;
Walz, 1989), the monitoring of presynaptic and post.synaptic neuronal activity (Kuffier,
1967; Orkand, et al, 1966; Wuttke, 1990), and in factors supporting and guiding growth
and migration of regenerating nerves (Ard & Bunge, 1988; Hatten, et al, 1982; Levine &
Card, 1987; Pixley, et al, 1987).
The intrinsic ability of a neuron to respond to environmental cues, and the nature of
its response to any particular cue, depend on the neuron's expression of relevent

receptors, signal tranducing proteins, and on the presence of structural materials to
execute a response. Purves (l 975) indicated that expression of some of the neural genes
involved in axon growth and culminating in synaptogenesis, decreased sharply as neurons
matured, so that the extracellular cues that stimulated axon elongation in developing
neurons evoked different responses from mature neurons. Alternatively, repression of
growth-related properties in many neurons during differentiation suggests that some of
the genes involved in axon growth might be expressed transiently during development

and be reinduced during successful neive regeneration. Relevant studies have
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concentrated on the synthesis of proteins destined for transport into axons and their
terminals, the population of neural proteins most directly involved in axon functions.
111..is has prompted a search for related genes using electrophoretic methods (Katz, et al,
1965) and phenotypic studies investigating expression of netve growth factors by means

ofimmunocytochemistry (Fantini and Johansson., 1992). In almost all neurons screened
in this way, it has been possible to identify one or more axonal proteins whose synthesis
is specifically increased an order of magnitude during developmental or regenerative
growtl1.

1.5.6 Neurnl growth factors

Neuronal changes necessary for nerve regeneration generally lead to increases in
the supply of substances necessary to rebuild fue growing neive fibre . Also there are
extrinsic changes in the quantities of trophic (growth-promoting) factors that function in
attracting axons to grow in tl1e proper direction (Finger & Stein, 1982).
The first extrinsic factor to be isolated was nerve growth factor (Bueker, 1948; LeviMontalcini and Hamburger, 1951), which has been observed to influence adrenergic
neurons in fue sympathetic nervous system and to promote an increase in the growth of
axons from sympathetic ganglion towards a source of NGF (Campenot, 1977).
Diamond, et al (1987) have demonstrated that intact sensory neurons sprout in response
to denervation of adjacent sensory fields in fue skin, an effect that is inhibited by
systematically administered antibodies to NGF.

Furthermore, increasing local

concentrations of NGF at the terminals of developing sympathetic neurons promotes
increased neural growth, bofu in vivo (Edwards, et al, 1989) and in vitro (Campenot,
1982). Also, administration ofNGF to neonates causes both increased terminal sprouting
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(Levi-Montalcini and Angeletti, 1968) and increased dendritic arborization of sympathetic
neurons (Snider, 1988)
While very little NGF or the receptors for NGF are found in the normal mature
nervous system, both are apparent in areas of nerve regeneration. When a nerve is cut or
crushed, the level of both the NGF molecule, NGF receptors and their respective mRNAs
in the region distal to the injury, increases enormously (Heumann, et al, 1987). The
expression of NGF by Schwann cells is probably contrnlled by axonal contact; NGF
receptor levels increase in the absence of axonal contact, and decrease when contact is
restored (faniushi, et al, l 988).

Johnson and his colleagues suggest that the NGF

receptor may act both in trophic support and as a cell adhesion molecule, the NGF having
an association with NGF receptors on hoth axons and Schwann cells (Johnson, et al,

1988).

1.5. 7 Growth cones

During target-directed outgrowth, when the nervous system is developing, or
when a neuron is regenerating following injury, the growing axon elaborates a prominent,
growth-specific structure at its leading edge. This 'growth cone' is able to translocate over
a substrate and to make synaptic contacts with appropriate target neurons; it is highly
specialised to perfonn a number of functions (for review, see Johnston & Wessels, 1980;
Bunge, et al, 1983; Landis, 1983; Kater & Letourneau, 1985; Letourneau, 1985) including
those of motility ( Letourneau, 1975; Tosney & Wessels, 1983; Argiro, et al, 1984; Bray &
Chapman, 1985), pathfinding (Bastiani & Goodman, 1986; Bently & Toroian-Rayrnond,
1986; Caudy & Bently, 1986; Kuwada, 1986), adhesion to the substrate (Letourneau,
1975; Hammerback & Letourneau, 1986), and membrane addition (Bray, 1970, 1973;
Pfenninger & Maylie-Pfenninger, 198la,b; Pfenninger & Johnson, 1983).
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The molecular mechanisms that control growth cone formation and that regulate its
function are unknown, however, a potential clue to the control of growth cone formation
is that certain proteins, designated growth-associated proteins, or GAPs, are much more
abundant in neurons with growing axons than in neurons where synaptic connections
have already been established, suggesting that they may perform functions required at
earlier stages during axonal growth. One of these, GAP-43, a phosphopeptide with a
molecular weight of approximately 43 kDa (Basi, et al, 1987; Karns, et al, 1987), is
synthesized and axonally transported at elevated levels during both developmental and
regenerative axonal growth (Skene & Willard, I 98 la,b).
Subcellular fractionation, electrophoresis and immunocytochemical experiments
have demonstrated that GAP-43 is a principal component of the growth cone, and is
highly enriched there ( Mciri, et al, 1986; Skene, et al, 1986). Yet despite the extensive
studies, both in vitro and in vivo, investigating GAP-43 associations with growth cones
per se (Meiri, et al, 1986; Skene, et al, 1986; Meiri, el al, 1987; Goslin, et al, 1988; Goslin

& Banker, 1990), to date only one investigation has focused on this protein's associations
with axonal development during functional regeneration (Schreyer & Skene, 1993).
Results from that experiment suggest that GAP-43 induction in the dorsal root ganglion
of rats is caused by disconnection from target tissue and not by axon injury per se .

1.5.8 Growth associated protein- 43 (GAP-43)

GAP-43 is an axonally transported phosphoprotein found on the inside of the
membrane of regenerating and growing axons, particularly near the growth cone (Meiri,
et al, 1988), and comprises of the order of 1% of the total protein in growth cone
membranes (Skene, et al, 1986). Biochemical determination indicates that GAP-43 is
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approximately 10-fold more concentrated in both developing and regenerating netvous
tissue than in adult netvous tissue (Meiri, el al, 1986). The protein is induced very rapidly
following axotomy, with levels increasing up to 100 times and then decreasing again on
reinnervation (Skene, et al, 1986). Newly synthesized GAP-43 is rapidly transported
down axons as part of the fast axonal transport system (Skene & Willard, 1981c), which
uses membrane-bound vesicles (20-60 nm) to deliver material from its site of synthesis in
the cell body (Pfenninger & Johnson, I 983)
The time course of GAP-43 expression during axon regeneration is consistent with
periods of axon elongation and the initial formation of an association between the
terminal axon and target tissue. Meiri, et al (1988), working with a polyclonal antibody to
GAP-43 in neonatal rat SCG tissue, reported a variation in the distribution of the protein
as axons elongate. The cell body became progressively less irnmunoreactive, whereas the
growth cone at the tip of the growing axon reacted more strongly. Finger & Stein (1982)
suggested that the initial rise in GAP-43 synthesis coincided with, or slightly preceded,
initiation of axon out.growth in fish and amphibian optic netves, but that the protein's
synthesis did not peak or plateau until regeneration was well underway. In rat dorsal root
ganglia, induction ofGAP-43 mRNA is shown to begin between l and 2 days after sciatic
nerve injury, corresponding to the end of a lag period preceding ax.on outgrowth
(McQuarrie, et al, 1977).

However, induction of GAP-43 is not considered to be a

secondary consequence of outgrowth, as application of colchicine to rat dorsal root
ganglia at the time of netve injury, or at the end of a 2 day post-crush lag period, which
should have prevented ax.on outgrowth, was found to have no effect on the time course or
amplitude ofGAP-43 induction (Skene, 1989).
Elevated GAP-43 expression continues throughout the period of axon elongation
and also synaptogenesis in all developing and regenerating systems examined (Skene,
1989). GAP-43 induction in regenerating systems begins just early enough not to rule

34
out a role in the early phases of axon outgrowth, and persists just long enough not to rule
out participation in later phases of synaptogenesis and maturation of the axon's terminal
arbor. A slow decline in GAP-43 synthesis late in axon development or regeneration,
could permit the protein to play some role in synaptogenesis, or in the active so11ing out
of the terminal arbor. Localization of the protein to growth cones and the distal portions
of outgrov.ring neurites, however, does argue against direct GAP-43 participation in
maturation of the axon structure behind the immature axon sprouts, or in the slow growth
in axon diameter, myelination and maturation of the axon's electrical properties (Goslin &
Banker, 1990).
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1.5.9 Structure and Biochemical Characterl~1ics ofGAP-43

Structural and biochemical studies of GAP-43 reveal a novel protein with an amino
acid sequence that is highly conserved among mammals (Goslin & Banker, 1990) and that
appears to interact extensively with several intracellular messenger systems (Goslin, et al,
1988).
For a protein associated predominately with membranes, GAP-43 is surprisingly
hydrophilic. GAP-43 is synthesized as a soluble protein, whose post-trdllSlational
association with membranes is considered to be mediated by covalent attachment of fatty
acid (Skene, 1989). A short hydrophobic region at the amino terminus of the protein is
the most likely site of fatty acylation and membrane attachment (Basi, et al, 1987). The
extreme hydrophilicity of GAJ>-43 and the nature of its membrane attachment are
consistent with models that envision the protein extending away from the cytoplasmic
surfaces of growth cones and synaptic membranes (Meiri, et al, 1988), in a position to
interact with cytoplasmic or cytoskeletal proteins on one hand, and reversibly attached to
the membrane on the other.
GAP-43 has been identified as a uruque calmodulin-binding protein, binding
calmodulin selectively in the absence of calcium, and releasing calmodulin at higher
calcium concentrations. This 'reversed' calcium dependence for calmodulin binding
contrasts to the usual mediation of calmodulin on the secondary messenger calcium in
various physiological processes such as excitation-contraction coupling and excitationsecretion coupling (for review see Cheung, 1980).

On the basis of its abWldance,

membrane binding properties, and reversed pattern of calmodulin binding; GAP-43 has
been proposed to act Wlder low calcium conditions to sequester calmodulin in certain
regions of the neural membrane, th.en releasing the calmodulin upon influx or
mobiliz.ation of free calcium (Cimler, et al, 1987). However, because the calcium-
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dependent antagonism of GAP-43 binding with calmodulin is strongly affected by ionic
strength (Alexander, et al, 1987), it is not clear whether calcium regulates calmodulin
binding to GAP-43 under any or all physiological conditions.
An alternative regulator of calmodulin binding to GAP-43 is protein kinase C
(PKC). Phosphorylation of GAP-43 by PKC strongly inhibits binding of that protein to
calmodulin (Alexander, et al, 1987).
Signalling across growth cone membranes is an essential feature of axon elongation
and synaptogenesis, and numerous studies have implicated PKC in these events (Spinelli,
el al, 1982; Murphy, et al, l 983; Hsu, et al, I 984; Mattson, el al, 1988; Hall, et al, 1988;

Girard & Kuo, 1990). As a prominent substrate for PKC, a functional role for GAP-43
could be mediation of some of the effects of PKC on growth cone function (Meiri, et al,
1988; Nelson, et al, 1989). The identification ofGAP-43 as a major substrate of PKC and
the induction of increased levels of GAP-43 in response to disconnection from target
tissue (Schreyer & Skene, 1993), suggest that GAP-43 may be an element of, or may be
regulated by, a transduction system that enables the growth cone to sample the
environment and then to generate an internal response.
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1.6

Aims of the present study
The principal aims of the studies described in this thesis were to:

(i)

Confim1 the use of melatonin secretory responses, to darkness exposure of
sheep, as a parameter of pineal fnnction.

(ii)

Examine the effects of unilateral SCGX on the profiles of melatonin
secretory capacity over a period of28 days post-operatively, to explore
whether or not fitl1 recovery of function occurred over that period.

(iii)

Investigate the occurence of new neural growth in pineal tissue as a
response to partial denervation, using immunocytochemical localization
ofGAP-43.

(iv)

Use localization of alpha tubulin to determine whether pinealocyte cell
integrity was maintained after unilateral SCGX
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CHAPTER 2

Materials and Methods

AJI of the aims of thesis were investigated in a single experiment incorporating
radioimmunoassay techniques to measure plasma melatonin levels, for which specific
methods have been described in Chapter 3.

In Chapter 4 the technique of

immunocytochemistry was used to investigate the occurence of both GAP-43 and alpha
tubulin in pineal tissue. With this approach it was aimed to establish whether or not
functional recovery was related to neural growth, which has not previously been reported
in the literature.
While details of specific experimental techniques are described in Chapters 3 and 4,
more general materials and methods (animal management, experimental design and
surgical procedures) relevant to both those chapters, are given in Chapter 2.

2.1

Animal management and treatment groups

2.1.1 Animal management

Romney ewes, approximately 9 months of age and weighing 30 - 35 kg , were
used in the experiment detailed in this thesis. The natural photoperiod at the ti.me the
animals were transferred to experimental conditions was 12 hr light : 12 hr dark
(l2L:12D), with dawn occuring at approximately 0600 hrs (New Zealand Nautical
Almanac, 1992-1993).
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All animals were constrained in pens and housed indoors in a well ventilated, light- proof
room maintained at a constant 15°C during autumn (May/June) 1993.

Fluorescent

lighting, which provided approximately 200 lux at the eye level of each animal, and was
controlled by automatic time switches to provide an 8L: 16D lighting regime, with lights
on from 0500 to 1300 hr. Feed consisted of approximately 800 grams ofluceme chaff per
day, ·with water available ad libitum .

All animals were acclimatized to the 8L:16D

photoperiod for 21 days prior to surgery.

2.1.2 Treatment grou11s

Twenty animals were randomly allocated to one of four groups (n = 5), with
respect to a given time of sacrifice for harvesting of pineal glands.

Respective animal groups were subjected to the following experimental procedures:
Control Group:

15-20 min Saffan/Halothane anaesthesia, without sham SCGX.

3 Day

Group:

S/H anaesthesia and unilateral SCGX.

14 Day Group:

S/H anaesthesia and unilateral SCGX.

28 Day Group:

S/H anaesthesia and unilateral SCGX.

All animals were bled in the dark for 4 hr on the day before surgery or anaesthesia (see
Section 3.2.2) to test their melatonin secretory capacity. Subsequent bleedings for this
purpose were conducted as follows (i) on days 1, 3, 7, 14, 21 and 28 after surgery or
anaesthesia for the 28 day and control groups; and (ii) on days 3 and 14, respectively, for
the 3 and 14 day groups. At the end of those last bleedings, all animals were euthanased
and pineal glands collected for immunocytochemical evaluation (Chapter 4).
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2.2

2.2.1

Sw·gical techniques

General surgical techniques

a)

Food was withheld for 24 hours preceding sw:gery. Water continued to be

available ad libitum during this period.

b)

Anaesthesia was induced with intravenous 'Safran' (Glaxovet Ltd, Barefield,

England) containing alphaxalone 0.9% w/v and alphadalonc acetate 0.3% w/v, average
dose 3mg/kg body weight.

Anaethesia was maintained with 2-3% (v/v) halothane

('Fluorothanc', ICl, Macclesfield, Cheshire, England) in oxygen, after intubation with a
Magill endotracheal tube, and supplied at a rate of 2 I/min from a Fluotec 3 (Cyprane,
Keighley, England) vapourizer.

c)

After induction of anaesthesia, unilateral SCGX was performed according to

the method of Appleton and Waites (1957) (Section 2.2.2). All surgical procedures were
conducted under sterile conditions.

2.2.2 Superior cervical gangllonedomy

In this procedure a skin incision was started over the zygomatic process at a point
mid-way between the canthus of the eye and the base of the ear, and was continued
parallel with the mandible to the level of the thyroid cartilage. The thin subcutaneous
platysma muscle was then incised along the same line, care being taken not to damage the
ext.ernaljugular vein, which lies just deep to the muscle at the ventral end of the incision.
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The depressor auriculae muscle was incised with the platysma muscle. After reflecting
the cut edges of this muscle the parotid salivary gland, lying in fat in the dorsal area of the
operative field, and the external jugular vein became visible. lbe few vessels which pass
caudally from the extemaljugular and internal maxillary veins were cut between ligatures,
an.d the caudal and ventral borders of the parotid gland were then freed from underlying
tissue to enable this gland to be retracted rostro-dorsally. The common carotid artery
could then be identified under fat, deep to the external jugular veirt, and its cranial course
to where it is crossed by the hypoglossal nerve could be identified. Here the artery
passes deep to the digastric muscle, dorsal to which is the fan-shaped jugulo-hyoid
muscle. This latter muscle was partially cut through to enable retraction of the epihyoid
bone.

By retracting the bone and the cut ends of the muscle using self-retaining

retractors, the superior cervical ganglion, the cervical sympathetic nerve and related
structures could be readily freed from the fat which surrounds them.
Following removal of the superior cervical ganglia the operation was completed by
suturing the cut ends of the jugulo-hyoid muscle, suturing the caudal border of the
parotid gland into place and closing the platysma muscle and skin in layers.

Each

operation was completed in approximately 20 mins.

2.2.3 Post surgical care

Following recovery from anaesthesia, animals were placed back in their crates and
given prophylactic antibiotic treatment consisting of an initial l O ml intramuscular
injection of 'Streptopen' (Glaxo (NZ) Limited) followed by five consecutive daily
treatments

of

5

ml.

This

preparation

contains

dihydrostreptomycirt, each at a concentration of250 mg/ml.

procaine

penicillin

and
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2.3 Blood collection, pl'Ocessing and melatonin radioimmunoassay

In Section 2 of Chapter 3 details are given for the periodic collection of blood,
subsequent plasma extraction and radioimmunoassay protocol and data processing, used
to determine pineal melatonin secretory capacity in response to unilateral SCGX.

2.4 lmmunocytochcmistry

Section 2 of Chapter 4 details the collection of pineal tissue, its processing and
the subsequent localization of GAP-43 and alpha tubulin using immunocytochemical
techniques.

2.5 Statistical analyses.

Analysis of variance (ANOVA) was used to assess data derived from both
Chapters 3 and 4. In addition, paired !-tests were performed on data in Chapter 3. Details
of statistical analyses are given in respective chapters.
Levels of significance in all statistical analyses are denoted thus:

* P<
** P <
*** P <

0.05
0.01
0.001
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Chapter 3.

Effects of unllaternl superior cenrical gangllone<.1omy on ovine melatonin secretory
responses to darkness exposure

3.1

Introduction

As mentioned in Chapter 1, the pineal gland is innervated by noradrenergic
sympathetic fibres originating from the right and left SCG's, the two nerves each
providing approximately 50% of the pineal innervation, which is distributed equally over
the two halves of the gland (Lingappa & Zigmond, 1987). Norepir1ephrine released at the
nerve terminals regulates a number of aspects of pinealocyte biochemistry, with the most
dramatic being the regulation of the synthesis of the hormone melatonin., during darkness
(Reiter, 1976).
Studies investigating pineal gland innervation commonly have used the technique
of bilateral SCGX, which eliminates rodent pineal rhythms of NAT activity and melatonin
content (Reiter, et al, 1979), as well as sheep pineal melatonin secretory capacity (e.g.
Lincoln, et al, 1982; Lapwood, 1993). It also causes a reduction in pineal weight (Barrell
& Lapwood, 1978-9) and pinealocyte atrophy (Mockett & Lapwood, unpublished).
As discussed in section 1.3.5, the effects of unilateral SCGX also have been
investigated, with most workers measuring pineal enzyme activity as their parameter of
pineal function or secretory potential. Thus Reiter, et al (1979) reported that pineal NAT
activity was reduced by half two days after surgery; Zigmond, et al (1981) on the other
hand, found that while NAT levels were depressed 75% on the night after unilateral
SCGX, effective recovery had occured the following night. Later Domay, et al (1985)
measured pineal tyrosine hydroxy-lase activity
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and tritiated noradrenaline uptake after unilateral SCGX; both were depressed by >>50%
2 days after surgery, hut increased to 80% of control levels by 10 days post-operatively.
Until recently only one report appears to have been published on effects of unilateral
SCGX on melatonin production: Reiter, et al (1979) found that pineal melatonin content
was reduced about 50% two days post-surgery.
Recently, Lapwood (1993) took the physiological approach of measuring melatonin
secretion profiles during exposure of sheep to darkness, before and periodically after
unilateral SCGX. On the day after surgery there was a reduction of pineal melatonin
secretory capacity to values 92% (P< 0.001) below those measured before surgery,
however, succeeding measurements indicated a substantial recovery of that parameter of
melatonin biosynthesis, to within 77% of pre-operative levels after 14 days.
This current study also used measurement of melatonin secretion profiles during

exposure of sheep to darkness, but was designed to examine the degree of recovery in
pineal melatonin secretory capacity which occured when an extended post-surgery
survival time of28 days was utilized.

3.2 Materials and Methods

3.2.1 Group treatments

Animal management and treatment group allocation is detailed in Sections 2.1 .1
and 2.1.2, respectively.
Surgical techniques are described in detail in Section 2.2
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3.2.2 Blood collection and processing

Faint red illumination from a hand torch was used during the periods of darkness
to aid in the blood sampling.
After the acclimatization period of 3 weeks, on the day before surgery blood was
collected twice prior to lights off then at 30 minute intervals for a four hour period in the
dark, in order to measure pre-treatment melatonin secretory capacities. Blood samples
were collected by jugular venipuncture into 7 ml vacutai.ner tubes containing 105 units of
heparin, then immediately centrifuged at 3000 rpm for 15 ruins at 4°C. Care was taken to
prevenl the haemolysis of blood samples as this has been rcp,lrted to lead to a spurious
increase in apparent melatonin levels (Fraser, et al, 1983). After separation from cells,
plasma was stored at -20°c until thawing 24 hours prior to assay.
Blood sampling was again repeated at days I, 3, 7, 14, 21 and 28 days post-surgery
or post-anaesthesia., using the above bleeding schedule, to study melatonin secretory
capacities during darkness exposure, so as to measure responses after partial denervation
or anaesthesia. Animals to be killed 3 and 14 days after surgery were bled in such a
manner only on the day before surgery and on the day they were killed.

Plasma samples were analysed for concentrations of melatonin as a direct
measurement of the capacity of individual pineal glands to secrete that hormone. No
account was taken of variable metabolic clearance rates for melatonin, consequently
measurements are not claimed to be a direct quantification of pineal rate of production for
the hormone.
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3.2.3 Radioimmunoassay reagents

(i) Trldne butler·.

Contained 0.IM Tricine (Sigma Chemical Company, St Louis, MO, USA),
0.15 M sodium chloride (May & Baker New Zealand Ltd , Auck.land, New Zealand), lg/I
gelatin (BOH Chemicals Ltd, Poole. UK), and ·with 100 mg/I sodium azide (Riedel-De
Haen AG, Seelze-Harmovcr, West Germany) included as an anti-bacterial preservative.
Solution was adjusted to pH 7.7 with 4N Na.OH and stored at 4°C.

(ii) Activated charcoal.
0.4% activated charcoal (Sigma Chemical Company, St Louis, MO, USA)

with 0.004% Dextran '170 (Sigma Chemical Company, St Louis, MO, USA) in pH 7.7
tricine buffer, was prepared 1 day ahead of use and discarded after a week.

(iii) Scintillation fluid.
9 grams of 2, 5-diphenyloxazole (PPO)

Louis, MO, USA) and 300 mg of (l,4-bis[2-(5

(Sigma Chemical Company, St

phenyloxazolyl))benzenc) (POPOP)

(Sigma Chemical company, St Louis, MO, USA) were dissolved in 2 litres of toluene.
One litre of Triton X-100 was then added to make up 3 litres of scintillation fluid .

(iv) Organic solvents.
- Absolute ethanol

(May & Baker Australia pty Ltd,
Victoria, Australia)

-Toluene

(Shell Chemicals New Zealand Ltd,
Wellington, New Zealand)

- Triton X-100

(Rohm and Haas New Zealand Ltd,
Auckland, New Zealand)
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3.2.4 Preparation of standards. tracer & antibody.

Standard curves were made by <liluting a melatonin stock standard solution
(1 mg/ml in absolute ethanol) with melatonin free plasma to give a range of standards

with melatonin concentrations from 20 to 500 pg/ml, within which is the expected range
of physiological values.

The stock standard was made from crystalline melatonin

(M5250, Sigma Chemical Company, St Louis, MO, USA) <lissolved in absolute ethanol.

Tracer [O-methyl-3 HJ melatonin was supplied by Amersham International pk,
(fRK..798, Little Chalfont, England, 85 Ci/m mol) and stored as a working solution by
diluting I Oul in I ml of absolute ethanol. The working solution was dried down with
oxygen free nitrogen (LC.I Ltd, New Zealand) prior to further dilution for each assay to
give 4 -5,000 cpm in 1OOul of assay buffer, to be added to each tube .

Lyophilized melatonin antiserum (Guildhay Batch G/S/704 - 8483), raised in goats
(for specificity see Table 3.1), was reconstituted in assay buffer to give a dilution of 1:25
which was stored frozen in 25 ul aliquots. Working dilution antibody was prepared by
further dilution with assay buffer to 1 : 7500, to give a final dilution in the incubation
mixture of l : 60,000.

3.2.5 Radioimmunoassay for melatonin.

All plasma samples were analyzed for melatonin concentrations usmg the
radioimmunoassay method described by Fraser, et al (1983), as modified by Maxwell, et

al (1989). All samples, standards, blanks and quality control samples within each assay
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were assayed in duplicate, while all samples from an individual animal were assayed in
the same assay.

After thawing samples were vortexcd and 500 ul of each sample, quality control
po0I or standard was then added to individual assay tubes . Two hundred microlitres of
antiserum was a<lded to assay tubes, followed by a vortex mi..x and incubation at room
temperature (dark) for 30 minutes A further addition of 100 ul 311 melatonin was made
to each tube . Tubes were vortexed and incubated for 18 ho urs at

-1°c under foil, to avoid

prolonged light exposure.
Separation of the antibody-bound melatonin (supemate) from the free fraction was
induced by incubation for 20mins at 4°C with 500ul dextran coated charcoal. Charcoal
addition was done quickly with a multipipette from a constantly stirred slurry and the
tubes were vortexed immediately, then stood still for the remainder of the incubation.
Tubes were centrifuged at 3000 rpm for 15 min at 4°C and the resultant supernatant fluid
decanted, consistently, into scintillation vials

Eight millilitres of scintillation fluid was

added, vials were shaken, capped and placed in a scintillation counter (Wallac 1409,
Pharmacia, Finland) at a constant room temperature for estimation of radioactivity.
Readings (cpm) for each sample were used to detem1ine the concentration of melatonin
(in pg/ml) for each sample by the method of Burger, et al (1972), as modified by Prof
R.E Munford (Massey University, Palmerston North, New Zealand) for use on an IBM
compatible computer with the RIA 400 program.

4(>

3.2.6 Assay Perfo1·mance.

Specificity of the melatonin antibody has been established by Guildhay Antisera
Lt<l (Guildford , Suney, l J K) as demonstrated in Table 3.1. In this present experiment,
mean non-specitic binding (NSB) was 5.6% +/- 2.7% (n= J 7)

Mean assay sensitivity,

defined as the minimal detectable concentration significantly different from zero (Burger,

et al, 1972) was 7.4 +/- 31 pg/ml (n= l 7)

Table 3.1 Spcclflctty of antibody (Gulldhay Antisera No. G/S/704-8483) to
melatonin as determined by comparatiYl! cross reaction.
Compow1d
Melatonin
N-acetyl tlyiptamine
6 hydroxyrnclatonin
N-acetyl tryptophan
All other related comounds

Reactivity(%)
100
0.97
0.38

0.26

< 0.07

Dilution with assay buffer did not affect the estimated melatonin content of quality
control samples, as demonstrated in Table 3.2.

Effects of dilution with assay buffer on estimates of melatonin
concentration in two quality control plasma samples.
All samples were assayed twice.

Table 3.2

Sample
MS8
MS9
II

"

Dilution factor
neat
1:1
neat

l :1
1:2

Melatonin concentration (pg/ml)
106.4

52.9
572.4
237.1
120.6
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Reproducibility of assay results, estimated from two quality control plasma samples
assayed twice in each of seventeen assays to assess assay performance, are shown in
Table 3.3.

Tablc3.3

Rt\twccn- and wilhln- assay cocffieclents of variation (CV) for
mr.latonin radioimmunoassay based on rcpcatcd mcasuremcnt
of ovlne plasma samples.

Replication
factor (n)

Control plasma

34
34

MS8
MS0

Mean melatonin
level (pg/ml)
112 .7
566 .7

Within-assay
C. V (%)

Between-assay
C.V(%)

11.20
20.77

16.08
9.23

J.2.7 Computations and transformations

Computations using the Cricket graph program (Apple software Inc.) determined
total melatonin secretory responses as areas under individual melatonin secretory
response curves, by integrating calculated hormone concentrations in samples, with the
time intervals between samplings, and were expressed as pg/ml.hr. Prior to statistical
analyses all data for areas under curves were transformed to logarithms. This
transformation was used to stabilize the vaiiance, to ensure that the standard deviation did
not vary directly with the mean (Snedecor & Cochran, 1967).

3.2.8 Statistical Analyses

To assess effects of anaesthesia and partial sympathetic denetvation by unilateral
SCGX on pineal gland responses to darkness, the significance of experimental main
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effects, and their interacbon, were examined by analyses of variance (Cochran & Cox,
1960).

Some experimental hypotheses were tested using standard orthogonal

coefficients, except when non-orthogonal matrices were constructed to test hypotheses
which were not possihle within the constraints of orthogonality (Fisher & Yates, 1963).
Limitations are recognised in accepting statistical analyses based on non-orthogonal
contrasts and only data represented by relatively high levels of significance (P< 0.01) will
be referenced where non-orthogonal conuasts a.re discussed.

Paired t- tests (Mosteller & Rourke, 1973) were performed to measure any
significant diflerence between pre-surgery and post-smgery mean integrated melatonin
secretory responses measured from the two groups subjected to unilateral SCGX and
sacrificed 3 and 14 days after surgery.

3.3 Results

See Tables 3.4 - 3.6 and Figures 3.1 - 3.4

At all sampling periods, both before and after surgery or anaesthesia, plasma samples
collected during the period of light, immediately prior to darkness, had melatonin levels
which were consistently below the limit of assay sensitivity (7.4 pg/ml) (fable 3.4).
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Table 3.4

Mean(± S.E.M) plasma melatonin levels (pg/ml) for sheep In light,
hmnedial"ely prior to darkness, during a 8L:16D lighting regime.
Values a~ derived from both sam1Jles collected from each of five
sheep per group at each sampling.

-I

+I

7.18
(0.06)

6.68
(0.05)

6.26
(0 06)

IO OJ)

Day relative to surgen 1
+7
+ 14
+3

+21

+28

Experirnen1al group
Controls

Unilateral SCGX
28 Day Group

3 Day Group

14 Day Group

4.12

(O.l 1)

4.41
(0.12)

2.18
(0.02)

6. I 7
(0 .20)

4.88
(0.08)

0.00
(0 00)

0.00
(0 .00)

5. 14
(0.05)

1.44
(04,1)

6.14
(0.0 1)

6.62

l.52

0.00

(0 08)

rn.oo:i

0.00
(0.00)

1.91
(0 II)

On the day before being subject to either anaesthesia or surgery, the mean integrated
secretory responses from each group during the period of darkness were quite uniform,
ranging from 572.9

± 213.8

pg/mLhr to 799. 1 ± 272.7 pg/mlhr. However, during that

same period the melatonin secretory capacities for individual animals varied considerably
(P< 0.001), for example ranging from 162.0 pg/ml.hr to 1588.8 pg/mlhr in the control
group of animals . Ranges for the other experimental groups were similarly extended,
with respective standard errors of the means for the groups killed at 3 days, 14 days and
28 days after surgery being 213.8 pg/ml.hr, 147.5 pg/ml.hr and 163.2 pg/ml.hr. Regardless
of any effects of the experimental treatments, such between-animal variability in secretory
responsiveness was again seen in the post-surgery or post-anaesthesia periods, but
individual animals tended to be consistent in their relative responsiveness at each
sampling time.

Extreme examples of this variability recorded for both control and

unilateral SCGX animals killed at 28 days post-surgery, are illustrated in Fig 3.1.
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Fig 3.1 Range of melatonin secretory responses (pg/ml.hr) of
sheep during 4 hrs of exposure to darkness, prior to and at 1,
3, 7, 14, 21 and 28 days after anaesthesia or surgery.
Highest and lowest responses for both control and surgery
groups are represented.

54

Table 3.5 Mean(± S.E.M) integrated (n=S) mdatonln secretory responses
(pg/ml.hr) for sheep during the initial 4 hr period of dark within
a 8L:16D lighting r·egime.
Day relative to surge!}'
+3
+7
+14

-I

+1

799.1
(272. 7)

780.5
(246.1)

933.9
(336 6)

1200.1
(305.0)

11 76.7
(298.7)

132.0
(44.7)

323.4
(611)

370.3
(78.9)

608.5
(] 39 3)

+21

+28

1136.2
(293.3)

1325.8
(272. I)

Experimental group
Control'>

Unilateral SCGX
28 day pineal
harvest

645.2
(163 .2)

3 Day pineal
collection

572.9
(213.8)

14 Day pineal
collection

646.7
(147.5)

278.9
(129.11)
395.1
(107.7)

652.6
(152 .5)

70 1.8
(I 04.9)
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Tahfo J.6

Sununar)' of analysis oh'arlancc of' melatonin secrcfol')' rcsponst· data
from control and 28 day groups. Areas under individual melatonin
res1m11se curves (both pn'- and post-sm·ger~') were log traus1onned
prior to analysis.

Soun:,· of Variation

D.F

Variance Ratios

?.2.62 ***

A Surgical Treatment
(Controls vs Unilateral SCGX)
6

B.Ti.me
Ort11ogonal contrasts

11 .2 0 **

Post-op Linear

s

Remainder

0.%

Treatment x Time Interaction
(Error mean square) +
5.00 *

Post-op L x Control vs Op
5

Remainder
C. Animals within treatments
Residual (Error mean square)

8

1.88

6.91 ***

48

Non mihogonal contrasts
Time
Unilateral SCGX : Post-Op Linear

11.85 **

Uni.lateral SCGX: day - l vs + I

2-H 6 ***

Comparisons at each day : Control vs SCGX
Day

+l

+ Treatment x time interaction mean square was used to test the significance of
"Ti.me'' componenLc;.

26.54 ***
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The mean integrated secretory capacity for t11e control group of ,mimals w.1s
depressed by 2.3% on the clay after anaesthesia (P> 0.05).

Atlcr that initial depression,

substantial increases in secretory capacity were measured from control animals, but when
the variance of that non-orthogonal contrast was tested against the vaiiance of the
treatment x tin1e interaction, the increase in melatonin secretory response in the postanaesthetit: period for control animals was shown to be non-significant (P> 0.05).
Anaesthesia combined with unilateral SCGX dramatically reduced melatonin secretory
capacity to 20% (P< 0.00 I) of pre-surgery levels, when measured the day atler surgery.
However, by post-surgery day

+]

the secretory capacity of the operated animals had

recovered to within 50% of pre-operative levels, an increase that in tempora l tcnns
realised the highest rate of functional recovery recorded throughout the experiment, with
an increase from 132.0 pg/mLhr to 323.4 pg/ml.hr within two days. That trend continued,
melatonin secretion measuring 94% of pre-operative levels by 14 days after surgery,
followed by a relative slowing in the rate of recovery for melatonin secretory capacity,
which can be observed in Fig 3.2. Melatonin secretion had reached pre-operative levels
by 21 days and by day 28 was actually slightly higher than prior to surgery. After surgery
that recovery of function

WdS

reflected as a highly significant (P< 0.01) linear component

in the ANOVA, with mean integrated secretory capacity rising from 132 pg/ml.hr to 701 .8
pg/ml.hr. That recovery of secretory function after unilateral SCGX was more rapid than
the comparable increase recorded at the same time from control animals (freatment x
Time Interaction : Post-op Linear x Control vs SCGX; P< 0.05). Also highly significant
(P< 0.01) was the difference between the mean integrated secretory capacities for the two
main groups on the day after surgery, with unilateral SCGX melatonin levels 83% being
below those measured for controls.

On succeeding experimental days secretory

responses also were higher for the controls, rather that unilateral SCGX animals as
indicated by the significant (P< 0.001) treatments main effect in the analysis of variance,
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but non- orthogonal comparisons made on data from days 3 to 28 were non-significant
(P> 0.05).

A paired /-lest showed that for the animals sacrificed 3 days after unilateral SCGX,
melatonin secretory capacity immediately before euthana-;ia was significantly (P< 0.02)
less than that recorded pre-operatively. A comparable pre- versus 14 day post-operative
comparison of secretory response data for the animals killed 14 days after surgery, was
not significant. TI1ese results have been demonstrated in Figs. 3.3 and 3.4.
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Figs. 3.3 & 3.4 Mean integrated melatonin secretory responses
(pg/ml.hr) of sheep during 4 hrs of exposure to darkness, prior to
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Data depicted is respectively, that from animals killed at 3 and 14
days after unilateral SCGX.
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3.4 Discussion

The study described in this chapter was designed to further investigate the
role of the sympathetic innervation to the sheep pineal gland in affecting biosynthesis of
the indoleamine, melatonin. It was designed principally as an extension of the reported
recovery (Lapwood, 1993) of pineal melatonin secretory capacity after partial denervation
by unilateral SCGX, to investigate whether full recovery occurred if the post-operative
period was extended to 28 days.

It also re-examined the use of melatonin secretory

profiles during 4 hr periods of darkness, a<; a parameter of pineal function.

3.4.1 1J se of melatonin profiles as a parameter of pineal gland function

In view of variable metabolic clearance rates for melatonin, which undoubtedly
exist between different animals, it is accepted that there are some limitations in the use of
areas under melatoin secreteory responses (calculated by integrating hormone
concentrations with time intervals between samplings), as a measure of pineal melatonin
production rates. However, in this study the principal aim was to examine within-animals
changes over time, relative to the time of treatments (unilateral SCGX or anaesthesia).
Assuming that for a particular animal, the melatonin metabolism rate is relatively constant
over time, it is considered these secretory responses are appropriate dynamic measures of
changes in melatonin production rates, with ti.me. Also, metabolism and clearance of
melatonin is rapid (Kopin, et al, 1961 ), the major route of metabolism being 6hydroxylation followed by conjugation with either sulphate (59-79%) or glucuronic acid
(13-27%) within the liver, followed by excretion which is predominantly in the urine
(Kennaway, et al, 1977).
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Having acknowledged that lin1itation, it is appropriate to say that in terms of being an
indication of pineal secretory capacity, the measurement of hormone concentrations in
plasma and subsequent calculation of melatonin profiles are considered to be a superior
indication of the pineal gland's secretory capacity, in contrast to other methods that were
limited to indicating secretory potential, such as those that measured pineal NAT activity
(e.g . Reiter, et al, 1979; Bowers, et al, 1984; Kuchel, et al, 1990). The reason for that
assertion is that although Reiter, et al ( I 979) produced data that indicated that pineal NAT
activity and melatonin content were highly correlated, there appears to be no data in the
literature which demonstrates that either of those parameters translate into accurate
measures of pineal melatonin output To the contrary, it has been shown in rats that as
little as 10% activation of NAT is sufficient to initiate full melatonin production (Whelar,

et al, 1979), while in a later study by King, et al (1984) it was shown that maximum NAT
activity may not necessarily initiate maximum melatonin production, if pineal serotonin
production has been reduced.
It is through the use oflarger non-rodent species, such as sheep, which can readily

be subject to multiple blood sampling, that the dynamic estimate of melatonin secretion
and its variation from time to time, can be measured for individual animals.

The

variability of melatonin secretory capacities between animals was highly significant (P<
0 .001) and has been depicted in Fig. 3.1. For example, in the control group, on the day
before anaesthesia, individual secretory capacities ranged from a low of 161.9 pg/ml.hr to
a high of 1588.7 pg/ml.hr. Using this technique of measurement as a parameter of pineal
function was, however, validated by the consistency of secretory levels for individual
animals, where animals with low initial measurements remained comparatively low in
comparison to those of animals with consistently high secretory levels.
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3.4.2

Lack of" effect of anaesthesia on dar·k period melatonin secretion

As clearly shown in Fig 3.2, no appreciable inhibitory anaesthetic effect on dark

period melatonin secretion wa<; measured in this experiment, despite indications to the
(:Ontrary where in a corresponding study (Lapwood, 1993) had reported a relatively
pronounced, though non-significant, post-anaesthetic effect. This result reiterates the
importance of not over-emphasizing results that maybe substantial, but which are not
significant, such as the apparent anaesthetic effect recorded by Lapwood (1993).
A.naesthetics have previously been reported to variably influence the secretory
capacity of endocrine systems. For example, pentobarbitone reduces LH secretion in rats
(Blake, 1975) and alters the secretion of gonadotrophins in ewes (Goodman & Meyer,
1984), whereas, saffan anaesthesia has no effect on gonadotrophin secretion in ewes
(Clarke & Doughton, 1983). Those reports, in conjunction with the results of Lapwood
(1993) in measuring a 36% post-anaesthesia depression in secretory capacity of melatonin
for controls, suggested that possible anaesthetic effects should be acknowledged when
designing experiments investigating pineal function. It is noteworthy that virtually all the
past studies investigating pineal function in response to various surgical procedures have
ignored the possibility of anaesthetic effects on the pineal gland and consequently had not
anaesthetized control animals (e.g. Kuchel, et al, 1990).
Mockett (1991) measured the effects of a range of anaesthetics on the melatonin
secretion response curves of sheep and, partially based upon those results, the anaesthetic
combination of saffan induction and halothane maintenance was selected for use in this
current experiment, as being the least inhibitory of the anaesthetic combinations tested to
date.
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3.4.3

Increase in plasma melatonin levels in controls

After day + I after anaesthesia melatonin secretory capacity of control animals
increased above pre-surgery levels and continued increasing through to 28 days postsurgery. In that time secretory output rose 70.0%, from 780.5 pg/ml.hr at day + I to
1325.8 pg/ml.hr on day 28. Though substantial, that result was not, however, significant.
That being so, this result does follow a similar trend to that of measurements for the
control group of Lapwood (1993), in which melatonin secretion increased from 63.6% of
the pre-operative levels on the day after unilateral SCGX to 125% on day + 14 and was
significant (P< 0.01). That author attributed at least part of the post-anaesthetic recovery
in melatonin secretion to recovery from the depressant effects of anaesthesia. However,
in the present experiment anaesthesia had little effect on melatonin production, so other

factors which may have contributed to the post-anaesthetic increase must be considered.
Possibilities include: (i) seasonal variations in mdatonin secretion, (ii) the implementation
of an insufficient acclimatization period, (iii) the clismption of endogenous oscillators and
(iv) adaptation to the stress ofhandhng .
Seasonal variatjons in melatonin secretion have been reported, particularly
relevent are significantly elevated melatonin profiles during autumn, coinciding with the
onset of endocrine, behavioural and social reproductive processes that occur through the
breeding season, during which this experiment was performed. Reports on the effects of
seasonal hormone changes on the melatonin secretory capacity for ewes are varied,
however, it has been established that for Romney ewes the effect of changing seasons on
mean melatonin levels during darkness are significant, with an increase of 153% for the
autumn period over those measured during the preceeding season (Scott, et al, 1992).
As it is the photoperioclic signal which governs control of melatonin biosynthesis

(Oksche, 1971) and also affects seasonal changes in melatonin secretion (Woodfill, et al,
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1991 ), severe alteration of tl1e lighting regime would presumably alter synthesis and

secretory patterns for the honnone. In this experiment an acclimatization period of 3
weeks was implemented to stabilize melatonin secretion in synchrony wiili ilie new
lighting regime. The consistency of the dark period secretory level means for ilie four
treatment groups prior to anaesiliesia /surgery (fable 3.5) would suggest that 3 weeks had
been adequate in stabilizing secretory levels .
Endogenous oscillators emanating from the suprachiasmatic nuclei (Moore, 1983)
have heen implicated in maintenance of internal control of the rhythm of melatonin
secretion and various models are proposed to explain ilie controlling mechanism. 'fb.e
theoretical two-oscillator model suggests that one oscillator coupled to dusk controls ilie
evening rise in melatonin and another controls the morning fall (Illnerova & Vanecek,
1982). The imposed advance of 4 hours for the oru;et of dark in this current experiment

may have caused asynchrony of any such model and adaptation to that change could
cause some variation in melatonin levels.
As mentioned in Section 3.4.4, stress such as that due to animal handling, has been
shown to inhibit pineal function . In the present experiment, it is possible that animal
adaptation to handling stress over the 4 week sampling period, may have contributed to
the increase in melatonin secretion recorded over that time.

J.4.4 Immediate (Day +t) effects of unilateral SCGX on pineal melatonin secretory
capacity

On the day after surgery unilateral SCGX reduced pineal secretory capacity by

80%, despite only a halving of ilie sympathetic fibres innervating the pinealocytes.
Corresponding to the reduction in melatonin secretory capacity in this current
experiment, Domay, et al (1985) have reported a> 50% reduction in pineal tyrosine
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hydroxylase activity after unilateral SCGX and an approximate 50% reduction in
noradrenaline uptake. Also, Zigmond, et al (I 981) reported a 75% decrease in serotonin
NAT activity and suggested that the effect<; of neurons in the two ganglia were not simply
additive, hut rather that an interaction of the two populations of neurons was necessary
for the maintenance of normal rhythms in pineal NAT activity.
Mechanisms by which such a major effect (>> 50%) may have heen produced
could include secretory inhibition by anaesthesia as discussed in Section 3.4.2, in addition
to prohable 'stressors', for example handling (Cardinali & Romeo, 1991), which have been
shown to decrease pineal NAT activity (Lynch, et al, 1973). The central role which the
pineal gland plays in the neuro-horrnonal axis does mean that any element of stress could
<lisrupt pineal function, particularly in the immediate term. Also, Bjorklund, et al (1972)
and Wiklund (1974) have demom;trated, using fluorescent microscopy, that in addition to
sending axons to the pineal, neurons of the rat SCG also innervated the habenular nuclei,
which in tum appeared to innervate the pineal with catecholeamine-containing fibres, via
the pineal stalk. Such a scenario, if present in sheep, could augment inhibitory effects on
pineal function following unilateral SCGX, by the disruption of interactions between
SCG's, through severance of a central relay to the contralateral, intact SCG.

J.4.5 Recovery in pineal function after unilate..al SCGX.

Following unilateral SCGX, and the initial (Day+ 1) substantial decline (P< 0.01) in
pineal melatonin secretory capacity, a linear recovery was measured through to 28 days
after surgery. That linear recovery was a real experimental effect despite a corresponding
increase in control pincals, as the rate of response was determined to be significantly
greater (P< 0.05) for the SCGX group in contrast to that for the control group (freatment
x Time interaction; Post-op Linear x Control vs SCGX component). The capacity of the
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unilateral SCGX animals to secrete melatonin had risen to within 94% of pre-operative
levels hy 14 days after surgery, which was a similar result to that measured by Lapwood
(1993), who recorded a recovery to 77% over the same period.

The continued

measurement over an extended recovery penod undertaken in this current experiment
con firmed that full recovery occurs, reaching pre-operative levels by 21 days after partial
denervation .

A corresponding recovery has been repeatedly reported in rodent

experiments too, however, in those experiments capacity to secrete melatonin was not
mea'>ured, but rather parameters used were indications of potential to secrete melatonin,
by measurement of pineal enzyme activities (Rowers, et al, 1984; Kuch el, et al, 1990;
Reiter, et al, 1979; Domay, et al, 1985 & Zigmond, et al, 1985), melatonin content (Reiter,
l't

al, 1979) and measurement of urinary 6-hydroxymelatonin, conjugated with glucuronic

acid (Kuchel, et al, 1990). Nevertheless, the recovery of ditforent parameters of pineal
function in response to partial denervation by unilateral SCGX does have universal
verification. Very sin1ilar trends, in recovery of melatonin secretory capacities, also were
recorded in the present experiment from the two groups of animals killed at 3 and 14 days
after unilateral SCGX For convenience of calculation the melatonin secretory data from
those two groups, which had been included for provision of pineal tissue, were not
included in the ANOVA.
As mentioned earlier, anatomical, biochemical, and physiological evidence has
determined that the two sympathetic tracts, originating from the SCGs, innervate the
pineal gland to the same extent (Zigmond, et al, 1981; Bowers & Zigmond, 1982; Kmg, et
al, 1983, 1984b). Also, tracing of NE-containing fluorescent fibres (Dornay, et al, 1985)

and anterograde tracing using horseradish peroxidase (Bowers, et al, 1984b), have
established that nerve fibres from each SCG innervate both sides of the pineal. SCG
stimulation studies have determined that only a small number of pinealocytes receive
input from both ganglia (Lingappa & Zigmond, 1987), and that mostly one ganglia
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innervates only approximately half the pinealocytes of the gland (Reuss, et al, 1985).
With those concepts in mind, the initial effect of 11nilateral SCGX may be expected to
render approximately 50% of the sympathetic neurons distributed throughout the gland
'electrnphysiologically silent', and as a consequence approximately 50% of pinealocytes
may be expected to cea<,e to function
The capacity to secrete melatonin in amounts above 50%, of pre-operative levels,
from 3 days after partial sympathetic denervation by unilateral SCGX, indicates that some
compensatory mechanism(s) was/were fimctional

Several possible mechanisms have

been cited to account for recovery of function after neural damage.
An increase in postjunctional sensi tivity has been espoused with evidence of a
rapid (24 hrs) increase in sensitivity of pinealocytes to beta-adrenergic stimulation after
bilateral denervation of the pineal gland (Degushi & Axelrod, 1972c; Romero & Axelrod.,
1974), with similar levels of hypersensitivity maintained at 14 days . However, Zigmond &
Baldwin (unpublished, cited by Zigmond, et al ( 1985)) have determined that postjunctional sensitivity does not increase after unilateral SCGX.

Increases in receptor

density (Gon.zalez-B1ito, et al, 1988b; PangerL et al, 1990) also have been demonstrated
to occur as a response to bilateral sympathetic denervation and possibly some degree of
pinealocyte hypersensitivity does occur in sheep as a response to unilateral SCGX.,
functioning to alleviate the loss of innervation.

Another hypothesized mechanism

suggests an increase in impulse activity of nerves on the intact side (Zigmond, et al, 1981 ),
compensating for the lack of transmitter release from the sectioned nerves. What
retrograde signal would trigger such a mechanism, or how the signal would be sustained.,
and whether cell body organelles could be sufficiently responsive in producing necessary
increases in NE levels, remain unanswered.
Alternatively, Zigmond., et al (1985) have proposed that an increase in the efficacy
of residual nerves in stimulating denervated pinealocytes occurs. The reduction in the
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numher of sympathetic neurons effectively reduces available uptake sites for NE,
resulting in increased junctional concentrations of the noradrenergic transmitter,
culminating in an increased re-uptake hy intact neurons and a subsequent increase in
post-_junctional effectiveness In this current experim ent that tJ1eory would suggest that
NE uptake by sectioned neurons was initially maintained, and that the NE was ineffective,
thus causing the preliminary decline in

pineal function . However, as those nerves

degenerate, and so too the ability to take up NE , junctional concentrations are increased,
as is NE uptake and post-junctional stimulation hy residual neurons, resulting in a
recovery of pineal function . Topographical evidence to support this theory has included
anterograde ne1ve tracing with horseradish peroxidase that has determined that nc1ve
fibres from each SCG spread throughout tl1e gland and merge with fibres originating from
the cont:ralateral SCG (Bowers, et al, I984h).
111e extent of the recovery, both quantitatively and temporally- (the recovery
represents a long-lasting and probably permanent change), in melatonin secretory levels,
suggests that the hormone producing machinery, within the pincalocytc cells, is not
directly affected by the denervation, but remains intact and capable of re-establishing
function .

'Inat the pinealocytes do not atrophy has recently been determined by

morphological analysis of sheep pineals, where use of specific staining techniques has
estahlished the presence of a pinealocyte population, 14 days after unilateral SCGX, that
was no different from that in unoperated controls (Mockett & Lapwood, unpublished).
This present experiment makes a corresponding inference with functional regeneration
establishing secretory capacity at levels above those which would be expected if
pinealocyte degeneration had occurred.
To date, the most likely concept developed to explain recovery of pineal function
after unilateral SCGX has been the re-innervation of denervated pinealocytes, by
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regenerative groVvth from residual nerve terminals originating from the intact SCG. As
evidence to support "compensatory collateral sprouting", Dornay, et al (1985) measured a
gradual increase of choline acetyl transferase activity (a marker of cholinergic preganglionic tem1inals) in the remaining 'intact' SCG, which occurred over the period
corresponding to that during which an increase in pineal TH activity was measured.
Further to that, corresponding with timing of the decline and recovery of both TH activity
and 3 H noradrenaline uptake after partial denervation, U10se authors noted that the
den,,ity of NE-containing fibres in the pineal glands (measured by NE histofluorescence
intensity) was reduced at 2 days after unilateral SCGX, but. paitially recovered at 7 days.
Other studies have demonstrated that the sympathetic neurons of the SCG can
undergo 'heterotypic collateral sprouting' in response to a selected partial dcnervation of a
foreign target region in ilie brain (Loy & Moore, 1977; Stcnevi & Bjorklund, 1978;
Crutcher, et al, 1979) Presumably, cell bodies capable of hcterotypic growth in response
to some stimulatory signal would be equaJJy capable of homotypic growth.

NSE

irnrmmohistochemical studies have shown that 14 days after unilateral SCGX pinealocyte
morphology remains intact (Lapwood & Mockett, unpublished), suggesting that collateral
growth is at least anatomically possible as a viable compensatory mechanism.
Evidence in support of ilie concept that recovery of pineal function was the result of
new nerve terminal growth, reinnervating denervated pinealocytes, is presented in Chapter
4, in the form ofvaiying degrees of ICC detection of GAP-43 in nerve fibres in pineals of
unoperated control animals and in the pineals collected at 3, 14 and 28 days post unilateral
SCGX. Tb.at material in Chapter 4 provides the most convincing evidence to date that
pineal recovery from semi denervation occurs as a result of pinealocyte re-irmeivation by
collateral sprouting of residual nerve terminals, originating in the contralateral SCG.
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3.5 Conclusions

Measurement , during the periorl ofdarb1ess, of melatonin secretory profiles
in plasma has proved to be a practical method for monitoring pineal function . In this
s1udy, secretory rates have been mea5ured periodically, following unilateral SCGX as a
parameter to determine the rate and extent of recovery in pineal function aflcr partial
dencrvation . It is considered that thjs approach is more appropriate to tlus kind of study
than the previous use of estimates of pineal enzyme activity, because it provides a
reasonably direct measure of110nnonc production, rather tlrnn of secretory potential .

Initial response to unilateral SCGX was a reduction in secretory capacity to 20% of
pre-operative levels, which was followed by a full recovery, despite the loss of 50% of the
regular syrnpatJ1etic innervation to the gland. Measurem ent<; indicate that recovery begins
by 3 days after unilateral SCGX, was clearly established at 14 days and that fi.tll secretory
capacity was reached at approximately 2 J days .

As demonstrated in previous experimcnl'> using bilateral SCGX, this experiment
confirms that sympathetic innervation is essential to pinealocyte biosynthesis of the
indolearnine, melatonin .

A number of mechanisms may contribute to establislung the recovery of pineal
function after partial deneivation. Post-junctional hypersensitivity and increasing levels
of NE secretion from the residual neurons, combined with post-operative recovery, are
possible initiating factors. However, measurements of a full recovery in secretory levels
indicates that re-innervation of pinealocytes occurs as a result of collateral sprouting of
sympathetic terminals from the contra.lateral SCG. Increasing enzyme activity in the
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intact SCG illdicates that residual nerve tcm1inals may re-innervate pinealocytes from
which ganglioncctornized neurons had dcgcnl.!rakd .
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Chapter .4.

N('ural growth ln shee1• pineal tissue following partial denervation by unilateral
su1,erlor cervical ganglionectomy

4.1 Introduction

As discussed in Section 1.3 there have been numerous studies performed to
i.Jm~stigate the mechanisms responsible for controlling pineal function and in particular
melatonin biosynthesis

For all mammalian ::;pccies studied, primary inne,vation is by

post-ganglionic sympathetic neuron s originating from the SCG's, as shown by the fact
that bilateral SCGX dismpts rhythms of pineal metabolites and enzyme activity and also
abolishes nocturnal melatonin secretion . Similarly, unilater.tl SCGX in sheep causes a
>50% reduction in pineal secretory capacity for melatonin, however, that immediate
reduction is succeeded by a substantial recovery to pre-operative levels, as reported by
Lapwood (1993) and also exhibited in Fig 3.2.
Mechanisms whic.;h have been suggested to explain that recovery in pineal function
after unilateral SCGX are discussed in Section 3.4 and include enhanced effectiveness of
NE released by remaining nerve terminals (particularly due to an increased capacity for
uptake of NE) (Zigmond, et al., 1981 , 1984), increased impulse activity by residual
neurons (Zigmond, et al, 1981 ), hypersensitivity of pineal beta-adrenergic receptors to NE
(Romero & Axelrod, 1974), an increase in beta-adrenergic receptor density (Gonz.a.lezBrito, et al, 1988b; Panged, et al, 1990), and also collateral sprouting of the remaining
nerve terminals to re-innervate denervated cells (Bowers, et al., 1984; Dornay, et al, 1985).

It remains to be established which and to what extent each of these mechanisms is
involved in the regeneration of pineal gland function after partial denervation.
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Collateral sprouting of post-ganglionic neurons 01iginating from the residual SCG is
at present probably the most valid concept, as has been discussed in Section 3.4.
However, to date, no definitive evidence !ms heen presented that determines whether
nerve regeneration does actually occur within the pineal gland.

Re-innervation of

pinealocytes by collateral groVvth originating from residual neurons could be implicated as
a

compensating mechanism if the presence of regenerating neurons were to be established

during the period over which regeneration of pineal function has been demonstrated to
occur.
Regenerative axon growth in mammalian peripheral nerves has been reported to be
accompanied by increased or decreased synthesis and axonal transport/content of a
nWTiber of proteins (for review see Skene, 1989). Prominent among these is the growth
associated protein, GAP-43, against which antisera have recently been developed,
enabling immunocytochemical visualization of that protein during both in vitro and in
vivo studies of nen:e growtl1, mostly investigating responses to traumatic ~jury of

explanted neurons grown in culture (Meiri, et al, 1986; Skene, et al, 1986; Merri, et al,
1987; Goslin, et al, 1988; Goslin & Banker, 1990). To date, the actual function of GAP-43

in growing axons is unknown, however, the high concentration of the protein in nerve
growth cones (Widmer & Caroni, 1993) does suggest a functional role in either migration
and/or environmental interaction and its presence in high concentration in neurons is
interpreted as being indicative of growth (Gorio, 1993). Sections 1.5.7 to 1.5.9 review
current literature on growth cones and GAP-43 which is pertinent to this experiment.
Microtubules, which are assembled from alpha and beta tubulins, are also integral
components of growing neurites (Daniels, 1972) and, thus, essential building blocks
during neuronal regeneration and sprouting. In addition to maintaining a structural role in
association with the cytoskeleton, configurational modification ofmicrotubules has been
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reported in association with bot11 dyneins and kinesins, an association involved in the
function

() r

a~;onal growth and in axonal transport (Brady, 1991). In the central nervous

system the alpha tubuJin (ATJ component has mainly been associated with synaptic
membranes and vesicles (7,isapct et al,

J 080),

corresponding with a secretory role

suggested for the presence of microtubulcs in cell lines from the pituitary gland (Kelly &
Grote, 1993) rmd pancreas (Dentl er & Suprenant, 1986)

Two separate histochemical

investigations have also established the presence of AT in pinealocytes of both baboons
(Theron, et al, 1979) and quinca-pig,;, but no l in rats (Schroder, et al, l ~)90) . No role for
AT in pinealocytes has yet been dcmonstratecl, but the association is not surprising
considering tl1e neurocndocrine characteristics which are a feature of pinealocytes
(reviewed by Oksche, I 987) and a role for rnicrotubuJes in honnonal secretion, similar to
that exhibited in the pih1itary (Shiino & Rennels, 1974; Labrie,

Pt

al, I 973) may be

possible Further to this, Mathew & Miller ( 1990) have reported an increase in expression
of AT mRNA in the intact rat SCG following unilateral ganglionectomy, which has
implications for a role of AT during the collateral growth ofresiduaJ neurons in pineals as
a response to partial dcnervation.
lbe aim of the study described in this chapter was to use antisera to both GAP-43
and alpha tubulin in an ICC study to investigate the presence of those proteins in sheep
pineal tissue collected at 3, 14 and 28 days after unilateral SCGX:, as well as in pineals
from unoperated control sheep. GAP-43 ICC was undertaken to provide direct evidence
of reinnervation as a possible mechanism responsible for the recovery of pineal secretory
capacity after unilateral SCGX:, while AT ICC was performed to determine whether any
vaii.ations in nerve or parenchymaJ cell contenUstructure occurred in response to partial
denervation. In addition, morphological associations vvith pineal tissue, specific to each
protein, were investigated.
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4.2 Materials and Methods

4.2.l Animal treatment groups

The same animals and procedures

a;;

dctaJlcd in Section 2.2 were the subject of the

following study

4.2.2 Pineal tissue collection

At the end of the last post-operative bleeding period fi.>r each particular 1:,>roup,
animals were killed in the dark, between 1730 and 1930 hours, with a lethal dose (60
mg/kg) of sodium pcntobarbatone ("Pentobarb 500", Chemstock Animal Heal.th, Ltd ,
Christchurch, New Zealand). Each animal's head was immediately removed and the top
ufthc cranitm1 opened with the aid of a band-saw, to expose the brain. The pineal gland,
attached to the posterior roof of the third ventricle and lying in the sulcus between Ute
rostral colliculi, in close association with the dorsally situated deep cerebral vein, was
exposed by retraction of the occipital lobes of the cerebral hemispheres, then dissected
free from brnin tissue surrounding its attachment and removed. Excess brain tissue was
trimmed from the pineal leaving only a small amount of thalarnic tissue on the anterior
margin for the purpose of orientation. A saggital dissection ensued with each half of the
gland placed in Bouin's fixative. 'The whole procedure from killing to immersion of the
pineal in histological fixative was completed in approximately 6-8 min.
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4.2.3 Tissue processing prior to lrnmuno<--yf ochem!sh-y.

(I) Tissue fixation
Both halves of each pineal w ere fixed for 12 hour's in Bouin's fluid and then
trans ferred to 70% ethyl alcohol.

(II)

Paraffin wax embedding
All pineal tissue was para flin w;ix embedded using an aut omatic tissue

processor (Shandon Elliot, Liverpool. lJ K.). The tissu es were dehydrated, cleared and
impregnated Vvith p aratlin wax according to the schedule in 'foblc 4.1

<Bi.riles, 1981 ).

Table 4.1 Paraffin wax processing schedule.
Reagent

Process
1. Dehydration

Change

70 % etl1yl alcoh ol
95 % II
100% II

l.
2.
3.

Time
I hr

4.

2. Clearing

2 hr

5.
Change 1.

Chloroform
Xylene

2.

l luII

3.

3. Impregnation

Temperature 58°C Paraffin wax m.p 56°C
II

II

II

2 hr
II

Following impregnation with wax, tissue blocks were transferred to a tissue
embedding centre (Tissue Tek 11, Miles Laboratories lnc, Elkhart, Indiana, USA),
embedded in paraffin wax and attached to plastic cassettes.

77

(III) Sectioning

From each embedded pineaJ, 8 um thick sections were cut using a sliding
microtome (Model OME, C. Reichert Optische Werke AG, Vienna, Austria), then floated
onto warm water (45°C).

Sections taken from 60-90 um apart were lransfcne<l to

polyvinyl acetate (PV J\) coated 75 by 25mm glass slides and air dri ed at ci0°C.

4.2.4 Immunocytochemlstry

ICC mcU10ds were employed to investigate the presence of the follov.ring antigens
in pineal tissue:

Table 4.2 Antibodies used in ovlnc pineal tissu<' immunocytoch<'mistry.
Antigen: GAP-43
Antibody source

Meiri, K ., State University of
New York, Health Science Centre,
Syracuse, N.Y., U.S.A

Form

Monoclonal supernatant

Antigen: Alpha tubulln
Antibody source
Amersham International,
Little Chalfont, England.

Subdonc No.
(ii) 10E8/E7
Reacts against phosphorylated
and dephosphorylated GAP-43
(i) 7B I 0/D4

Storage
4oc (not frozen)

Code No.
N356

Fonn

Storage

Monoclonal

-10°c in Ascites fluid .
2-8 °c in dilution
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The monoclonal GAP-43 antisera have been shown to be specific for their antigen,
with no detectable cross-reactivity with strncturaily related peptides or proteins (Meiri, et

al, 1991). The subdones used had not previously been tested against sheep neural tissue
and this was first performed in this set of experiments in this laboratory, using foetal
sheep cerebellum tissue.

Specificity of the monoclonal antibody to alpha tuhulin has been confmned using
Western blot techniques by Blose, et al (19~4)

Once optimal staining conditions were established for each antiscrnm , they were
each used in 2 ICC runs to stain experimental tissue using the protocol detailed in Table
4.3; a complete set of slides from all animals was stained in each run.

Table 4.3 lmmunocytochemlcal procedure for the Identification of antigens In
pineal tissue.
Step

Procedure

1.

Dewax sections: Two changes of xylene, 5 mins each.

2.

Rehydrate: Brief immersion in absolute and 70% alcohol to remove xylene,
followed by a wash in tap water.

3.

Wash in PBS I for I min.

4.

Wipe slide around section with tissue paper.

5.

Cover sections with I% bovine serum albumin (BSA) and 0.0 I% digitonin 2
(both Sigma Chemical Company, St Louis, MO, USA) in PBS to block nonspecific binding sites. Place in humidity tray for 5 mins.

6.

Drain off BSA. Cover sections with primary (l°) antibody3A
(except negative control which was covered with I% BSA in PBS)
and incubated in the humidity tray for 30 mins at room temperature.

7.

Three one min washes in PBS.
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8.

Slides dried with tissue paper, covered with the secondary (2°) antibody 5
(1:200 dilution ofbiotinylated anti-mouse IgG with I% I3SA and 0.0 I%
digitonin in PBS) and incubated in the humidity tray for 15 mins
at room temperature.

9.

Three washes in PBS; l min each.

lO

Slides drained and wiped dry witi1 paper tissue . Sections covered v,,iti1 the
streptavidin peroxida..,e preformed complex 5 (] :200 dilution with l % BSA in
PBS) and incubated in the humidity tray for 15 mins at room temperature .

11 .

Three washes in PBS; I min each.

12.

Visualize reaction with DAB-hydrogen peroxide solution 6 (5 mg DAB
dissolved in 10 ml PBS a.n<l l 2 ul of hydrogen peroxide, plus one drop
of heavy metal solution\

13.

Place in PBS to stop reaction.

14.

Rinse in tap water.

15.

Countcrstain in cosin for 30 sec.

16.

Wash off excess stain in tap water.

17.

Dehydrate through 70% eilianol and tvvo changes of absolute eilianol.

18.

Clear in two changes of xylene.

19.

Mount in DPX (synthetic mount.ant, BDH Chemicals, London, England).

Notes:
l. Phosphate buffered saline (PBS), pH 7.4, comprised 0.154 M sodium chloride, 0.002 M
potassium dihydrogen orthophosphate and 0.008 M disodium hydrogen orthophosphate.
2. Digitoni.n at 0.01 % to enhance cell permeability.
3. GAP-43 antibody diluted 1:35 with 1% BSA and 0.01 % digitonin in PBS.
4. Alpha tubulin antibody diluted 1:500 with 1% BSA in PBS.
5. Source: Arnersham International pie, Little Chalfont, UK
6. Reaction time varied from 1-2 rnins. Some subjective assessment was involved.
7. 50 ul of I% cobalt chloride and 1% nickel chloride in distilled water.
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4.2.5 Optimi1A'ltion of immunoreadivlly

The procedmes described above resulted from initial studies to maximize the
binding of each antibody to its antigen in ovi11e pineal tissue

This laboratory had not

previously undertaken studies using the GAP-43 or alpha tnbulin antibodies, therefore it
v,·as deemeci necessary to approach tJ1is study assuming established procedures were not
necessarily optimized for individual antibodies in ovine pineal tissue . In these initial
studies each trial staining

ruri

included: (a) a positive control (foetal sheep cerebellum [97

cfays] which was presumed to contain the antigen) to confinn the I O antibody was
binding to the antigen ;

(b) a negative control (foetal sheep cerebelltun without I 0

antibody added) as a check on non-specific reaction product formation; (c) non-

°

experimental pineal tissue to which the 1 antibody was added to confinn a11tige11antibody binding in this tissue and (d) a negative control of non-experimental pineal
tissue.
Negative controls indicated that there were no significant levels of non-specific
binding. Non-experimental pineal tissue was used in trials aimed at optimizing antibody
dilutions and DAB reaction time (2 min). Also tlie need for heavy metal intensification
for detection of reaction product., was determined .

ICC procedures were considered

optimized when the reaction gave strong specific staining without significant levels of
background or non-specific staining.

0) GAP-43

(i) Subclone 7810/04
Starting from a stock antiserum solution dilutions ranging fonn 1:8 to 1:48 in
1% BSA in PBS, which covered the working concentrations (1:4 - 1:25) recommended
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(K Meiri, pers. comm), were tested

Having established a positive reaction at all those

concentrations a farther run was completed 11sing conccntrafjons at I :30, I :35, :md I :45
which defined the optimal working concentration to be 1:35 in I% BSA in PBS and wmch
was used on the experimental tissue.

(ii) Subclone I 0E8/E7

No positive irnmunoreaction was observed using dilutions v,ith.i.n tl1c
recommended working concentrations or with stock solution

(II) Alpha tubulin

A similar series of irnmunohistochemical titration experiments, to those used
above to optimize the GAP-43 reaction, were performed to establish the antibody for AT
would form an irnmunoreaction with the corresponding antigen present in ovine tissue, in
particular in both pineal and foetal cerebellum. The recommended working range for ilie
AT antibody was 1:500 - I: 1000 in l % BSA in PBS, this range was covered in a series of
control experin1ents to detennine the optimal concentration for use on ilie experimental
tissue, which was established to be 1 : 500.

4.2.6 Microscopic evaluation of immunorcactivlty

Prior to examination, identity codes for each slide were covered with nontransparent, adhesive labels in order to facilitate unbiased evaluation of each antigen's
immunoreactivity.

Slides were ilien randomized prior to sequential numbering for

purposes of record keeping.
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(I) GAP-43

To assess the presence of new neural growth in pineal tissue after partial
dcnervation, an evaluation of GAP-43 IR for each of the four groups (n=5) was
determined using an arbitrary scale of labelling intensity from O through to 10, where 0
was labelling intensity for -ve control ccrcbcl111m tissue and IO was that in ti1e dcnclritic
terminals of Purkinje cells in +ve control cerebellum tissue. Subjective assessment was
made using an Olympus CHS2 microscope (Olyrnpus Optical Co. Ltd. Japan) at a
magnification of I OOX. Two sections from each pineal were assesserl in this manner and
the group data pooled for statistical analysis.

(II) Alpha tubulin

One section from each pineal gland was evaluated.

The immunoreaction

product for alpha tubulin was principally associated with the cytoplasm of most
parenchymal cells, assumed to be pinealocytes, as they could be distinguished from the
other cells within tile pineal tissue by ilieir relatively large, oval shaped nucleus and
nucleolus (Quay, 1965).

Evaluation of IR for each tissue section was assessed ilirough

quantification of the cells which contained an IR product for alpha tubulin. This was
acheived by using a 400 point grid, inserted into the eyepiece of an Olympus CHS2
microscope (Olympus Optical Co. Ltd , Japan), so as to superimpose it on the section. In
representative areas of pineal tissue, each grid point was inspected for its position over the
following iliree types of location: parenchymal cell containing IR alpha tubulin
(presumptive pinealocyte), parenchymal cell devoid of IR. or intercellular space. This
approach was used as any changes in cell size or number following unilateral SCGX may
be expected to be reflected as a change in frequency of cells observed lying beneath the
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grid points (Mockett, 1991 ). For this purpose, two areas from each pineal section were
evaluated at a magnification of400-fold.

4.2. 7 Photomicrograph)'

High power (HP) microscopy was used to farther investigate representative areas
and cell associations of both GAP-43 IR and alpha tubulin IR present in pincals from each
of the four groups.

A Zeiss Axiophot microscope equipped with either normal or

diflerential interference contrast optics, t.o enhance the visual perception of IR, was used
to take photomicrographs (at both low and high powers) from tissue sections chosen for
their high-quality tissue preservation and irnrnunost.a.ining, using Kodak Ektachrome
Professional Film. Polarising lenses in the differential contrast optics (DIC) caused a
bluish colour change to Figs 4.4 and 4.9, which was not a true representation of the eosin
counterstain .

4.2.8 Statistical analysis
(1) GAP-43

In order to assess any variation in the presence of regenerating neurons within
the pineal gland over the period corresponding to that in which a functional recovery had
been measured, in response to partial denervation by unilateral SCGX, an analyses of
variance as described in Section 2.5, were performed on results assessing GAP-43 IR, to
examine the significance of experimental main effects. Contrasts between groups were
determined from assessment of the intensity of IR in tissue from each group and as
explained previously, in Section 4.2.6, were based solely on subjective assessment.
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(II) Alpha tubulin

Analyses of variance were used on data derived from the alpha tuhulin stained
tissue, so as to establish whether partial denervation by unilateral SCGX caused any
significant atrophy of pinealocytes, as indicated by treatment effects on the incidence of
IR (presumptive) pinealocytes, non-IR parenchymal cells and intercellular space.
Separate ANOVA's were perfont1ed on each of the three sets of data (i.e. IR cells, non IR
cells and intercellular space).
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4.3 Results
(I) GAP-43 innnunoreactlvl1)'
Sec Tables 4.4 - 4.5 and Figures 4.1 - 4.9

Using anti GAP-43 serum subclone 7B I 0/D4, GAP-43 irnnmnorcactivity was initially
identified in cerebellum tissue collected from 97 day old foetal sheep, as shown in Figures
4.1 - 4.3.

11Lree prominent layers of cells were seen in the cerebellar cortex and under

low magnification, as shown in Fig. 4.1 b, these were visibly differentiated by the presence
or absence for GAP-43 IR, in distribution patterns that were specific to each cell layer.
Compared to the consistency of magent.a-eosin counter-staining across negative control
tissue (Fig.4 .1a), tissue treated with the primary antibody exhibited a diffuse and punctate
pattern of dark IR in the granular layer (Fig.4.2b) and two definite bands of intense IR
associated with the Purkinje cells, but the cells of the superficial layer were IR negative
(Fig.4.3).
Deep to the molecular layer were the large flask-shaped Purkinje cells, from which a
divergence of dendrites coursed into and terminated within the superficial molecular layer.
The GAP-43 IR in those dendritic tem1inals appeared as one of the two distinct bands of
IR seen in the cerebellum tissue. Molecular layer cells were not, however, IR for GAP-43.
A second band of GAP-43 IR was observed at the base of the cell bodies of the Purkinje
cells where neurons originating from the deeper granular layer terminated. The remainder
of the gray matter of the cerebellar cortex consisted of the inner granular layer which
exhibited a diffuse 'honeycomb' pattern of IR surrounding glial cells and contained
intennittent punctate and intense IR which was contained within the cytoplasmic
membrane of neuronal cells (Fig.4.2b). An interpretation of the patterns ofGAP-43 IR in
foetal cerebellum tissue is discussed in Section 4.4. l .
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a

Figure 4.1 Serial sections of foetal (97 day) ovine cerebellum: negative (a)
and positive (b) control tissue. Note the two main bands (arrows) of
GAP-43 IR associated witl1 both tl1e Purkinje cell bodies (P) and dendrites.
GAP-43 anijsemm. Magnification 63 X.
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a

Figure 4.2 Negative (a) and positive (b) GAP-43 IR :in foetal ov:ine cerebellum . Note
tl1e intense IR within some neuronal cell bodies within the granular
layer (arrows). GAP-43 antiserum; Magnification 160 X.
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a

.,

-.
G

G

Figure 4.3 GAP-43 IR a<;sociated with the base of Purkinje cell bodies representing
'boutons' (arrow) of synapsing te1minals from the deeper granular layer (G)
and dendritic (D) nerve growth from the Purkinje axons apparent as a band
of IR throughout the superficial molecular layer (M) of foetal cerebellum.
Magnification 313 X (a) and 400 X (b). DIC.
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Pineal tissue presumed to contain new neural g:rowt11 did not exhibit IR when
su bj ecteci to the ICC' procedure described in Table 4.3, but with exclusion of the primary
antibody 7B l 0/04 for CiAP-43 (Fig.4.4).
Applicatiou of subclone l 0E8/E7 did not result in a positive im1mmoreaction in
either foetal cerebellum tissue, nor in pineal tissue harvested from sheep that had been
subjected to unilateral SCGX .

Use of subc!one 7B10/D4 on pineal tissue from sheep which had previously been
subjected to unilateral SCGX, resulted in a variable positive reaction which wc1s
dependent on th e period of tim e elapsed between partial denervation and euthanasia
(Fig.4.5 & 4.6) (see also Tables 4.3 & 4.4).
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Figure 4.4 Pineal tissue collected 3 days after unilateral SCGX ancl used as
negative control tissue. No GAP-43 antisemm had been applied.
Yellow spots are melanin. Magnification 313 X.
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Figure 4.5 Representative examples of GAP-43 IR in pineal tissue collected from
the control group (a) in addition to that from unilateral SCGX groups
collected at 3 (b) an<l 28 days (c) after surge1y. Note IR association with
blood vessels (BV) in (b) and light IR (anow) at 28 days. Note declining
gradation ofIR over the recovery period. GAP-43 antisernm.
Magnification 63 X.
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Fig. 4.6. Mean(+ SEM) (n=5) lmmunoreactivity
of GAP-43 visualised in unilaterally denervated
pineal glands collected 3, 14 and 28 days after
surgery (SCGX),and in pineals of control animals
euthanased 28 days after anaesthesia.
Subjective assessment was made using an
arbitrary scale from O - 10.

93
IR was significantly more intense (p< 0.00 I) in pineals harvested from animals at 3 days
after unilateral SCGX (Fig.4.7b), than in pin eals harvested from unoperated control
animals (Fig.4.7a). 111e mean intensity of GAP-43 IR in pineal tissue collected from the
control anim als w as less than the mean for the three operated groups, mainly due to the
presence of intense IR in pineals harvested at three days post-surgery and a lesser, but
strong, IR reaction in pineals collected at 14 days post-surgery .
Though sparse, under high power some IR was visible in some unoperated animal's
pineals (Fig.4.8a), wh.lch had not been visible under lower magnification (125X).

In

contrast, GAP-43 IR present in some pineals harvested at 3 days after surgery was
di'>tributed throughout an area of >50% of the non-parenchymal tissue within the field of
view (0.0lmm.sq.) (Fig.4.8b). On the otl1er hand, at 14 days GAP-43 IR was found to be
dispersed among and in some instances associated with pinealocytes (Fig.4.8c). After a
post-operative period of 28 days, GAP- 1n IR was further reduced in intensity and had
established defmite associations with pinealocytes (Fig.4.8d), IR intensity being reduced
to approximately tl1e level seen in control pineals.
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Figure 4.7 Representative examples of GAP-43 IR in pineal tissue collected from the
control group (a) in addition to those from unilateral SCGX groups collected
at 3 (b), 14 (c) and 28 days (d) after surgery. Note declining gradation ofIR
over the recovexy period to slight IR at 28 days (arrow). GAP-43 antiserum.
Magnification 125 X.
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F'igm·e 4.8 Representative examples ofGAP-43 IR in pineal tissue collected from
the control group (a) in addition to those from unilateral SCGX group::.
collected at 3 (b),14 (c) and 28 days (cl) after surgery. Note declining
gradation ofIR over the recovery period to slight IR at 28 days (aITow).
GAP-43 antiserum. Magnification 313 X.
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A NOV A of IR scores for GAP-43 IR con fum ed that staining was significantly more

intense for the 3 day post-surgery group, than for the 28 day group (p< 0.00 1)

In fact in

tissu e collected between 3 and 28 days post-surgery th ere was a linear decline in the
presence of GAP-43 IR in pineal tissue, with

11 0

significant diITerence for mea:mremcnts

of !R in the means of pin.cal glands collected from the 3 day and 28 day groups, in
comparison to the m ean for the 14 day group.
Under low power, sites with reaction product were dispersed with any localization
apparently confined to associations with blood vessels and were particularly visible
around the area of tl1e stalk (Fig. 4.5b). Under high power, the presence of IR was
observed to be punctuate, particularly where reaction complexes were confined within
transected neurons.

lmmunoreactivity which was diffus e most probably represented

longitudinal and oblique p erspectives of nerve fibres containing GAP-43 (Fig. 4.9).
For all pineal tissue collected from controls and all SCGX groups, no IR for GAP43 was observed within any parenchymal cells .

Table 4.4 Mean levels of lmmunoreactivity (IR) for GAP-43 (± SEM) assessed
in sheep pineal glands (n=S) collected 3, 14 and 28 days after partial
dcnervation by unilateral SCGX, and In pincals from unoperated
controls. Immunoreactivlty was scored on a subjective scale of0-10.
Experimental Group
Controls
3 Day post-surgery
14 Day post-surgery
28 Day post-surgery

IR level (+/-SEM)
3.6
6.2
4.9
3.5

(0.25)
(0.31 )
(0.29)
(0.35)

97

a

--N

Figure 4.9 GAP-43 IR in pineal tissue collected 3 days after unilateral SCGX. Note the
transection of neurons (N) and the tr.msection of presumptive ne1ve growth
cones (GC). GAP-43 antiserum; Magnification (a) 313 X and (b) 400 X. DIC.
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Jahk 45 Summary ofanal;vsis ofvarlam:e ofGAP-43 immunoreactivlty scores in
nrurnns wifhin unllat!.'rally dt•ncrvafrd 11i11eal glands (surgery),
harvested at 3, 14 and 28 da;vs post surgery (SCGX) and in contrnl
ph1cals hanf.'sted at 28 days aft{·1· anaesthesia.
D.F

Variance Ratios

:\

01ihogonal contrast.<>
(i)

22.75 ***

Colltrnl vs SC'GX

68.90 ***

(lll)]Dayk28Day v;, J,iDay(()uadrnticl

0 03

B

\VltriiH Animals 1Enor mcall square)

17

Non orthogonal contrasts
1i)

Control vs J ,1 Day

8.45 **
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(II) Alpha tubulin immunoreactivity

Scc Tables 4.6 - 4 7 and Figures 4.10 - 4.15

Alpha h1hulin irnmunoreactivity was most prevalent and intense in the pre-migratory
zone (Altman, 1972) of the molecular layer in foetal (97 day) ovine cerebellum
(Fig.4 .1Ob)

·n1e distribution of AT IR in that area of the molecular layer was only

interrupted by dend1ites originating from the deeper Purki.nje fibres.

Reactivity

compl exes representing the presence of AT also were dispersed through the granular
layer, however, no differentiation between IR associations with different cell ty pes could
he made using light microscopy . AT IR in the granular layer was mostly present in
proximity v,~th the nuclear membrane of cells. No AT IR was present in negative control
foe tal cerebellum tissue (Fig 4.10a).
Figure 4.11 shows pineal tissue which had been subjected to the ICC procedure
described in Section 4.2, v,~thout application of the primary antibody for alpha tubulin.
Melanin can be seen in that micrograph as black and yellow specks, as is typical in ovine
pineal tissue (Anderson, 1965)
Exhibited in Figure 4.12 are low power micrographs from each of the four
experimental groups showing the distribution of AT IR positive presumptive pinealocyt.es
throughout the pineal gland . One feature was the presence of these cells in groups, or
lobules, however, there was not any distinct pattern of distribution with groups of IR cells
varying in cell numbers and shape.

lOO

b

Figure 4.10 Negative (a) and positive (b) alpha tubulin irnmunoreactivity in foetal
ovine cerebellum. Note the intense IR band in the migratory zone of the
molecular layer (M) ,md slight IR smrnunding some granular layer
cells (arrows). Alpha tubulin antiserum; Magnification 125 X.

101

Figun, 4.11 Pineal tissue collected 3 day~ after unilaternl SCGX and used as
negative control tissue. No alpha tubulin antiserum had been applied.
Dark spots are melanin. Magnification 125 X.
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Figure 4.12 Representative examples of alpha tubulin IR in pineal tissue collected
from the control group (a) in addition to those from unilateral SCGX groups
collected at 3 (b), 14 (c) and 28 clays (d) after surgery. Note the similarity
between all experimental groups and the groups of IR cells (pinealocytes)
divided by intercellular space. Alpha tubulin antiserum.
Magnification 125 X.
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The cytoplasm of the majority of parenchyrnal cells (presumptive pinealocytes) in
pineals from all experimental groups in this experiment eYJribited strong IR for AT, as
shown under high power in Fig.4.13. Alpha h1bulin was most often concentrated in one
area of the cytoplasm in association with the nuclear membrane (Fig.4.13). Alpha tubulin
IR in some presumptive pinealocytes was observed to extend into the cell processes
(Fig.4.13) and in other cells reaction complexes were apparent throughout the cytoplasm,
but with concentrations at both the cytoplasmic and the nuclear membranes (Fig.4.13).
Because of intense and widespread cellular staining throughout the tissue, it was not
possible to distinguish im.munoreactive nerve fibres from the stained pinealocytcs and
their processes.
Of the cells inspected in the body region oflhe pineal of control animals, 1316 (94%)
exhibited IR for AT, while the remaining 91 (6%), which were intermittently dispersed
among the IR cells, did not exhibit an immunoreacl.ion. Unilateral SCGX did not
significantly influence the incidence of AT-IR or non-IR pineal cells (Table 4.6), since
neither the control group nor any of the three operated groups exhibited any sigrrifi.cant
vaiiation in the frequency of either cell type (fable 4.7), indicating that partial denervation
did not cause any immediate or delayed effect on the alpha tubulin content (Fig. 4.14), or
by iriference, the integrity of the pinealocyte population.
Measurements of interstitial space in this assessment also exhibited very little
diilerence in incidence in pineals collected from the four experimental groups (Fig.4.15).

l 0,1

Figure 4.13 Representative examples of alpha tubul.in [R in pineal tissue collected from
the control group (a) in addition to 1hose from unilateral SCGX groups
collected at 3(_b), 1,1 (c) and 28 days (d) alt.er surge1y. Note the localizahon
ofIR in the cytopla5rn of pinealocytes in all experimental groups. Arrows
indicate IR projecting into the processes of pinealocytes.
Alpha tubulin ;mliserurn. Magnjficalion 125 X.
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Fig.4.14 Mean counts (n=10) of immunoreactive- (IR) or
non- IR pineal cells under 400 grid points
superimposed on pineal tissue harvested
from sheep 3, 14 & 28 days after unilateral SCGX,
as well as from control animals.
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Fig.4.15 Mean counts (n=10) of intercellular space under
400 grid points superimposed on pineal tissue
harvested from sheep 3, 14 & 28 days after
unilateral SCGX, as well as from control sheep.
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Table 4.6 Mean counl (± SEM) of alpha lubulin immunoreactive <."CII-, non-reactive
cell- and intercellular spaco- grid point Intercepts per 400 grid points, In the pineal
body region of shee1• in Cha1,ter 4. Each value is the aYeragl' of HI counts, being 1
e.ach from two separate\ sections from the pineals of each of the five sheep in each
treatment group.

Control

Post-012erntive survival period
3DM

14 Day

28 Day

-+ ve TR Cells

129.6
(6.35)

130.7
(6.24)

132.3
(7 1\4)

125.3
(3 60)

-ve IR Cells

9.1
(2 .11 )

14.3
(3 .10)

13.-1
(2 .54)

12 .2
(2 .25)

!n tercellular
Snace

26 1.3
(626)

255.0
(7.44)

254 .3
(6.33)

262 .5
(5 .57)

Table 4.7 Summary ot·analyses of variance of data for alpha tubulin
immunorcacti,•e (IR)-, non-IR- pineal cells and intcrcellula1·
space within unilaterally denervatcd pineal glands
harvested at 3, 14 and 28 days po~'t surgery (SCGX) and In
control pineals harvested at 28 days after· anaesthesia.
Source

Treatment
Residual (mean square)

D. F

Variance Ratios
+ve IR Cells -ve IR Cells Intercellular Space

3

0.01

1.20

0.38

36

367.7

56.6

424.8
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4.4 Discussion

4.4.l GAP-43 in foetal oYinl' cerebellum

This study has demonstrated that the GAP-43 antisenun , subclone 7BI0/04, which
has previously been shown to he IR in rat, rnousr. hnman, snake and cat neural tissue (K
Meiri, pen;. comm), also forms complexes with this antigen in sheep neural tissue. Initial
ex-periments performed in this Jaborntory demonstrdtcd a strong positive reaction in two
of the three main layers of cell types in sheep foetal (97 day) cc1cbcllurn tissue which was
selected as positive control tissue, because it was presumed to contain developing
neurons. To facilitat e interpretation of experimen tal results an immunocytochemical
procedure was developed which established the fonnahon of an antibody-antigen
complex, that was visible using LP light microscopy, with minimal interference from nonspecific background counterstaining.
In the cerebellar cortex the association he1ween GAP-'13 IR and Purkinje cell bodies
was predominant (Fig.4.3), particularly shown by the appear;mce of a band of IR situated
between tlte outer molecular layer and the inner granular layer The reaction product was
most intense at the bases of the Purkinje cell bodies and was most probably
representative of the 'boutons' of terminal axons originating from the deeper granular
layer, synapsing with the cell bodies (Ham & Cormack, 1979). Dispersed, but intense, IR
was also visible around Purkinje cell bodies, whereas, the intensity of reaction was
reduced deeper to the granular layer, suggesting that growth from the neural cells of the
granular layer was directed towards the Pnrl,_'i.nie cell bodies. The distribution of new
neurons in the granular layer was visible as a 'honey-comb' surrounding the glial cells,
which were not immunoreactive. However, dispersed within the granular layer were
some neuronal cells which contained an intense IR, apparently within the body of the cell,
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indicating active protein synthesis (Zomzcley-New-ath & Walker, 1980). That staining
pattern was simihir to that observed in post-natal (8 days) rat cerebellum in which the
distribution of GAP-43 JR in the granular layer has been suggeskd to represent intertwining climbing fibres and parallel fibres between unstained cells in the granular layer
(Oestreicher & Gispen, 1986).
Also in the cerebellum tissue one other prominent band of GA P-43 1R was
observed., situated within and parallel with the surface of the superficial molecular layer,
which was determined to be representative of a mass of k1minals of dendritic growth
originating from the deeper Purkinje cells. Though GAP -43 has been reported to be
specific to axonal growth only, and not dendritjc growth lSkcne, 1989\ the distinguishing
factor between those two neural processes is primarily one of nomenclature describing
variation in extent of migration, axons developing from dendritic growth and elongating
to an extent that surpasses the rudimentary growth of dendrites (Finger & Stein, 1982).
To explain how one neurite is selected to be the axon, Goslin & Banker (1989) suggested
that a regulatory protein, such as GAP-43, may be present i.Ji limiting amounts tliat
depend on axonal length . Because GAP-43 can enhance Jamellipodial extension and
accumulate selectively at axonal tips, it is suspected of playing a major role in dendrite to
axon conversion. Use of differential interference contrast optics established that from
each Purkinje cell body one process extended into the molecular layer where terminal
growth was in a varicose form with multiple branching (Fig.4.3), typical of that
conformation described in anatomical studies (Ham & Cormack, 1979). Oestreicher &
Gispen (1986) similarly describe "dots of IR around the growing apical cones and on
developing primary dendrites of the Pur~je cells", from observation of B-50 (GAP-43)
IR in 8 day old rat cerebellum. The intrinsic cells of the molecular layer in sheep
cerebellum were not IR for GAP-43 indicating that those nerve cells were probably not
migrating, or alternatively a different protein could be associated with growth in some
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neuronal cells. Altman (1972), in studies of the post-natal development of rat cerebellum,
distinguished between the external gem1inal layer and the pre-migratory woe in the
molecular layer Only the pre-migratory zone stains intensely for GAP-43 in both 8 day
post-natal rat (Oestreicher & Gispen, 1986) and foetal (97 day) ovine cerebellum.
These results of cerebellar GAP-43 staining, which were incidental to the main
purpose of this study, have established the potential for using GAP-43 as a marker for
tracing neural development by immunohistochemical localization for GAP-43 IR in cwine
pineal tissue collected at periodic intervals after SCGX .

Attempts to fom1 a visible reactive complex v,rith U1e anti GAP-43 subclone
l 0E8/E7, in eifuer developing sheep neural tissue or partially dcnervated pi.ncals, were not
successful.
Meiri,

el

Cross reactivity of iliis monoclone has previously been demonstrated by

al ( 1991) to be positive with bofu rat and mouse tissue, but has failed to cross

react with human tissue, and as of April 1993 had not been tested on tissue from oilier
species (K. Meiri, pers. comm.).

4.4.2

Locall7.ation ofGAP-43 in pineal tissue after unilatc1·al SCGX

Results of fuis experiment have established ICC localization of GAP-43 in ovine
pineals, particularly those collected after partial denervation, in which it was specifically
confined wifuin and often associated wifu the outer membrane of axons, as exhibited in
Fig. 4.9. As described in Section 1.5.7 and reviewed by Skene (1989), GAP-43 is a
product of protein synthesis in the cell body, which is transported along the axons in
vesicles associated with the cytoskeleton, to be concentrated in the terminal growth cone.
The association with both the teID1inal growth cone and the cytoskeleton of the neuron
was observed using high power microscopy, under which transection through the growth
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cones of neurons was envisaged by the presence of a dense circle of immunoreactive
product.. while upstream transection was visible as a peripheral ring of!R.
Neurons containing GAP-43 IR were observed in association with blood vessels
(Fig.4.5b) in pineal tissue from all wulaterd.l SCGX groups. lnat association was most
apparent i11 the stalk region, most probably because the hlood vessels are larger and more
visible prior to divergence. Post-ganglionic sympathetic neurons have previously been
reported to enter the pineal gland in close association with the blood supply arow1d the
area of the nervi conarii (Moore, 1978), an association that most probably is retained, as
the blood vessels are, in part, controlled by sympathetic innervation (I-lam & Cormack,
1979)

Despite low oxygen consumption (Quay, 1962c) the blood How to the pineal

organ is high, exceeding that of most other endocrine organs at a rate of 4ml/min per
gram of tissue (Vollrath, 1981). Partial denervation of blood vessels and consequential
disruption of blood circulation may be an important factor in the reduction of pineal
secretory capacity after unilateral SCGX. Goldman (1976) has shown that bilateral SCGX
reduces pineal blood flow by one third. Re-innervation of denervated blood vessels by
collateral growth of residual neurons originating from the intact SCG could re-establish
pre-operative levels of blood circulation control and be a factor contributing to increasing
secretory capacity. However, it is probable that re-innervation of pinealocytes is a much
more important factor in this regard.
Another distinct association between neurons containing GAP-43 IR and tissue
cytology was observed as the presence of intense punctate IR surrounding individual
pinealocytes, which was considered to be representative of neuron terminals converging
on targeted cells. Factors which influence and direct nerve regeneration are the topic of
literature reviewed in Section 1.5.5, inclusive of research by Brown & Holland (I 979),
which suggests that denervated tissue attracts and directs neuronal growth. In this current
experiment the presence ofGAP-43 IR was observed to decline over the period from 3 to
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28 days after unilateral SCGX and at 28 days neurons containing GAP-43 IR were mainly
visible only at high power and in association with pinealocytes.

This observation

indicates that pinealocytcs are most probably the target of the neurnnaJ growth. Figure
4.8d distinctly shows pinealocyte cells, from 28 day post-operative pineal tissue,
surrounded by newons which either contain GAP-113 IR associated with tl1e cytoskeleton,
or which have been transected across the growth cone in which case the presence or
GAP-43 IR was intense and punctate.
For most post-SCGX pinea ls no association between the presence of GA P-43
IR with any particular areas was observed, however, in some pineal glands a band of IR
was observed to he situated parallel with the pineal body capsule (.Fig.4.5h). In rodents,
Ham & Cormack (1979) have described a hand of trabe<.;ulae and incomplete septa that
are situated parallel with the capsule, and that extend into the substance of the gland,
conveying blood vessels and nerves along with them.

It appears that a similar

arrangement occurs in the sheep pineal, though that pattern of innervation has n ot been
reported in this species (Vollrath, 1981 ), nor has the presence of a band of GAP-43 IR
nerve fibres, a feahlfe common to all post-SCGX pineals examined in this study.
For the most part the distribution of GAP-113 IR appeared to be intermittent
throughout the gland which suggests that the nerve growth was associated with fibres
distributed throughout the gland. Studies in rats have determined that post-ganglionic
fibres originating from both SCG's are dispersed throughout the gland, with fibres arising
from the cell bodies in each SCG innervating the contralateral as well as the ipsilateral half
of the pineal (Domay, et al, 1985; Lingappa & Zigmond, 1987; Zigmond, et al, 1981).
Mockett (I 991) suggested that the same pattern of pineal innervation probably was
present in sheep, as inferred from measurements of neuron specific enola.-;e IR associated
with parenchymal cells in pineals collected at 14 days after unilateral SCGX. Tissue from
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both sides of the pineals exhibited little variance in the presence of NSE-IR positive cells,
which fmther indicates that sympathetic nerve fibres originating from each SCG crossover and are dispersed throughout the ovine gland. Also Mockett, et al ( 1991) detected a
reduction in number of nerve fibres containing IR for NPY, but no variation in
distiibution after wulateral SCGX.

4.4.3 Re-innervation of the pineal gland after unilateral SCGX

Tius study was designed to provide a temporal comparison of GAP-43 IR in pineal
tissue which had been harvested from unoperated control animals at 28 days after
anaesthesia, as well as in pineal tissue harvested at 3, 14, and 28 days after partial
denervation by wulateral SCGX.

Statistical analysis by ANOVA has determined a

significant increase (p<: 0.001) in the presence of GAP-43 in pineal tissue harvested from
sheep 3 days after partial denervation, in contrast with that in the control group's pineals,
indicating that at 3 days compensatory neive growth had at least commenced as a
response to unilateral SCGX. This is the most conclusive evidence to date in establishing
neural plasticity as the most probable potential compensatory mechanism responsible for
the measurements in Chapter 3 which determined that a recovery in pineal function
occurred after unilateral SCGX, despite an initial decline in measurements of secretory
capacity for melatonin by in excess of 50%.

The novelty of testing for GAP-43

antigenicity in pineal tissue after unilateral SCGX confirms speculation, derived from
previous experimental procedures (Zigmond, et al, 1981; Dornay, et al, 1985), which had
suggested neural plasticity as a potential compensatory mechanism.
In unoperated control tissue the slight presence of GAP-43 IR probably indicated
sites of nerve terminal remodelling, which is a characteristic of mature neural tissue
(Collinridge & Bliss, 1987).
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Dependency of post-ganglionic neurons
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cell bodies that were removed by

ganglionectomy means that subsequent nerve degeneration would le<1d to atrophy of
approximately 50% of the sympathetic innervation in pineal glands that had been
s11b_Jected to unilatera.l SCGX. Most probably the presence of new neural growth, which
has been demonstrated in this experimern, had its origin from residual post-ganglionic
neurons originating from the intact SCG. Such a concept for neuronal plasticity is similar
lo that proposed earlier by Dornay, er al !, l 985), on the basis of increasing enzyme
activity (CMT and TH) in the intact ~~CG over a recovery period of ten days, and
resembles "homotypic collateral sprouting" described in pioneering experiments
investig-dting nerve regeneration \\~thin muscle tissue (Edds, 1953). Assuming that the
neural groVlth detected in this experiment was physiologically active and that synthesized
neurotransmitters were compatible with membrane bound beta-adrcnergic receptors of
the pinealocyte cell, then a role for re-iru1ervation in effecting a recovery in pineal
melatonin secretory capacity seems highly likely. Future research, focused on the factors
which mstigate growth anct the mechanisms by which growth occurs, will benefit from
use of this excellent model on which to hasc further study of morphological and
anatomical recovery of neural function .
The presence of high levels of GAP-43 IR in nerve fibres in pineals 3 days after
wrilateral SCGX confirms rapid synthesis of the protein and subsequent axonal transport
as a response to dcnervation (Skene, 1989).

In an immunofluorescence microscopy

study investigating growth of cultured hippocampal cells, as a response to trauma, Goslin
& Banker ( 1990) have established the presence of elevated concentrations of GAP-43 in
new axonal growth cones by 12-30 min after axonal transection.
With a cross-over of nerve fibres from each SCG and their distribution throughout
the pineal gland, presumably residual terminals only have short distances to grow to
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reinnervate denervated cells by the process of collateral sprouting and hence accounts for
full melatonin secretory recovery by 28 days . Growth rates ofup to 0.8 mm per day have
been reported for SCG post-ganglionic sympathetic fibres of neonatal rats, with Smith &
Reddy (1990) suggesting that that rate was conservative. The actual rate could approach
1mm per day, similar to that measured for nemi.te elongation w1<lcr optimal conditions in
vitro (Campenot, 1982). 'That evidence, citing growth rates of Imm per day in SCG post-

ganglionic nerve fibres, combined with evidence from studies which have established the
distribution of post ganglionic fibres throughout the pineal gland (Lapwood & Mockett,
W1published), suggests the possibility that homotypic collateral sprouting to re-innervate
denervated pinealocytes may have been well advanced within 3 days of surgery.
However, the presence of intense GAP-43 IR at 3 days suggests neuronal growth had not
passed the migratory phase at that early stage of recovery. Whereas, the linear decline of
GAP-43 IR intensity to 28days post-surgery, incorporating assessment at 14 days, does
suggest that neural growth has entered a phase of maturing between 3 and 14 days postswgery.
Together, these results suggest that the initial recovery in melatonin secretory
capacity between I and 3 days was not an effect of re-innervation and most probably
other compensatory mechanisms were involved in that initial recovery.

Recovery over

that period, however, was only to 50% of pre-operative levels and may only represent a
recovery from the secondary inhibitory factors suggested in Section 3.4.4. Alternative
mechanisms suggested to be responsible for measurements of a recovery in pineal
enzyme activity after partial denervation include receptor hypersensitivity (Degushi &
Axelrod., 1972c; Romero & Axelrod., 1974), an increase in receptor density (Gonz.alezBrito, et al, 1988b; Panger~ et al, 1990), enhanced effectiveness of NE released by
surviving neurons (Zigmond, et al, 1981, 1984), and increased activity by residual neurons
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(ljgrnond, et al, 1981), for which the relative merits of each hypothesis have been
discussed in Section 3.4..5.
However, the linear decline in the presence of GAP-43 IR, which is indicative that
neuron growth is matming, corresponds with the same period for which a recovery in
pineal melatonin secretory capacity was measured in excess of 50% of pre-operative
levels

From 3 days afler surgery to 28 days, the mean secretory capacity for the

unilateral SCGX animals rose from 20.6% of pre-operative levels to 108.7%.

That

relationship between nerve growth maturation and increased melatonin secretory capacity
ib convincing evidence for establishing re-innervation as tJ1e primary mechanism

responsible for the complete recovery in function aller unilateral SCGX.
Numerous studies have established that the presence of GAP-43 is confined only to
periods of migration and early synapse formation (Argiro & Johnson, 1982; CoJlins &
Lee, 1982: Meiri, et al, 1988, 1991 ; Goslin, et al, 1988; Skene & Vi.rag, 1989; Skene, 1989;
Goslin & Banker, 1990). While the development of relationships between new nerve
terminals and pinealocytes, after unilateral SCGX, is not strictly "synapse formation", the
process of maturation of collateral growth most probably undertakes similar biochemical
changes to those of synapse formation (Gorio, 1993) (e.g. phosphorylation by protein
kinase C).
Baizer and Fishman (1987), experimenting wiU1 growing nerves m tissue cultures,
have determmed a decreasmg expression of GAP-43 in neurons allowed to contact target
tissue. Similarly m this experiment, the association of GAP-43 with pmealocytes was not
apparent nntil a decreasing expression of GAP-43 IR had occurred after an extended
recovery period of 28 days. However, the extent and mtensity of IR present at 3 days
may have obscured any similar relationships, between nerve termmal growth and
pinealocytes, that may have occurred earlier.
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Facility to use electron microscopic investigation of tenninal neurons, particularly to
study their association with the pinealocyte membranes, should establish the architectural
characteristics of collateral growth and indicate the relationship at the interface of reinnervation. This concept will be developed in Chapter 5.
In Chapter 5 directions for future experimental studies, using this model, are
rec~)mrnendcd, with the aims of further establishing the role for re-innervation as a
mechanism responsible for the full recoveiy of pineal function after unilateral SCGX and
for elucidating the mechanisms of collateral growth.

118
4.4.4 Alpha tubulin in foe1al sheep cerebellum

The presence of an intense hand of alpha tubulin immunoreactivity in the
migratory zone of the foetal cerebellar cortex indicates that slructural changes, most
probably due to proliferation, migration and differentiation, are under way in this area at
97 days (foetal). That hand does 1101 suhs1antially differ in appearance from that in 8 day
old rats (Oestreicher & Gispen, 1986), excepting 1hat in that later developmen1al stage the
band is concentrated at the tip of the growing folium and was otherwise reduced in
intensity.
In the granular layer the association of AT IR with the nuclear membrane of
many cells indicates alpha tubulin presence in a structural role.

4.4.S Alpha tubulin in the sheep pineal

The current study is the first to demonstrate that the alpha tubulin (A'/) component
of microtubules is present in the sheep pineal, mainly in the cytoplasm of pinealocytes.
The demonstration of AT antigenicity enabled presumptive pinealocytes to be
distinguished from the non-endocrine cells, such as glial and endothelial cells, and
intercellular space, all of which were not IR positive for AT. Complementary use ofICC
detection for glial fibrillary acidic protein, to distinguish glial cell<;, could be implemented
to confirm that AT IR stained cells were pinealocytes (Lapwood, K., pers. comm).
ICC localization of the AT component of microtubules in ovine pinealocytes
corresponds with anatomical studies using electron microscopy which have previously
determined the presence of microtubules in the cytoplasm of ovine pinealocytes
(Anderson, 1965). Microtubules have also previously been observed in the cytoplasm of
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baboon pinealocytes (fl1eron, et al, 1978), while alpha 1ubulin has been localized by ICC
in the pinealocytcs of guinea pigs, but not rats (Schroder, et al, 1990).
In this current study the presence of AT IR in proximity with the cell nucleus of
pinealocytes was prominent and most often was concentrated to one side of the nucleus .
The n1orpholo 61y o f cells which synthesize proteins invariably incorpora1 es an intracellular
population of organelles involved in protein synthesis and located to one side of the
nucleus, for example, endoplasmic reticulum and the golgi bodies (Hall & Cormack,
1979). AT IR present at both 1he nuclear and the cytopla5mic membranes may indicate
an alternative conformity of AT, mainly involved in a structural role (Matus, 1988)
Electron microscopic observations of the rnicrotubular population in the
cy1oplasm of ovine pinealocytes reported a different confonnation of the structure, than
reported for other celLc;, with the presence of a striated pattern.

Anderson (1965)

suggested the function of the microtubules in pinealocytes could he as structural elem ents
which compartmentalize the cytoplasm and expedite intracellular transport.

However,

recent research has ddem1ine<l a more active role for microtubule compon ents in
intracellular transport in both nerves (Gorio, 1993) and in endocrine cells (Dentler &
Suprenant, 1986).
'Ihe presence of microtubules in cells of endocrine organs has previously been
reported for the pituitary gland (Labrie, et al, 1973; Warchol, 1974; Sherline, et al, 1977)
and pancreas (Orci, et al, 1973; Dentler & Suprenant, 1986).

Pharmacological and

morphological studies have indicated that microtubules were associated with secretory
granules in the islet cells of the pancreas and were necessary for normal secretory
activities (Orci, et al, 1973).

Likewise, Labrie, et al (1973) demonstrated that

microtubules were contained in prolactin and growth hormone secreting cells in the
pituitary and showed that agents which alter the process of secretion in vitro also produce
changes in the microtubule system. Similarly, microtubules in the pineal, a neuro-
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endocrine organ, could be involved in a secretory role by facilitating intracellular transpo1t
of secreto1y granules. In this current experiment, ICC localization of alpha tuhulin in
sheep pinealocytes has indicated a tendency for the protein to course into some
processes, corresponding with observations, using ekctron microscopy, of microtubulcs
in sheep pinealocyte processes (Anderson, 196.5). Apparently, the movement of tuhulin
is from the nucleus associated site of synthesis, towc1Td.s the process tenniml. lf the
function of the tubulin is a secretory role, then presumably other proteins synthesized at
the nucleus are transported in association with the alpha h1bu..bn. The terminal stmcture
ofpin calocytc processes has been described as bulbous by Vollrath (1981) and shown to
contain a lc1Tge number of electron-lucent vesicles and dense-core vesicles, which may be
a morphological correlate of secretory proclucts. 1be bulbous endings of pinealocyte
processes also contain many mitochondria in sheep pineals (Anderson, 1965).
While the assessment used in this e)q>eriment has not distinguished any
v:u·iation in the alpha t:ubulin content of pineal gland parenchymal cells after unilateral
SCGX, it has provided farther evidence (Mockctt, 1991) to confirm that cell atrophy does
not occur in response to partial dencrvation . Cell integrity was maintained at 3 days after
unilateral SCGX and also at both 14 and 28 days.

Re-establishment of melatonin

secretory levels to pre-operative levels after unilaternl SCGX, also indicates that the
pinealocyte population was not diminished. However, the lack of effect of unilateral
SCGX on cell morphology measured in this experiment could be due to limitations in use
of ICC for quantitating experimental effects. Alternatively, quantitative analysis of AT
mRNA by electrophoretic fractionation (Mathew & Miller, 1990) may distinguish some
variance in the expression of AT polypeptides over the recovery period. Alternatively,
RIA techniques (Hiller & Weber, 1978) could be implemented to quantify any variation in

the AT content of experimental group pineals as a result of SCGX.
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Within pineal glands distinguishing nerves was not possible, with the majority of
pinealocytes (94%) containing an intense reaction product which masked any variations
in experimental e1Tec1s on /\ T IR in nerve fibres . I-Jenee it was not possible to use

between-group evaluations of variations in AT JR in pineal nerve fibres, to confirm
evidence provided by GAP-43 ICC, that recovery or secretory capacity was due to
increased nerve terminal growth, although that would have been expected because of
alpha tubulin's role in nerve growth and regeneration (Matus, 1988).
Since synthesis of proteins occurs at some distance from many functional
domains of a neuron., transport to distal regions of the neuron is necessary for proper
function .

Materials moved in anterograde transport include membrane-associated

enzyme activities, neurotransmitters, and neuropeptides. Many of the materials move
down the axon by anterograde trnnsport. are reh1med by retrograde transport (Bisby,
l 0 82), in some cases following modification in the terminal (Black & Lasek, 1977).
Morphological studies of living cells and cell fractions have shown that microtnbules are
intimately associated with organelle movements (\Veisenberg & Allen., 1984), and
examination of fixed and sectioned cells has revealed examples of microtubules that were
directly linked to organelle membranes by thin bridges (Raine, et al, 1971). Gorio (1993)
suggested that when movement of membrarie bollf!d orgarielles along microtubules
occurs, that interrelationship means concurrent movement of microtubules will also
occur. The proteins involved in axonal transport do not move as individual polypeptides,
instead, polypeptides move as part of cytological structures or in association with a
cytological structures. As a resul~ microtubules play critical roles in regeneration. They
serve both for transporting required materials to the growth cone and as the primary
structural element in growing neurit.es (Brady & Black, 1986). The importance of the
tubulins in regeneration can be inferred from changes in tubulin during regeneration.

122
Specific tuhulin genes are upregulated during axonal growth and regeneration (Mathew &
tvtiller, I ~l)OL during which processes there a.re characteristic: changes in the axonal
transport oftuhulin (McQuarrie & Lasek, 1989)
lncrc:ases in alpha tubulin during th e growth phase of nerve fibres (fucker, 1990)
muy be observcd u,,ing electron microscopy ~Anderson , l %5, Brabandcr, et al, 1986), or
quantifi ed using gel electrophoresis techniques, providing the polypeptide population of
alpha tubulin in wowing ne1ves varied with tliat present in secretory cells (Ginzberg, et al,

Iog(i)

In Chapter .'i recomm endc1tions are made for incorporating these additional.

techniques in any future unilateral SCGX experiments .

4.5 Conclusions

The monoclonal antibody 7B 10/D4 for GAP-43, a protein solely associated with
neuron grnwt11 in hoth development and regeneration., reacts in bofu developing and
regenerating sheep neural tissue.

Confirmation of neural regeneration in the pineal gland, following unilateral
SCGX, has not previously been reported. The presence of the growth associated protein
GAP-43 in neurons wifuin pineal glands, previously subjected to partial denervation,
establishes the presence of new neural growth.

Temporal variations in GAP-43 antigenicity indicate that regenerating neural
growth in the ovine pineal gland declines from a peak at around 3 days after unilateral
SCGX and has reached a state of maturity by 28 days .
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GAP-43 ICC results from this experiment provide finn evidence for reinnetvation in the
regeneration of pineal function following partial denervation and confoms previous
speculation regarding compensatory collateral sprouting of residual neurons as being an
imp or1 :mt m echanism

i11

this process.

Re-inn ervation is unlikely to be the sole mechanism responsible for the
recovery in pineal function after partial denctvation. Recovery from secondary effects
(cg rccluccd blood circulation) and the m echanism of increasing competency of residual
neuron s to take up NE, arc other possible compensatory factors, though probably of
lesser irnp01tance

A'> will be expanded in Chapter 5, the model developed in this U1esis, in which

recovery of pineal function has been correlated with gland morphological changes in
GAP-43 occurence, has the potential to become a very important means by which to
elucidate mechanisms of netve regeneration.

Alpha tuhulin has not previously been demonstrated in sheep pineal tissue and
reports for the presence of alpha tubulin in pineals of any species are sparse.

TI1e

presence of alpha tubulin in the cytoplasm of ovine pinealocy1es is most probably related
to the function of secretion. Absence of variation in parenchymal cell content of alpha
t11bulin, after unilateral SCGX, suggests that cell atrophy does not occur in response to
partial denervation.

The demonstration that pinealocytes contain a strong representation of the
alpha tubulin component of microtubules in the cytoplasm is highly indicative of a
secretory role within the cells. Recent research has established an active role for
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microtubulcs in trnnsport of cell products and a presence of microtubules has been shown
in other endocrine organs.
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Chapte1· 5

General Discussion and Conclusions

5.1 Introduction

As mentioned in the Introduction to Chapter I, the main innervation to the pineal
?J:rnd of mammals is via the sympathetic nervo us system. Expe1iments presented in this
thesis used the technique of unilateral supe1ior cervical ganglionectomy, which removes
the cell bodies from one of two post-ganglionic sympathetic nerve tracts innervating the
pineal gland.

·nie aim was to measure the eftects of partial dcnervation on pineal function

and to establish whether compensatory reinncrvation of the gland occurred.
For the mea5urement of indoles in biological fluids, or for location of a wide variety
of proteins, indoles and other compounds (e.g. neurotransmitters) in pineal tissue,
immunological techniques have proven to be versatile, sensitive and relatively easy to
apply.

111ese

techniques,

which

include

both

radioirnmunoassay

and

immunocytochernistry, involve the application of highly specific anti.sera in order to
detect the minute amounts of antigens often present in biological fluids and tissues. Both
ICC and RIA techniques were utilized in this study of physiological and anatomical
recovery from the effects of unilateral SCGX.
In the dark the pineal gland's main product of biosynthesis is the hormone melatonin.

Recently, Lapwood (1993) reported that in sheep pineals the immediate effect of partial
denervation is a dramatic reduction in melatonin secretory capacity, followed by a linear
recovery to 77% of pre-operative levels at 14 days after surgery. Using RIA this study
further investigated that recovery in function to determine whether there was full recovery
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over an extended period, witl1 the result that pre-operative melatonin secreto:ry levels were
shmvn to be reached by 21 days after partial dcnervation
JCC localization of a protein that specifically concentrates in the terminating growth
cones of both developing and regenerating axons, was used to investigate the pineal
gland,; of unilaterally ganglionec1omizcd animals for the presence of any compensatory
regenerative neural growth.

The presence of the immunoreaction complex formed

between the GAP-43 antibody subclone 7BI0/O4 and the endogenous antigen was
established from 3 days after partial denervation

'11iat evidence for ilie presence of

compensatory nerve growth is ilie first to directly demonstrate re-innervation as a
compensatory mechanism and confirms circumstantial evidence cited by Domay, et al
(1985). 'Jbe declin e m GAP-43, which occuned m pineal nerve fibres, between 3 and 28
days after unilateral SCGX occurred in the period during which melatonin secretion rates
increased from 50~·o to over 100%, of pre-operative levels. Both the decline in GAP-43
and increase in melatonin secretion almost certainly occurred in the period during which
maturation of new nerve terminals, and their association with pinealocytes, occurred.
In addition, ICC procedures were used to detect the localization of alpha tubulin
m ovine pineal tissue

AT is a constituent of microtubules, functioning both as a

stmctural clement and in the transport of proteins within cells, particularly neural cells.
This study is the first to investigate the presence of AT in ovine pineals.

An intense

immunoreaction was found in the cytoplasm of most pineal parenchymal cells, but there
was no significant effect of experimental treatments on the frequency of AT IR cells.
'lliat result indicates that cell atrophy had not occurred in response to unilateral SCG:X,
despite denervation to approximately 50% of the gland.
While the relationship between collateral sprouting and the recovery of
function may be highly complex, the need to broaden and define knowledge in this field

is elevated by the increasing inference of neural plasticity involvement in syndromes such
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as Alzheimer's disease (Scheibe! & Tomiyasu, 1978), as well as in recovery of function
afler neural injury (for review see Gorin, I993).

5.2 Re-imwrvation and recovery of pineal melatonin secretory capacity after partial
dcncn•atlon by unila1eral SCGX

ht this study an 80% reduction of sheep pineal melatonin secretory capacity has

been measured as an initial respon~c to unifa.tcraJ SCGX . In addi tion to confirming U1at
the primary innervation to the pineal gland 01iginates from the SCU's, this result aJso
confiffils the essential role of sympathetic nave Jibrcs in controlling pineal n1datonin

biosynthesis (Lincoln & Short, I980; Lincoln, et al, 1982; Maxwell, et al, 1989b).
That initial eftect of unilateral SCGX in causing a greater than 50% reduction in
parameters of pineal function measured in this study and others (see Section 3.4.4),
indicates that additional factors , other than the immediate effects of partial denervation,
also are inhibitory. Lapwood (1903). in a corresponding study in sheep, had suggested
the possibility of anaesthetic effects, particularly in consideration of a substantial, though
non-significant., decline of secretory capacity measured in the control group of that
e>..-periment.

Saffan induction and Halothane maintenance had been chosen as the

favoured anaesthetic combination for least affectjng pineal secretory capacities, as derived
from comparative analysis of various anaesthetic combinations by Mockctt (I 991 ). In
this current experiment S/H anaesthesia of controls had essentially no inhibitory effect,
suggesting that other undefined inhibitory factors were involved in causing that initial
post-operative reduction. Alternatively, Parfitt & Klein (1976) have shown that animals
exposed to certain stressors (e.g. handling) have reduced pineal NAT activity. Also, in
this current experiment, the presence of neural growth associated with blood vessels has
indicated the possibility that blood circulation may have been reduced by the effects of
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unilateral SCGX.

Most likely the gross inhibitory effect on secretory capacity is an

accumulation of I.he effects of partial denervat1on, anaesthesia, stress and a reduction in
blood circulation, all of which have been shown to be elemenl'> affecting various
param eters of pineal fonction (see Section 3.4.4) . ·111e main cause in reducing secretory
p otential, by at least 50%, is however. considered to be the immediate effect of removing
the cell bodies of hal f the sympalhetic fibres innervating the pineal gland .
Results of the present study and those conducted previously in both sheep
( Lapwood , I 993) and rodents (Zigmond, et al, 1981, 1984; Bowers, el al, 1984: Dornay,
et al, 1985; Kuchel et al, 1990) have established that the initial inhibitory effects of

unilateral SCGX on various pararneters of pineal function are not pennanenl, but that
subs1antial recovery occurs.

This study, however, was the first to provide a direct

measurement of pineal melatonin output and subseq uently determined that a fu1I recovery
of pineal secretory capacity of melatonin occu1Ted . Pre-operative levels of melatonin in
plasma were re-established by 21 days after unilateral SCGX and were sustained at 28
days.
Several mechanisms have been proposed to be responsible for the recovery in
pineal fonct:ion after partial denervation, however, all proposals to date have been based
upon inference. Most suggested mechanisms incorporate an increase in activities of the
irltact SCG post-ganglionic fibres. For example, Zigmond, et al (I 985) suggested, that by
some mechanism, unilateral denervation triggers an increase in nerve impulse activity ir1
the contralateral irltact sympathetic neurons and queried the possibility of any signal
being effective in triggering such a selective response. Zigmond, et al (1981, 1984) and
Kuchel, et al (1990), after measuring irlcreased enzyme activity (NAT) ir1 the pineal, have
proposed that residual fibres increase in etllciency, by an ability to take up greater
concentrations of NE, and consequently increase adrenergic stimulation of betaadrenergic receptors. Domay, et al (1985), however, proposed an alternative hypothesis,
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citing the possibility that residual nen,es may sprout collateral growth, termed "homotypic
collateral sprouting", which terminates at and rc-inne1vatcs denerva! ed pinealoeytes.
The introduction to th.is institution of antisern for GAP-,13 has provided Ilic
opportunity to cla1ify Ilic role of re-innervation as a possible compensatory mechanism
responsible for recovery of pineal secretory capacity after unilateral SCGX. This study
has determined ilie presence of nen1e growth in partially denen1ated pineals during ilie
same period for which measurements of a direct recovery in secretory capacity were also
measured .
As mentioned i11 Section l ..5.8 the fw1ctio11 of 1. ,AJ>-:13, the grmvih-assoeiated
protein used as a marker for the presence of new neural growth, is closely linked to axon
growili during boili development and in regeneration of nerves . During tiiose times it is
present in growing axon tips at least at levels I 0-fold greater ilian found in mature
neurons, and it performs funGtions of motility during axogenesis and regeneration .
This experiment has made practical use of the specificity of GAP-43 by localization
of antibody-antigen complexes as a marker for regencrat:i.J1g neurons. ·me IR complexes
in pineal tissue oflen were visibly diffuse indicating that nerve fihrcs containing GAP-43
had been sectioned at various longitudinal and oblique angles.

Because of the

cytoskeletal association of GAP-43 during axonal transport, the presence of nerves with a
peripheral ring of IR has been interpreted as cross-sectional transection of an elongating
axon. That observation was able to be distinguished from transection through growth
cones in which IR was condensed. Also by inference, the occurence of areas of intense
reactivity may be considered to represent the convergence of a number of axons growing
towards target tissue.
The occasional presence of sparse IR in control animal pineals suggested that nerve
growth is not confined to development and that synapse re-modelling (Gorio, 1993) does
occur in mature pineal tissue. Re-modelling of the nerve tenninal-pinealocyte
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relationship, observed in control tissue, infers that the suggested mechanism of rcinnen ,ation m ay involve up-regulation of an on-going process , ~ilbcil origin ,1tjng from
homotypic nen1e fibres .
Measurements of a maximum presence of GA P-,13 in pi.neals at 3 days after
unilateral SCGX, foll owed by a lin ear decline to 28 davs, suggests tlrnt tfo~ maj ority of
new growt11 seen at 3 days had eventually reached targeted cells hy 28 days after surgery,
that migration had ceased, and possibly tlrnt a maturing relationship between the nerve
terminal and pincalocytc membranes had culminated in reinnervation . Obsen 1ations of
terminal growili cones present at tl1c m embranes of pinealocytes, pmiicularly in pineal
tissue collected after an extended recovery peri od, suggests iliose cells were the target of
new nen e fibres. Nerve growtl1 terminating at tl1e membranes of pi.nealocytes exhibited
1

intense points of GAP-43 IR resembling the presence of the IR prorluct at areas where
nerve synapses are known to occur in cerebellum tissue. Synapses in ilie 'basket' region
of Purkinj c cell bocljes arc known sites of stimulation (Oestreicher & Gis pen, 1986) and in
foetal tissue synapt.ogenesis was localized by th~ presence of condensed and intense areas
ofGAP-43 IR.
In thjs experiment, the presence of GAP--13 observed in ilie pineals subjected to
unilateral SCGX has been found to correspond wiili measurements indicating that those
same pi.neals had initiated a recovery in melatonin secretory capacity, albeit in an inverse
relationship. As depicted in Figure 5.1 a recovery in function was initially apparent at 3
days after surgery, corresponding with observations citing an intense reactivity for the
GAP-43 complex. Over the remaining experimental period, while melatonin secretory
capacity increased GAP-43 IR declined. This relationship between the presence of GAP43 in pineal tissue and recovery of pineal secretory capacity (output) is highly indicative
evidence in support of the hypothesis that had suggested neural plasticity may be
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involved as a compensatory mechanism in re-establishing pre-operative levels of pineal
func1ion , after unila1cral SCGX
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Fig. 5.1. Dual plot of: (1) Mean integrated melatonin secretory responses for 28
day group sheep calculated as percentages of pretreatment values.
Measurements were recorded during 4 hrs of darkness, prior to
and at 1, 3, 7, 14, 21 & 28 days after unilateral SCGX.
: (2) Mean integrated ICC intensity levels as percentages
of control animal values of GAP-43 immunoreactivity in sheep pineal
glands collected 3, 14 and 28 days after unilateral SCGX.

133
Further evidence for a role for re-innervation in the recovery of pineal function after
unilateral SCGX can be derived from anatomical studies

It has been established in

rodenL5 that the sympathetic fibres arising from cell bodies in each SCG innervate tJic
contralateral, as well as the ipsilateral hiilf of the pineal gland (Domay, et ul, 1985:
Zigmond, et al, 1981 , 1985; Lingappa & Zigmond, 1987) and a similar pattern of
innervation has been reported in sheep (Mockctt & Lapwood, 1993). Within pineal tissue
the intenningling of nerve tenninals from each SCG has been established, with Reuss. et
al ( l 98.5) suggesting that mos1 pinealocytes are innervated by nerve fibres from only one

SCG, not both . In sheep that pallem of innervation has been confirmed where the
number of ICC localized NPY IR nerve fibres was reduced after unilateral SCGX but the
distribution of those fibres was still bilateral (Mockctt, et al, 1991 ). NPY has commonly
been shown to be localized in NE fibres (Ebadi, et al, 1989).
As bilateral SCGX has been shown to result in reductions in pincalocyte cell sizes,
including diminishing profile areas of both cytoplasm (Peschkc, et al, l 989) and the
nucleus (Calvo. et al, 1990), it would appear that cell morphology, as well as function
were dependent on an intact sympathetic nerve supply. That information and the pattern
of sympathetic innervation suggests that 50% of pinealocytcs in a pineal gland that had
been unilaterally ganglionectomized may be expected to cease to function and ultimately
atrophy. However, Mockctt (1991), by inference from measurements ofNSE-like IR, has
established that cell atrophy does not occur in sheep pineals collected at 14 days after
unilateral SCGX. Similarly, in this experiment, mea.,;urements of AT IR parenchymal
cells has established that cell integrity is maintained up to 28 days after unilateral SCGX.
These measurements indicate that the innervation was intact despite partial denervation,
providing further evidence that re-innervation had occurred.
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5.3 Alpha tubulln and secretion from pincalocytes of the sheep pineal gland

In Section 4.4.4 the presence of alpha tubul.in in the cytoplasm of ovine pinealocytes
was disc ussed .. while it is exhibited in Figures 4.12-4. 13 Other than a report of a similar
localization in guinea pigs (hut not in rats ; Schroder, et al, 1990), the presence of AT in
pinealocytes had not previously been repo1ted . However, the presence of microtubules,
of which alpha tubulin is a component., had been rep011ed in th e pineaJocytes of rats
(F1iere & Cardinali, I 975), baboons ( !'heron , et al, 1970) and sheep ( Anderson , 196.5) In
sheep the microtuhules were reported to be stria ted (Anderson, 1965), a11 ultrnstrnctural
diflerence that may translate to a variation i11 function .

In contrast, in a review

011

neuronal structures in a range of species, Brady ( 1993) has suggested tlrnt there were no
obvious ultrastmctural differences in the appearance of rnicrotubules.
'Ille function of microtubules in the cytoplasm of cells in otl1er endocrine glands has
previously been proposed to involve intracellular transport and exocytosis of secretory
granules (Shiino & Rennels, 1974).

Eady pharmacological studies revealed that agents

that depolymerize or superstabilize microtubules, also inhibited cell secretion (Boyd, et al,
1982). More recently, microtuhules have been implicated to perform an active role in the

secretory process of the endocrine pancreas, following observations of organelle
movement along microtubules (Dentler & Suprenant, 1986).
The process of pinealocyte secretion has been reported by Pevet (1979), who
described the presence of proteinaceous material and the formation of vacuoles in ilie
cistemae of the granulated endoplasmic reticulum. At the Golgi bodies the synthesized
substances are packaged for secretion and delivered to fue pericapillary and intercellular
spaces, prior to release by either exocytosis or diffusion. In an EM study on sheep
pineals, Strowe & Vollrath (1990) reported the presence of 'synaptic' spherules at the
membranes ofpinealocytes. Presumably, the microtubule population obseived in ovine
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pinealocytes is involved in the "delivery" of secretory products, perhaps in 'synaptic'
spherules.

Facility to use E.M . to make observations, similar to those of Dentler &

Suprenant ( I 986) in pancreatic beta cells, of microtubules in ovine pinealocytes would
help to elucidate the mechanisms of rneh1tonin secretion. 'I11e presence of AT in this
current experiment. and the observation of the protein coursing into pinealocyte processes

is indicative of a secretory role, similar to th:1t previously reported in both the pancreas
and pituitary.

5.4 Future directions for research in nerve regeneration using sympathetic
innervation to the sheep pine.al gland as a model.

An understanding of the mechanisms of nerve regeneration in mature nerve tissue is
potentially a valuable prerequisite to establishing effective means of treating both disease
and trauma in the nervous system. Compared to developmental growth, mature nerve
tissue is less inductive to regeneration, as exemplified by comparisons drawn from gmwth
of nerves in culture, where in the same conditions neonatal neurites extend within hours
(Argiro & Johnson, 1982; Colins & Lee, 1982), whereas mature neurites take days .
This current experiment has established that the sympathetic innervation to the sheep
pineal gland is a relatively easy system to manipulate with the aim of investigating nerve
regeneration in mature tissue. Continued research, using this model system, could no
doubt be used to further elucidate the factors that are associated with promoting nerve
growth and the mechanisms involved in both nerve migration and functional re•
innervation.
An important element of this model is the choice of sheep as an experimental animal,

a choice that was made for various practical and physiological reasons. Other species
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such as goats and pigs, while also providing the benefits derived from usi ng sheep are, for
various behavioural and anatomical reasons, deemed Jess suitable candidates for such
experiments (Rowan, 1981). Most expetiments studying innervation and function of the
pineal gland have been confined to measurements of indirect parameters of secretory
capacity only, mostly pineal NAT and lllOMT activity (Bowers & zjgmond, 1980, 1982;
Reuss . et al, 1989a), or gland melatonin content (Reiter, et al. 1979c), as imposed by
constraints in use of rodents as the experimental species. ·n1e comparative size of sheep
enables periodic blood collection for the measurem ent of sequential changes in
concentrations of melatonin occuring in the blood of individual animals. Albeit not taking
account of metabolic clearance, this method represented a sig1uficant advantage over
those studies cited above, in which each data-point was generated by avernging the values
obtained from 6-10 animals. In those studies, it was possible that the between-animal
variation concealed or dampened changes in the parameter of interest where othenv:ise
individual capacities to secrete melatonin mc1y have highlight ed such changes . The
relative merils of individual and average (mass) curves have been discussed eisewhere
( Medawar, 1945; Sholl, 1954). Another important potential advantage of the use of sheep
for such studies is the relatively large size of their pineal glands (approximately 70 mg;
Barrell & Lapwood, 1978/9). Glands of this size can readily be sub-divided to provide
tissue to be fixed for paraffin embedding, cryostat sectioning and electron microscopy, as
well as for enzyme measurements. Choice of sheep as the experimental animal was aho
encouraged by the comparative wealth of anatomical and physiological information
available for the species.
Experiments designed to elucidate the mechanisms of nerve regeneration in the
sheep pineal gland will need to incorporate various methods of denervation in order to
make compaiative assessments of the effects of both unilateral and bilateral denervation.
Not only should such studies involve SCGX, but in addition, sectioning of the cervical
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sympathetic trunk (decentralization) could be implemented to establish the role of central
fihres in recovery of function

lCN section in sheep would, however, not be

recommended because of its inaccessability in this species.
RlA analysis of plasma levels of mcla1onin should be monitored in all experimental
animals during periods of investigation, excepting aft.er bilateral SCGX, following which
secretion is abolished (Korf & Moller, l 984)

Measurements of variation in capacity to

secrete melatonin has been established as a suitable direct metl10d of determining the
effects of surgical manipulation on pineal fim ction.
Ot11er adaptations in the use of the sheep SCG-pineal model which would benefit
this t11;e of research would involve the development of furthc:r laboratory analytical
techniques. For example, much more objective analysis ofGAP-/43 in histological studies
would de1ive from use of image processing technology such as that from Jandell
Scientific, which Schreyer and Skene (1993) used to assess labelling intensity in dorsal
root ganglion neurones. Development of further Rl/\'s, gel elcctrophorctic and ICC tests
for relevant proteins, enzymes and transmitters, also may be beneficial, as would use of
electron microscopy.
In addition to collecting pineal glands at the end of experiments, any remaining
SCG's should also be collected for determining enzyme activities with respect to
establishing the role of intact SCG's in the presence of nerve growth.

Maximum gain could be derived from experimental animals if experiments were
aimed at an integrated investigation of (i) the factors which induce neural growth, (ii) the
source of new growth and (iii) the progression of nerve growth.
investigating each aim are to follow:

Guidelines to
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(i)

'TI1e nature and tl1c source of ilie signal elicited by ganglionectomy, to initiate a

recovery in pin c:11 fun ction , needs to he addressed.
Factors which slu.rnLlak neive growU1 have previously been demonstrated to
originate from both deaffcrented targel tissue (Brown & Holland, 1979; Poekett & Slack,
I 982) and the products of nerve degeneration , inclrnling various celJular elements, such as
Schwann cells (Brovm , 1984). Also, fa ctors in the glial environment have been shown to
influence growU1 (Muller, 1992), particularly, th e presence ofNGF, a neurotrophic protein
which has been shown to affect many aspects of sympathetic neuron growtli, including
survivaJ (Hend1y, 1977), neurnnal size (Hendry & Campbell, I 976), catecholamine
biosynth ctic enzyme and neuropeptide contcnl (1 -layash(

el

al, 1985), axon outgrov.rth

and guidance (Levdv1 ontalcini, 1966, 1976) and neurite maintenance (Carnpenot, 1977).
Detection systems arc available for some neural grow1l1 factor receptors (e.g NGF
receptor antiserurn ; Arnersharn International plc, Little Chalfont, UK)

ICC application

o fanti sera for localising NGF receptors (McNu:ty, el al, 1993) in ovinc pineal tissue could
establish the relationship between ilic presence of U1at factor and nerve growth.
Presumably, Uie sequence of events leading to regenerative nerve growth in mature tissue
means that after unilateral ganglionectorny the presence of NGF receptors might be
expected to precede the presence of GAP-43.

On the other hand, after bilateral

ganglionectomy it might be expected that NGF receptor concentrations would be high,
but would not be succeeded by the presence ofGAP-43.
In addition to stimulating factors for nerve growth,

inhibiting factors which

originate from deaffercnted target tissue have been postulated (Diamond, et al, I 976).
Myelin is reported to prevent cultured neurons from growing (Crutcher, 1989) and it has
been suggested that continued characterization of such inhibitory factors, and the raising
of antibodies to block their actions, could further unravel the question of whether
regenerating connections are able to elaborate functional interactions.
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(ii)

Expenments must also be designed to confirm the origin of the neural growth that

has been exhibited in unilaterally SCGX pineab. The demonstration of an increase in
activity in the intact SCG by Domay, et al (198.5) has provided indirect evidence to
implicate collateral grow lh of residual nerve fibres, originating from the intact SCG, as the
source of nerve growth. Any combination of RIA, ICC or gel electrophoretic investigation
into the presence of GAP-43 in pineals harvested at around 3 days post bilateral SCGX,
could either confim1 or refote that implication, for if nerve growth does originate from the
intact SCG in unilateral SCGX animals, then presumably growth would he checked by
bilateral SCGX and consequently levels of G.AP-43 would not be seen to increase.
Anotl1er approach would be to use injection of an anterograde neural tracer, such as
Fluoro Ruby, into the SCG remaining after uni.lateral SCGX.

This fluorescent tracer

would then be expected to co-localize with ICC-detected GAP-43 in newly grown nerve
tenninals.

A trial study would be required to determine the time for SCG to pineal

transport of Flnoro Ruby, in order to determine when the tracer should be ~jected
relative to the time ofSCGX surgery.
Similarly, decentralization by CST transection could establish whether increased
GAP-43 occurs irr nerve fibres that retain cell body connections, but which receive no preganglionic stimulation.
RlA analysis for ChAT in SCG tissue collected from animals at various periods
after unilateral SCGX would establish the presence of any variance in SCG enzyme
activity during the period over which nerve growth occurs.

Alternatively, gel

electrophoresis could be used to determine the presence of any polypeptide variations in
the SCG · during the recovery period.

For example, in rat dorsal root ganglia,

measurements of GAP-43 mRNA has demonstrated that protein induction begins within
1 and 2 days after sciatic nerve irrjury (Skene, 1989).
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(iii)

To further implicate neural regeneration, and so too the hypothesis for collateral

sprouting, <1s a mech<1nism responsible for the functional recovery apparent in the pineal
ghmd after unilateral SCGX, the period of onset of nerve growth needs to be better
defined.

Expcrin1ent.aJ procedures shouJd be focused at measurements immediately

subsequent to surgery. ICC investigation for GAP-43 in pineals harvested from day J
post-surgery through to day 5, will establish when growth is initiated and perhaps indicate
some anatomical contrasts for the presence of new neural growth over tJ1e period during
which 1-,>rowth is apparently most prolific.
The monoclonal subclone 7B I 0/D,1 antibody used in these experiments reacts
against both phosphorylatcd and non-phosphorylatcd GAP-43 (Meiri, K. pers. comm),
therefore localisation determines the presence of t,A P-,13 per S<\ however, this antibody
does not differentiate the reactive state of the GAP-43 present . Phosphorylation ofGAP43 by PKC is considered to represent a further step in the maturing of migrating axons
(Spinelli, et al, 1982; Mmphy, et al, 1983; Hsu, et al, 1984) and has been implicated in the
interaction between growth cones and target tissue (Mattson, et al, 1988; Hall, et al, 1988;
Girard & Kuo, 1990; Schreyer & Skene, 1993)

The possibility of using an alternative

antibody (subclone 2Gl2/C7), which has been shown to be specific to just the
phosphorylatcd form of GAP-43, could further establish any variance in the tertiary
configuration of the protein over the period during which functional regeneration has
been measured (Meiri, et al, 1991). The reactivity of 2Gl2/C7 has previously been
demonstrated with rat pineal tissue (Meiri, et al, 1991) and if reactivity with sheep pineal
tissue were possible, then application of that antibody to the pineal tissue harvested in this
current experiment would further clarity the temporal sequence of later stages of maturity
during nerve regenerative processes.
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111 addition, ICC techniques could he usccl to detect the presence of either dopamine

beta-hydroxylase or tyrosine hydrnxylase in pineal tissue at various periods after
unilateral SCGX. Preferably co-localiZlltion of either of these two enzymes ;vith the
localization of GAP-43 could be investigated by use of an alternative imrmmoenzyme
method.

Pcrn.xi.dase based labels could be retained for GAP-43 (black) and alkaline

phosphatase with a fast blue counter-stain arc recommended for best contrast (Larsson,
l 089) and could be used for TH . ICC localization of TH for distinguishing active nerve
fibres should prove to be superior to AT IR localization which was used in this
experiment and proved to be of limited value_due to the prese!lce of intense parenchyrnaJ
cell AT IR, which obscured any nerve fibre localization. A similar approach using DBH
ICC would confinn the noracl.renergic nature of the new neural growth l\ltcrnativcly, AT
ICC could be used in rats, as in that species, while pinealocytes have been demonstrated
lo he AT IR negative. positive AT stairung ofncncc fibres was recorded by Schroder, et al
0990)

Having confinned that neural growth occurs in the pineal gland after urulateral
SCGX, and having ddennined that functional regeneration occurs over the same period,
it is concluded that these two processes are correlated as a cause and effect. Detailed
examination of the relationship between terminal nerve growth and pinealocyte
membranes would provide some indication of whether nerve growth does cuhninate in
reinnervation. Collection, fixation and embedding of pineal tissue for the purpose of
examination of growing nerve terminals at the nm range using electron microscopy,
should provide further evidence for the presence of collateral growth, its architecture, and
relationship with pinealocytes.
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5.5 Conclusions

The viabili1y of using melatonin secretory profiles (output) as a measure of pineal
function, as an alternative to other indicators of potential to secrete m elatonin, has been
demorn;trnted. In response to unilateral SCGX m eas urements of dark period melatonin
secretory capacity were depressed in ex.cess of 50% indicating 1he presence of secondary
inhibito1y1 factors, in addition to the main eiiect of partial denervation.

Recovery in

secretory capacity has been confirmed and the potential to realise full recovery has been
e;-;tablishcd .

ICC locali?ation of the growU1 associated protem GAP-43 in ovine pineal tissue has
confinned the presence of neural growth which has served to consohdatc the hypothesis
that re-innervation of denervated pinealocytes, by collateral sprouting of residual neurons,
is the most probable compensating mechanism responsible for the ti.ill recovery in pineal
secretory capacity after partial denervation .

Assessment of a stable alpha tubuJin component in the cytoplasm of pinealocytes
after unilateral SCGX, has indicated that partial denervation does not have detrimental
effects on cell morphology . The function of alpha tuhuJin in ovine pinealocytes is
proposed to be an involvement in hormone secretion.

Conclusive evidence, the first to determine both the presence of new neural growth
in pineal tissue, and a full recovery in pineal melatonin secretory capacity, has established
the sympathetic innervation to the pineal gland as a useful model suitable for the
continued investigation of nerve regeneration corresponding to functional regeneration.
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Future Jvcrn1es of research, using the SCG-pincal glancl system as a model for study

or anatomical and physiological recovery from denervation, have been cliscussed.
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