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DEDICATION

This thesis is dedicated to the small mammals which survive in the Australian bush: to the bush

rat, the yellow footed marsupial mouse and the bandicoot in the green hills of the Mount Lofty

Ranges; and to the memory of the recently extinct small mammalian species of Australia. We

will never know the specific strategies with which they interacted with their unique

environment.
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SUMMARY

In many species reproduction is not continuous but is restricted to certain periods of the year

by environmental constraints. This seasonality in reproduction is potentially controlled by a

number of environmental factors, including photoperiod, nutrition, temperature and social

stimuli. For many animals it is not known which environmental signals are important and how

those signals are translated into reproductive output. The pineal hormone melatonin is believed

to mediate effects of photoperiod on reproduction, and there is now increasing evidence that it

may also participate in the changes effected by other environmental factors such as nutrition

and temperature.

This study investigated the environmental control of seasonal reproduction and the role of the

pineal in the transmission of multiple environmental signals to the reproductive axis. The

principle species chosen in which to explore this topic was the highly seasonal native Australian

bush rat, Rattus fuscipes greYi.

The environmental factors controlling reproduction in this species were investigated under both

field and laboratory conditions. A field study of the reproductive ecology was conducted in

the Mount Lofty Ranges of South Australia. Catch and release trapping at intervals over a

four year period revealed that successful breeding occurred in spring and summer from

October to February with a peak in December, with mating extending from July to February.

Potential cues for reproduction which were identified included changes in photoperiod,

temperature and vegetation and other feed sources.

In captivity, some individuals bred prolifically throughout the year and others failed to

reproduce at all. There was little evidence of seasonality. It was concluded that the response

to multiple environmental signals was diverse with genetic variation within the population

giving rise to flexibility in the reproductive response. The availability of high quality ad libitum

feed enabled some animals to breed despite natural photoperiod changes and seasonal

temperature variation of dampened amplitude. Breeding success appeared to be strongly

affected by social behaviour and opportunity to exercise.

A technique was established in the laboratory rat to monitor hormonal parameters in wild

rodents in a stress free, non invasive manner. The efficacy of the measurement of the major

urinary melatonin metabolite in the rat, 6-sulphatoxymelatonin (aMT.6S), was exploited in

order to examine pineal response to environmental impact. In the laboratory rat, a clear

functional relationship was demonstrated between pineal activity and reproduction and the

influence of undernutrition on this relationship in the female laboratory rat. Increases in

aMT.6S production were identified at proestrus of the oestrous cycle, the time of the LH and

oestrogen surges. To determine whether high oestrogen levels caused the increase in aMT.6S,
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aMT.6S production was measured in individual laboratory rats when intact, ovariectomised

and following implantion with oestrogen. Ovariectomy decreased aMT.6S output, and it was

concluded that oestrogen increases pineal activity in adult laboratory rats. Extreme

undernutrition significantly reduced pineal activity in ovariectomised and oestradiol implanted

laboratory rats when significant reductions in bodyweight were induced. It may be that this

relationship is common to other Rattus species but could be identified only in the domesticated

species because of its genetic homogeneity and adaptation to captivity.

In controlled laboratory studies, the reproductive and pineal responses of the bush rat were

then tested when exposed to selected environmental changes. Reproductive regression in

males appeared to be controlled by a combination of factors including a short day photoperiod

and protein restriction. Relative weights of reproductive organs were not significantly reduced

by the imposition of inhibitory photoperiod or undernutrition alone, nor by feeding secondary

plant compounds, p-coumaric acid (pCA) and ferulic acid (FA). Undernutrition in a short day

photoperiod significantly inhibited pineal function as measured by urinary aMT.6S excretion

rates relative to those on good nutrition. In females, there was a trend towards an increase in

relative uterus weights after injections of 6-methoxybenzoxazolinone, and a non significant

decrease in uterine weight after feeding pCA and FA, These treatments did not alter aMT.6S

excretion rates. The physiological significance of changes in melatonin secretion in this species

were unclear, since administration of melatonin by daily injections (males) and implants (both

sexes) failed to alter reproductive parameters.

Further aspects of the interesting effect of undernutrition on pineal activity were investigated in

the sheep. The sheep is a well characterised model for seasonal reproduction and responsivity

to melatonin and photoperiod. In ovariectomised ewes with and without oestradiol implants,

undernutrition inhibited gonadotropin secretion in all ewes and dramatically decreased

melatonin production in an oestradiol dependent manner. An attempt to determine whether

decreases in melatonin caused the inhibition of gonadotropins by undernutrition by infusing

underfed ewes with melatonin in a subsequent experiment was unsuccessful, possibly because

the state of undernutrition achieved was not severe enough to induce significant weight loss

and cause a decrease in melatonin.

In summary, the wild bush rat is a seasonal breeder in which reproduction is cued by a

combination of factors: primarily nutrition, with the capacity to respond to photoperiod in an

interactive manner with nutrition, and with additional influences of secondary plant

compounds, and social and activity factors. There is genetic and gender variation in response

to these factors. Environmental factors other than photoperiod altered aMT.6S production,

but direct administration of melatonin failed to induce reproductive regression. In the

laboratory rat, the inhibitory effect of undernutrition on reproduction was a repeatable

phenomenon and a positive functional relationship between oestrogen and aMT.6S was

identified. In the sheep this effect of undernutrition was shown to be oestradiol dependent.
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Previously unidentified interactions between reproductive steroids and pineal activity were thus

demonstrated, further refuting the view of melatonin being a simple 'anti-gonadotropin'. In

conclusion, there is evidence for a role of the pineal in transducing information regarding both

photoperiodic and nutritional signals and possibly other cues to the reproductive axis.

Nutrition exerts its role probably via mechanisms involving changes in the rate of production of

melatonin.
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INTRODUCTION

Reproductive seasonality is an intriguing topic to study. Reproduction is a basic life process

common to all creatures, yet the diverse modes of reproduction which have evolved represent

a fascinating richness and speciality. The seasonality of this process is an indication of the

complex interactions between an animal and its environment, and provides an example of the

amazing adaptation of a species to its habitat.

The pineal hormone melatonin is believed to play an important role in the mediation of

photoperiodic and possibly other signals in some species. However, the mechanism of action of

this hormone has eluded definition despite extensive investigation. Melatonin does not act like

a classical hormone; its effects are usually long term and mediated after a lag time of some

weeks, it has the potential to stimulate or inhibit reproduction depending upon the species, and

its target organs and receptor physiology have defied some traditional methods of

investigation. At a time when the basic control of reproduction appears to be well established,

the study of the effects of melatonin is one of the most exciting areas of reproductive

endocrinology still to be Probed.

Much of our present knowledge of reproductive biology is based on the study of only a few

species of domestic animals and broadening this base to include investigation of the

reproduction of wild species offers a number of advantages. Investigation of the physiological

adjustments allows the multifaros reproductive strategies found in the wild and permits the

physiologist to gain a better understanding of the reproductive process and the ecologist to

help define reproductive strategies and evolution. In order to fully understand the reproductive

biology of any wild species, observations of the biology of that species both in the wild and in

captivity should be considered.

This thesis investigated aspects of seasonal reproduction using a cross disciplinary approach

incorporating ecological and endocrinological investigations. The aims of the studies

conducted were to describe the contribution of several environmental signals to seasonal

reproduction; and to investigate the role of the pineal in the interpretation of those signals.

The principal species chosen for investigation of these effects was the Australian bush rat

(Rattus fuscipes greyi), a highly seasonal breeder. The reproductive ecology of this species

was investigated in a series of field studies, and the endocrinology of seasonal reproduction

was examined under laboratory conditions. Complementary studies were conducted using the

laboratory rat, which is congeneric with the bush rat, more homogeneous and for which there

is a vast descriptive literature. The sheep was utilised as an additional model in which to

further explore certain aspects of reproductive seasonality; it is also a highly seasonal species,

but with a different reproductive strategy to the rodents. Investigation of seasonal

reproduction focussed on the role of the pineal in the interpretation of environmental signals by

the reproductive axis.
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This study is concerned principally with the response of the reproductive axis to environmental

signals. In order to describe such effects in sufficient depth to supply new material to the field,

other physiological systems have been neglected. The benefits of a holistic approach to

improve our understanding of any biological response is acknowledged and it was with regret

that discussion and measurement of the interactions of the reproductive system with others

were limited. Discussion of non maÍrmalian species has likewise been curtailed and within the

mammals, emphasis has been placed on presentation of the literature covering rodents,

particularly rats and microtines, and sheep, with reference to other species only to highlight

points of special interest. These species are representative of seasonal breeders with different

reproductive strategies and provide a relevant background to the subsequent experimental

work which forms the bulk of the thesis.
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SEASONALITY OF REPRODUCTION

Definition of seasonal reproduction

Seasonal reproduction is defined in this study as reproduction which occurs at discontinuous

periods during which the environmental constraints for that population regularly permit the

successful rearing of young. The breeding season is the period of time during which mating

takes place.

Most animals need to restrict reproductive activity to certain times, usually so that peak

endogenous energetic demands can be synchronised with exogenous feed supply. Non-

nutritional cues to reproduction also exist because of the short term character of messages

regarding immediate changes in nutrition and the fine tuning of the reproductive axis is finally

achieved through a complex interaction of a number of external influences.

Inherent rhythms in reproductive cyclicity in some species also play a part (Yeates, 1949). This

allows environmental variables to time reproductive activity rather than to play a role in

inhibiting or activating the gonads. A dependable environmental factor such as photoperiod

may merely entrain an underlying circannual rhythm (e.g. Bronson, 1988).

Reproductive strategy

The specific environmental factors controlling the reproduction of a particular animal depend

on its reproductive strategy, which in turn is dependent on the species, sex, location and

genetic make up of that individual. For convenience, species are often categorised as K or r

type species. These terms are derived from an equation describing population growth in which

K is the carrying capacity and r the rate of growth (Macarthur and Wilson, 1960). Typically,

K species are long-lived, invest more in fewer offspring and have longer gestation periods with

peak lactation occurring many months after the initiation of mating activity during the breeding

season. Short term cues such as the level of nutrition at the time of mating are thus of limited

use in matching feed supply with demand and they tend to rely on predictable long term

environmental cues such as photoperiod.

By contrast, r species are typically small, short lived, prolific species which are often

opportunistic in their breeding season, dependent on more variable and short term cues such as

nutritional changes or secondary plant compounds. Bronson (1989) proposed that there is a

higher energy cost of gestation and lactation relative to body size, a bottleneck for energy in

lactation and also higher thermoregulatory nutrient requirements for small animals. Small

animals are also more susceptible to cold and cannot store sufficient body reserves to maintain

them for long periods of time. In addition, their shorter lifespan means that it is more

advantageous for them to be opportunistic than predictive in their reproductive strategies. The

length of the reproductive cycle also affects their adaptability and risk of investment in

breeding.
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Mammalian reproductive strategies have been described as facultative or obligate (Negus and

Berger, 1987). The former type of reproduction has a variable time of breeding and phenotypic

plasticity is expressed; the latter is indicative of a fixed pattern of reproduction. Seasonal

reproduction has also been defined as being cued by proximate factors (immediate cues such as

nutrition and temperature) or ultimate factors (when a pre determined rhythm is entrained)

(Clarke, 1981). Both of these models are similar to the recognition of r and K types of

strategies responding primarily to opportunistic and predictive cues respectively.

A plethora of strategies of seasonal reproduction have evolved, with the use of many different

environmental cues to time reproduction to the optimal season. Generalisations regarding the

anticipated types of environmental factors timing the breeding season do not always hold.

Although the use of predictive cues will be of obvious benefit to a K type species, they may

also be used by typical r type species in a regular environment where nutritional availability

follows a regular seasonal pattern of production, or in species with a discrete monoestrous life

history @gAntechinus sp.'. McAllan et al, 1991), or in hibernating animals such as hamsters,

which appear to have an underlying circannual rhythm which is entrained to the environment so

that at the time of emergence in the springtime, they are ready to breed (Reiter, 1987; Bronson,

1988).

Other species have evolved mechanisms to release them from the constraints of the

reproductive cycle and better match feed supply and demand, such as delayed implantation and

embryonic diapause, or migration. There may also have evolved different strategies between

herbivores, which rely on vegetative growth for feed supply, and carnivores, which rely on the

densities of other species for their feed supply and thus are linked less directly with changes in

climatic variables. A combination of factors may affect reproduction in one species, permitting

flexibility within the population either through genetic variation in responsiveness (Desjardins

et al, 1986) or through the ability of a combination of environmental signals to signal the onset

of reproduction (Irby et al, 1984).

The process of reproduction involves gametogenesis, oestrus and ovulation, mating,

conception, implantation, birth and weaning with puberty being the time of initiation of

reproductive capability in an individual and reproductive senescence the cessation of this

ability. All of these aspects of reproduction are subject to environmental constraints. Control

of the seasonal reproduction can be effected at all stages of this reproductive cycle. In some

species, gametogenesis is restricted to the period immediately prior to and during the breeding

season; with males showing testicular regression and females anovulate in the breeding season

(eg hamsters: Turek et al, 1975). At the other extreme, are species in which individuals may

mate at almost any time with reproduction being controlled when necessary at the stage of

implantation (eg cloud forest mouse: Heideman and Bronson, 1992) and possibly at other

stages towards the time of weaning. The control of seasonal reproduction may be even earlier
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in the reproductive cycle because age at puberty can be affected by the environment (Foster et

al, 1988).

These different control points provide a spectrum of different strategies in which control of

reproduction at an earlier stage is most energetically efficient but requires the longest lag time

in response to an environmental cue. Such strategies might be advantageous to a K species in

which investment in each offspring is high. Control at later stages is less efficient because

energy is utilised for production of gametes and matings which are often unsuccessful, but it

permits more flexibility and closer tuning to immediate environmental opportunities, thus might

be more appropriate to a r species. For any species there may be multiple points at which

environmental signals can cue reproduction.

Within a species, reproductive strategies may also vary between males and females, and with

the location of a particular population (Bronson, 1989). In addition, within a population there

is often genetic polymorphism such that there is a range of responses to a given environmental

cue (Dark et al, 1983; Spears and Clarke,IgSlb; Blank and Freeman, 1991). This genetic

variation provides the material for natural selection and adaptation to changes in environmental

patterns and might be expected to be greater in opportunistic than predictive species. Also it

can permit maximum use of the potential time for successful breeding; individuals able to mate

at times not normally favourable to survival of young may raise offspring successfully given

luck in environmental conditions later in the reproductive cycle. Finally, the environmental

factors controlling the duration of the breeding season may also affect reproductive success

within the breeding season.

Endocrinological control of seasonal reproduction

The endocrinology of seasonality of reproduction reflects a complex interaction between

extemal environmental and internal metabolic signals (see principal papers by Hauger et al,

l9l7; Karsch et al,197'7; Legan and Karsch, 1979; Goodman et al, 1982; Bittman et al, 1983;

Lincoln et al, 1985).

In many aspects the onset of the breeding season in a seasonal species is similar to an annual

occurrence of puberty (Rodway et al, 1985; Foster et al, 1986; Huffman et al, 1987). In both

the anoestral and the prepubertal states, reproduction is inhibited at least partly by the steroid

inhibition of gonadotropin secretion. In small species which often live for only one year,

including one breeding season, the onset of the breeding season occurs when the offspring of

the previous year have attained puberty. The following discussion of the factors which control

seasonality of reproduction in a species will thus include some discussion of the ability of that

factor to alter the timing of puberty.
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ENVIRONMENTAL FACTORS CAUSING SEASONALITY OF REPRODUCTION

PHOTOPERIOD

Control of reproduction by photoperiod

One of the most important environmental cues to reproduction is photoperiod. Photoperiod in

many species acts as a timing cue, or 'zeitgebef , because it is a dependable, relatively noise free

variable which accompanies changes of season (Pittendrigh, 1981). It therefore acts as an

indicator of the time of year and a predictor of the time at which feed will normally be optimal

for a given species in its normal habitat. It is the most predictive of all environmental cues

available and can be used as a cue by species requiring a long term signal, or in a predictable

environment, or with a specialised regular breeding pattern. The response to a given

photoperiod is species dependent, in that some animals are stimulated to breed by long days

(LD: eg hamster, Stetson and Tate-Ostroff, 1981) and others by short days (SD: eg sheep,

Robinson and Karsch 1987). Photoperiod can affect the seasonality of reproduction through

three main components: an endogenous circannual rhythm, synchronisation of that rhythm, and

photorefractoriness, which can be seen as a combination of the two components (Bittman,

1984).

It is interesting to note that tropical animals, which are not thought to cue breeding by

photoperiod, can still respond to alterations in daylength (Suncus murinus, musk shrew:

Rissman et al, 1987). It has been shown that this species can respond reproductively to

photoperiodic changes of a magnitude experienced in its natural habitat, which are as little as

45 min between equinox and solstice (Wayne and Rissman, 1990). The capacity to respond to

photoperiod may therefore lie dormant; genes involved in photoperiodicity can apparently be

carried quiescent and be useful in a different ecological niche.

The role of melatonin

Information regarding photoperiod is believed to be transferred to the reproductive axis

through a neuroendocrine transducer called the pineal gland (Axelrod, 1974).In most species,

light striking the retina causes a signal to be sent along the retino-hypothalamic tract to the

suprachiasmatic nucleus (SCN) (Legan and 'Winans, 1981). A message then passes via the

superior cervical ganglia (SCG) to the pineal to inhibit release of norepinephrine (NE) from

sympathetic neurons in the SCG. In the dark, NE acts on adrenergic receptors of the

pinealocyte and causes activation of N-acetyl transferase (NAT) (Deguchi and Axelrod, 1972)

and of hydroxyindole-O-methyl transferase (HIOMT) (Johnson et al, 1982) by cyclic adenosine

monophosphate (cAMP). These enzymes control the synthesis of the indoleamine, melatonin,

which is the pineal hormone responsible for physiological changes caused by photoperiod

(Goldman and Darrow, 1983; Tamarkin et al, 1985). However, there may be additional

mechanisms of control because some species do not secrete melatonin throughout the dark

phase (e.g. Weddel seals: Griffiths et al, 1986).
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The mechanism of action of melatonin is not yet fully understood. It has been proposed that

the duration of melatonin secretion is the most important aspect of the pattern of release, at

least in the ewe (Rollag et al, 1978; Arendt et al, 1981; Bittman et al, 1983; 'Wayne et al,

1988), in the mouse (Dowell and Lynch, 1981) and in the Djungarian hamster (Carter and

Goldman, 1983). Another hypothesis, that of internal coincidence, propounds that there is a

rhythm of sensitivity to melatonin in addition to the rhythm of melatonin itself, and that the

secretion of melatonin must synchronise with the window of sensitivity before an organ system

can respond (Reiter, 1987). Indeed, melatonin injections in Djungarian hamsters can provoke

responses consistent with the existence of a phase sensitivity (Stetson et al, 1986). Despite the

different views on the action of melatonin, it is generally agreed that the most important aspect

of melatonin secretion is the timing of release.

Administration of melatonin to sheep by feeding (Kennaway et al, 1982a) or injection (Nett

and Niswender, 1982) in the late afternoon effectively extends the endogenous night time rise

of melatonin and is thus perceived as a stimulatory short day signal in short day (SD) breeders

such as the sheep but is inhibitory to long day (LD) breeders such as the hamster (Turek et al,

1975; Puchalski and Lynch, 1988). Melatonin infusions produce the same response as

exposure to a dark period of the same duration (Stanisiewski et al, 1988). Administration by

implants (Kennaway et al,l982b; Lincoln and Ebling, 1985), intraruminal boluses (Poulton et

al, 1987) or intravaginal sponges (Nowak and Rodway, 1987) provides continuous levels of

melatonin superimposed upon normal levels which are somehow read as a short day message in

the sheep. In the hamster, the effects of implants are less well defined but there is evidence

that implants act like functional pinealectomy, and may even have counterantigonadotropic

actions (Reiter, 1980). In gilts too, although oral administration mimics the effects of short

days, melatonin implants fail to do so (Paterson et al, 1992).

Animals appear to require a low melatonin secretion phase before being responsive to

melatonin treatment, just as exposure to a minimum period of long days is required before they

can respond to short days (English et al, 1986). The melatonin treatment must then be

administered over a long time period (approximately 36 days) to be effective (Nowak and

Rodway, 1987).

The suppression of melatonin levels by light is dependent on the wavelength and intensity of

the light imposed. Green light appears to be most effective at suppressing HIOMT activity

(Cardinali et al,1972) and pineal and plasma melatonin (Honma et al,1992) and although red

light was originally shown to not significantly decrease synthesis (Cardinali et al, 1972), it has

since been demonstrated that the suppressive effect of light is dependent upon the time of

exposure and red light can significantly suppress melatonin levels at the middle of the night

time rise (Honma etal,1992).

8



Exposure to different light intensities produces a dose dependent suppression of melatonin.

Nocturnal species tend to be exquisitely sensitive to the suppressive effects of light. In the rat,

NAT activity is decreased by 0.5 ¡-rwatts/cm2 with maximal inhibition achieved at 15 ¡r

watts/cm2 (Mi'neman er al, 1974) and hamster melatonin is decreased by 1.6-5 ¡-rwatts/cm2

(Brainard et al, Lggg). Although nocturnal rodents a¡e thus sensitive to the intensity of light

achieved at f'll moor, the wavelength of this light is inappropriate for maximal suppression and

melatonin secretion in hamsters is not reduced by the fitll moon (Reiter, 1991a). Diurnal

species such as the human on the other hand are less sensitive to light, achieving only 67%

suppression at L000lux (Mckrtyre and Morse, 1990)'

The stimulation of melatonin production is intriguing in small nocturnal rodents which tend to

stay in dark burrows for most of the dayiight hours and venture out only at night. Such animals

may not be exposed to bright light for long periods of time. Lynch et al (1982) investigated the

possibitity that male albino rats given access to burrows might produce melatonin during the

daylight hours when they are asleep in dark nest boxes, and not secrete melatonin at night,

their period of activity, when in their natural habitat they are subjected to moonlight. They

found, however, that melatonin was not secreted when rats were in the dark bu¡rows, but was

secreted under lights at 0.066nWcm,. simulatittg fulI moonlight, and under 0'03nWcm,

simulating crescent moonlight. The light intervals closely delineated activity periods. It is

assumed that nocturnal rodents emerge from their burrows at convenient intervals during the

day to reset their clocks, because even very brief pulses of light can reentrain circadian'

rhythms, but this has not been proven. In diurnal animals, it has been suggested that rapid eye

movements occurring during sleep may participate in the transduction of light information to

the biological clock (Livermore and Stevens, 1988)'

Although different light intensities have been shown to suppress melatonin secretion, it is not

known whether consistent exposure to different light intensities alters a reproductive response.

If this were so, it would provide evidence for a functional importance of the amplitude of

secretion.

It should be noted that the majority of our knowledge of the role of melatonin in the mediation

of photoperiodic effects on reproduction is derived from studies of the hamster, sheep and

laboratory rat. Different hamster species respond to melatonin in different mann-ers and

observations from one species should not automatically be extapolated to another. The sheep

has proven an excellent model in which to explore the effects of melatonin in a short day

breeder, but perhaps to the avoidance of other short day species. Results obtained from the

laboratory rat should be inteqpreted with caution since these animals are considered to be non

photoperiodic (Wallen et al, 1987) .
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The endocrinological mechanism by which melatonin induces alterations in reproductive

function will be discussed in a later section. Other hormones have been implicated especially in

the steroid independent control of seasonal reproduction.

NUTRITION

Control of reproduction by nutrition

Nutrition is often the limiting factor to breeding in wild and domestic animals and the ultimate

purpose of seasonal reproduction is usually to match the timing of peak energy demands in

peak lactation with maximum available energy, although in some situations, temperature or

some other factor may have a strong direct or interactive effect on reproduction. The direct

role of nutrition in the control of seasonal reproduction appears to be to fine tune the timing of

the breeding season and during the breeding season to prevent reproduction in animals in a

poor state of condition which are incapable of supporting a successful reproductive effort. In

many animals which can breed throughout the year, the times of reproduction are actually

controlled directly by nutrition, and although such animals cannot be defined as annual regular

seasonal breeders, their reproduction is seasonal.

Most of seasonal reproduction is a gamble in which the survival of the young is played against

the survival of the parents, particularly the female; it is a trade-off between fecundity and

survival of offspring (Sibly and Calow, 1986). When there is insufficient energy, reproduction

is unlikely to be successful and available energy is utilised instead for survival of the parents.

The relative importance of nutrition as an environmental factor controlling reproduction is

dependent upon the reproductive strategy of an animal; it is likely to be of more use to a small,

opportunistic r type species in a non predictive environment'

As in other aspects of seasonal breeding, effects of nutrition can be felt at the time of mating or

implantation or yet later in the reproductive cycle. For example, the effects of 48hr feed

deprivation depend on the stage of the reproductive cycle at which it is applied. In female mice,

feed deprivation can delay ovulation by more than a week if applied at diestrus, but has little

effect if experienced once pregnancy is established (Bronson and Marsteller, 1985).

Nutrition can influence reproduction in a number of ways. Firstly, the amount of feed available

determines the potential available energy to allocate to different metabolic processes. Secondly,

the quality of that feed determines the energy concentration of that feed and thus again total

available energy. Thirdly, amount and quality of feed may affect reproduction through limiting

availability of some factor other than energy such as protein, an essential amino acid, a vitamin,

or some other component of the feed; this is malnutrition. And finally, there may be specific

compounds which can signal a future feed surplus or deficit and thus act as drugs to switch

reproduction on or off in animals which have evolved to recognise such cues. The latter aspect

of nutrition will be discussed in a later section.
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In young rats, feed restriction inhibits growth and delays sexual maturation. (Sisk and Bronson,

1936). Female rats on restricted diets experience delayed puberty and an increase in the

number of non growing oocytes (Lintern-Moore, 1981), with the occurrence of vaginal

opening at approximately the same weight in feed restricted and control animals, but at a

greatv age in the feed restricted group (Piacsek, 1985). No critical bodyweight or fat content

is evident for puberty to occur in young male rats either (Glass et al 1984). However, in mice

a restricted diet causes females to be older but lighter at vaginal opening, and no critical weight

or fatness is apparent (Hansen et al, 1983).

It appears that in the sheep a minimum threshold weight must be attained before puberty can

occur, but that bodyweight at puberty can vary (Hafez, 1952; Foster and Ryan, l9l9). Lambs

which are reared on high energy diets reach puberty at a younger age but at heavier

bodyweights than those reared on low levels of nutrition (Allen and Lamming, 196l; Fitzgerald

et al, 1982). Thus the inhibitory effects of nutrition on sexual maturation do not appear to be

mediated only through retardation of growth.

Sex differences in sensitivity of reproductive parameters to feed restriction also exist.

Prepubertal feed restriction of rats appears to affect the reproductive development of females

more than males (Hamilton and Bronson, 1986). Males require several weeks for

spermatogenesis therefore must be ready to reproduce after their dispersal when young.

Females can rapidly respond to a change in feed supply and are subjected to a large energy

demand if pregnant or lactating so will need to be sure of the supply of feed before responding.

There has been some debate as to whether reproduction in underfed animals is inhibited

through alterations in body composition or through endocrinological changes. Certainly there

is support for a link between relatively high fat concentrations and reproductive cyclicity, and

fat content is known to alter oestrogen metabolism, assisting conversion of androgens to

oestrogens (Frisch, 1984). Thyroid hormones and insulin are also very sensitive to changes in

body fat, and it has been claimed that in humans puberty is related to the percentage fat of the

body, with large differences between males and females (Warren, 1983).

There is, however, an abundance of literature suggesting that the endocrinological effects of

undernutrition are more important than growth per se. The rapid response seen to alterations

in nutrition (Bronson, 1986; Howland and Skinner, 1973; Campbell et al, 1977), often

unaccompanied by bodyweight changes (Merson and Kirkpatrick, 1981; Pryor and Bronson,

1981; Hansen et al, 1983), indicates that controls other than that of body composition must

exist. Evidence for this includes the ability of exercise to influence reproduction through

mechanisms other than nutrient imbalance, in amenorrhoeic women athletes at least, and the

observation that in bulimia, although a normal bodyweight is often maintained, large variations

in nutritional intake and output may adversely affect reproduction (Warren, 1983). In addition,

in male rats, reproductive organ weights were more closely related to naso-anal length than to
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bodyweight in underfed and ad libitum fed animals a given age (Glass et al, 1984). It is almost

certain that in most cases reproductive events such as ovulation are regulated primarily by the

availability of oxidizable metabolic fuels, glucose and amino acids, and by changes in

availability of amino acids and their derivatives to the hypothalamus as regulated by insulin

(Bronson and Manning, 1991).

Overnutrition can also be detrimental to reproductive function. For example, ewes over a

certain body condition fatness experience a decline in ovulation rate relative to that of ewes in

optimum body condition (Gunn et al, l9l9). In fact, feed restriction has been shown to be

beneficial to reproduction because 40Vo feed restriction of rats from 6 weeks of age can

preserve metabolic functions of those rats in old age relative to ad libitumfed rats (Stokkan et

al l99l).

In the natural habitat, the quality as well as quantity of nutrients available usually changes

according to season. In some species the appearance or disappearance of a particular nutrient

signals the onset or cessation of breeding. A simple reduction in protein content can inhibit

reproduction (eg bush rats, Irby et al, 1984). It is believed that individual amino acids are more

important than total protein. The dietary intake of neurotransmitter precursors such as

tyrosine and tryptophan influence the turnover of dopamine and serotonin respectively in the

brain (V/urtman, 1976). Deficiencies of amino acids can also limit reproduction (valine : Glass

and Swerdloff,lgll; tyrosine: Hall et al,1992)'

Endocrinological control of reproduction by nutrition

It is now generally agreed that adverse effects of feed restriction on puberty are mediated

through the inhibition of GnRH release from the hypothalamus (Campbell et al, 1977; Piacsek,

1985; Bronson, 1986; Dubey et al, 1986; Brambilla et al, 1988;McShane and Keisler 1991).

Gonadotropin production is inhibited by feed restriction partly because of an increased

sensitivity to the negative feedback of gonadal steroids in both sheep (Foster and Olster, 1985)

and in laboratory rats (Howland and Ibrahim 1973; Howland and Skinner, 1913; Pirke and

Spyra, 1981; Corbet et al, 1982; Piacsek, 1985). However, there is evidence that this is not the

only mechanism and some steroid independent mechanisms do exist in sheep (McShane and

Keisler, lggl) and rats (Howland and Skinner, 1973; Bronson, 1988). The production of

steroids itself is also inhibited by feed restriction (Campbell et al, 1977) and there have also

been suggestions that feed restricted animals may have altered clearance of oestrogen with a

shift from 16 to 2 hydroxylation (Piacsek 1985). The situation is further complicated because

adipose tissue may be a significant source of extra-gonadal oestrogen (Frisch, 1984).

Steroidogenesis is more affected than gametogenesis by nutrition (Bronson, 1989) because LH

is affected more than FSH by feed restriction, indicating that these gonadotropins are at least

partly under differential control (V/alker and Frawley, 1977; Piacsek 1985; Cosgrove et al
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1991). Endocrinological recovery with refeeding is rapid, often occurring within a day or two

(Howland and Skinner, 1973; Campbell et al, 197'7; Bronson 1986b).

Nutrition has major effects on neurotransmitter concentrations and therefore on GnRH

secretion because neurotransmitter concentrations are determined to some degree by the levels

of their precursors, free amino acids. The effect of availability of tryptophan on synthesis of

brain serotonin has been investigated in some detail, yielding data of special relevance to this

study because of the role of serotonin as a precursor of melatonin.

Brain neurons attain tryptophan from circulating amino acids or by lysis of intracellular

proteins (Wurtman, 1976). When bodyweight is maintained relatively constant, the levels of

consumption of this amino acid are of primary importance. Insulin can alter tryptophan levels

in serum by changing the flux of amino acids into muscle or other intracellular components.

Insulin administration or an increase in the consumption of carbohydrate (which increases

insulin levels) increase serum and brain tryptophan levels (Fernstrom and Wurtman,l9Tl).

Brain uptake of tryptophan is determined both by serum tryptophan concentrations and by

competition of tryptophan with other neutral amino acids for uptake across the blood brain

barrier (Fernstrom et al,1973). In rats, the consumption of a higher protein diet may actually

decrease brain tryptophan levels if the ratio of tryptophan to other amino acids is decreased

(Fernstrom and'Wurtman, 1972). The consumption of a high carbohydrate diet may tend to

favour tryptophan uptake because insulin preferentially aids the transfer of tryptophan across

the blood brain barrier. In fasting animals, low insulin concentrations might therefore be

expected to limit the production of serotonin. In addition, some circulating amino acid is

bound to albumin. The percentage bound is affected by competition of nonesterified fatty acids

for albumin binding sites. Although probably both bound and free amino acid are available for

brain uptake, this may be another important factor determining brain amino acid

concentrations.

Neurotransmitter concentrations are controlled not only by brain amino acid concentrations but

also by the dynamics of their synthetic enzymes. The rate limiting enzyme in the conversion of

tryptophan to serotonin, tryptophan hydroxylase, is not fully saturated at normal brain

concentrations of tryptophan in the rat, therefore brain serotonin levels vary as a direct result

of brain tryptophan levels in the rat (Fernstrom and 'Wurtman, 1971; Fernstrom, 1981).

Tryptophan loading in the rat, depending on the feed amount and composition, thus has the

potential to increase serum and brain levels of tryptophan and thereby to elevate serotonin

concentrations. This has been experimentally proven (Young and Anderson,1982; Bubenik et

al,1992).

In ruminants, the interactions between diet and neurotransmitter levels are still more complex.

Circulating amino acids in the ruminant are derived from dietary sources and from protein

synthesis by rumen microbes. Also, in contrast to the rat, the sheep enzyme tryptophan
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hydroxylase appears to be saturated at low levels of tryptophan and tryptophan loading in the

sheep does not increase serotonin levels (Sugden et al, 1985).

The synthesis of other neurotransmitters is affected by diet in a similar complex sequence of

events. Typically, cholinergic and GABA transmission is reduced, but catecholamine and

serotonin systems are stimulated (Wiggins et al, 1984). These authors demonstrated that

concentrations of dopamine may even increase after undernutrition because of increased

activity of the enzyme tyrosine hydroxylase, provided that tyrosine levels are sufficiently

maintained. Tyrosine has recently been proposed to be a mediator of the effects of feed intake

on LH patterns in growth restricted lambs (Hall et al,1992).

The role of melatonin

There is increasing evidence for a role of melatonin in mediating the effects of nutrition on

reproduction. Early observations derived from experiments involving pinealectomy and

exposure to different light regimes indicated an effect of melatonin on the secretion of LH from

the pituitary. The removal of melatonin by pinealectomy or constant light in feed restricted and

ad libitum fed rats led to higher bodyweights in both groups (Walker and Bethea,l9l7). An

effect of melatonin on gonadotropin secretion was observed to be oestrogen dependent,

because the full effect of a reduction of LH by oestrogen injections in undernutrition appeared

to require melatonin (Walker and Frawley, 1977). Light was more effective than

pinealectomy, stimulating vaginal cornification and cycling in pinealectomised anoestrous

animals. This suggests the existence of a direct retinohypothalamic neuronal influence on the

hypothalamo-hypophysial-gonadal axis independent of the pineal. Later studies indicated that

the ability of pinealectomy to partially reduce the suppression of reproduction by

undernutrition may be mediated at the gonad because although pinealectomy had no effect on

bodyweight or testes weight or serum LH, it significantly increased seminal vesicle weight and

serum testosterone in control and underfed rats (Chik et al, 1989).

It is interesting that one of the methods used to sensitise laboratory rats to the effects of

melatonin is to feed restrict those animals. In one such study, the presence of the pineal was

required for the sensitivity of underfed rats to afternoon injections of melatonin to be exerted

(Blask et al, 1980). This observation provides further support for the observation that some

effects of undernutrition are mediated via the pineal. The implications for a role of the pineal

in the assimilation and translation of various interacting environmental factors will be discussed

in a later section.

To determine whether level of nutrition altered melatonin secretion, Herbert and Reiter (1981)

investigated the pineal melatonin content of rats after administration of a low protein diet

compared to rats on an isocaloric diet. There was less melatonin in pineals of rats fed the low

protein diet, and the circadian rhythm of production ,was not altered. Later studies confirmed

the decrease in pineal melatonin but demonstrated a concurrent increase in serum melatonin
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concentrations associated with the reduction in bodyweight in underfed rats (Chik et al,

1987a). The increase in melatonin secretion was further investigated by measuring the pineal

response to isoproterenol in terms of NAT. It was found that feed availability influenced

sympathetic nervous activity and B adrenergic receptors (Chik et al, 1987b). Increased

numbers of melatonin binding sites in the brain have also been observed in malnourished rats

(Cardinali and Vacas, 1981) possibly leading to increased tissue sensitivity to circulating

melatonin. It has also been hypothesised that the melatonin reaction may be part of a general

stress response to undernutrition (Yocca and Friedman, 1984).

Observations of effects of undernutrition on melatonin levels in humans come mainly from

studies of anorexic women with the hypothalamic amenorrhoea typical of this condition. In

anorexia nervosa, the LH response to LHRH is reduced, FSH levels are decreased, and

prolactin levels are low (Brambilla et al, 1988). In anorexic women an abnormal pattern of

melatonin secretion is also seen, with secretion during the day resulting in increased melatonin

output @rambilla et al, 1988; Ferrari et al, 1989; Tortosa et al, 1989). Peak plasma melatonin

in these women may correlate with insulin secretion. It has been suggested that these increases

in melatonin may have been due to a similar pineal output resulting in increased circulating

concentrations because of bodyweight loss. Other studies have failed to identify melatonin

changes when melatonin is related to bodyweight (Arendt et al, 1992) or when urinary

production was measured (Bearn et al, 19SS). This model is not ideal for the study of

nutritional effects because anorexia nervosa is a psychological-nutritional disorder and there

may be alterations in brain biochemistry associated with the psychological aspects of the

disorder rather than the nutritional effects.

Nutritionally mediated differences in hormone levels may be a result of direct effects on the

endocrine gland or may be merely a reflection of a dearth of precursors. Melatonin is derived

from tryptophan via serotonin. The complex relationship between dietary consumption of

tryptophan and brain tryptophan concentrations and subsequent serotonin levels has been

discussed. In the rat, tryptophan loading can increase melatonin concentrations (Young and

Anderson, 1982) and the ability of supplementation of golden hamsters (Mesocricetus auratus)

with tryptophan to induce photosensitivity to short days in previously photorefractory males

may be a result of increases in melatonin (Wilson and Meier, 1983). However, this effect may

be diet specific since tryptophan loading of the rat has also been shown to significantly reduce

melatonin concentrations through inhibition of NAT activity, proposed to result from autocrine

actions of increased serotonin levels on the pinealocytes (Reiter et al, 1990). In the sheep,

plasma melatonin levels are not correlated to plasma tryptophan concentrations (Kennaway et

al, 1978) Increased levels of serotonin in photorefractory hamsters induced by feeding

supplementary tryptophan induce sensitivity to short days through increases in serotonin levels

(Wilson and Meier, 1983), which may be mediated via increases in melatonin. Alternatively, in

species in which serotonin concentrations are sensitive to dietary fluctuations, changes in
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serotonin may have a direct effect on the hypothalamus (Wilson and Meier, 1983) or may

affect the pineal via neurotransmitter actions rather than via precursor availability.

Interesting evidence that the pineal can respond directly to seasonal changes in nutritrion as

well as photoperiod comes from studies on the semi tropical yellow bellied country rat (Rattus

losea). Cellular activity in the pineal gland of this species is synchronised with the annual

changes in rainfall and not with photoperiod, and the former apparently play the greater role in

the control of the reproductive cycle through feed supply (Huang et al, 1989). This paper

suggests an adaptability of the pineal to major environmental input and suggests that it does

participate in the conveyance of non photoperiodic signals, especially when those signals are

more important.

These studies indicate that in the rat, undernutrition can decrease pineal melatonin content and

alter the response of the pineal to neural input, increase serum levels and potential binding and

thus potential biological activity of this melatonin. In women, increased serum melatonin levels

have been observed. The decrease in pineal melatonin may be a reflection of reduced brain

tryptophan and hence serotonin levels. The increase in serum melatonin levels could be merely

indicative of an increased concentration in the reduced blood volume of animals which have

lost weight. However, the altered response of the pineal to adrenergic stimulation, changes in

melatonin binding site number and pineal mediation of sensitisation effects of undernutrition

suggest that the role of the pineal in the mediation of undernutrition effects is functional. The

study of nutritional effects on the pineal of other species, especially species responsive to

melatonin, needs to be determined.

SECONDARY PLANT COMPOUNDS

Many plant compounds affect the physiology of animals as well as plants. On occasion, specific

plants had been observed to affect reproduction but the ecological and physiological

implications of these effects \Mas not further investigated until the elegant demonstration of the

enorrnous potential of plants to affect the timing of the breeding season of animals by Negus,

Berger and their colleagues (Negus and Berger, l97l; Berger et al, 1977). This specific use by

animals of compounds produced by plants for their own purposes is a fascinating example of

adaptive evolution.

Stimulatory compounds

In some species, especially in captive animals obtained from the wild, the addition of green

shoots to the diet is beneficial to reproduction. Early investigation of the factors affecting

reproduction in the montane vole, Microtus montanzs, demonstrated an interactive effect

between photoperiod and feeding of sprouted wheatgrass in the laboratory (Pinter and Negus,

1965) and this feed was subsequently shown to stimulate reproduction in a wild population of
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Microtus montanus during the non-breeding season (Negus and Berger, 1911). Greens have

been shown to stimulate reproduction in other species too, including desert mice (Perognathus

formosus) (Kenagy and Bartholomew, 1981), and bank voles (C/ethrionomys glareous)

(Alibhai, 1985).

The compound responsible for this effect of greens was isolated and identified as a non-

oestrogenic substance, 6-methoxybenzoxazolinone (6MBOA) (Sanders et al, 1981). 'When

seedlings are injured, enzymes are activated to convert the precursor DIMBOA into 6MBOA,

which is a natural plant pesticide. Feeding this compound to wild populations of Microtus

montanus in the normal non-breeding season produced similar effects to supplementation with

sprouted wheatgrass (Berger et al, 1981). It triggered an increase in the number of females

pregnant and in the testis size of males, suggesting that the compound may have ecological

significance in cuing the onset of breeding by signalling feed availability.

Other species have since been shown to respond to 6MBOA in the wild. Feeding 6MBOA

during the non-breeding season to a wild population of Microtus townsendii acceletated

recruitment and sexual maturation of young females, but did not alter the weight at maturity of

males of that species (Korn and Taitt, 1987). In the wild kangaroo rat, Dipodomys ordii,

6MBOA stimulated pregnancy rates and uterine growth (Rowsemitt and O'Connor, 1989).

Not all small mammalian species respond in the wild, however; there was no effect of 6MBOA

supplementation on the rodent Tateras leucogaster in Zimbabwe (Neal and Alibhai,l99l).

Laboratory studies have provided some information on the mode of action of stimulatory

effects of 6MBOA. In Microtus montanøs, feeding or implantation of 6MBOA caused an

increase in the number and size of litters born and significantly biased the sex ratio of offspring

towards females (Berger et al, 1987). 'When neither animal within a pair was implanted,

reproduction was at a basal level and 447o more males than females were born. 'When either

sex alone received implants, the sex ratio of the offspring was approximately 1:1 and when

both sexes received implants, the effect on the sex ratio was additive and a 25Vo bias towards

female offspring was observed. The increase in number of young born occurred when only

females or both parents were implanted, and the sex ratio was altered towards female

offspring when only females or only males were implanted. Effects of 6MBOA on juvenile

male Microtus montanus appear to be dose dependent but can be stimulatory to reproduction

(Gower and Berger, 1990). Increases in uterine and ovary weights are also found in Microtus

pinetorum (Schadler et al, 1988). Not all microtine rodents appear to respond in this way to

6MBOA since no effect was observed in the prairie vole, Microtus ochrogaster (Moffat et al,

1991). Administration to laboratory rats caused an increase in uterine weights of females only

at the highest dose administered, and had no effect on males (Vaughan et al, 1988a).

In Microtus pinetorum, 6MBOA increases serum FSH concentrations of peripubertal females

(Schadler et al, 1988). In laboratory rats too, a single injection of 6MBOA raises ovarian and

uterine weights of prepubertal females with an increase in FSH but not in LH (Butterstein et al,
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1935). In mature females no increase in uterine weight was observed but there was an increase

in ovarian weight associated with more corpora lutea from a higher ovulation rate. 6MBOA

can augment FSH stimulation of ovarian growth in peripubertal females because removal of the

pituitary of young rats abolishes the stimulatory effects of 6MBOA whilst administration of

6MBOA and FSH then increases ovarian weight and ova production above levels seen in rats

treated only with FSH (Butterstein and Schadler, 1988). There may also be interactions

between 6MBOA and the thyroid axis because increases in T3 have been observed in

laboratory rats after its administration (Vaughan et al, 1988a).

The role of melatonin

One stimulus to the development of our knowledge of 6MBOA followed the recognition of the

structural similarities of 6MBOA with melatonin leading to a number of studies attempting to

determine the relationships between photoperiod and melatonin secretion and the actions of

6MBOA.

It was possible that 6MBOA was stimulatory to reproduction in small animals species by

blocking reproductive inhibition by melatonin, through suppression of melatonin production or

blockage of melatonin receptors. However, incubation of 6MBOA with pineals in vitro

stimulated NAT activity and melatonin synthesis (Yuwiler and'Winters, 1985). This effect was

blocked by propanolol, but not prazosin, demonstrating an action of 6MBOA on the beta

receptor. These results were confirmed by Daya et al (1990) who suggested that an increase

in melatonin production may desensitise the melatonin receptor, or alternatively that 6MBOA

may act as an antagonist at the receptor level. These effects of 6MBOA were only evident at

very high doses, however, with extremely high concentrations required both to stimulate NAT

(10 -3 M) and to displace ligands at adrenoreceptors (10-4U¡.

It has been shown that 6MBOA can displace tritiated melatonin from binding sites on uterine

and pineal membranes, stimulating adenylate cyclase through L-isoproterenol receptors and

acting as a B adrenergic agonist, although again high concentrations were required to produce

this effect (10-5U¡ (Sweat and Berger, 1988). They observed that potentially 6MBOA could

be progonadal through the adrenergic stimulation of gonadotropins and antigonadal through

the stimulation of melatonin synthesis. This might explain some of the dose dependent effects

observed where low levels of 6MBOA are stimulatory to reproduction but high levels appear

to be inhibitory (Gower and Berger, 1990)'

In vivo interactions between effects of 6MBOA and melatonin or photoperiod have also been

observed. It has been shown that 6MBOA can have a counter-antigonadotropic effect in male

adult Syrian hamsters exposed to a natural decreasing photoperiod and decreasing

temperatures, although 6MBOA was not as effective as melatonin in alteration of the

reproductive response (Vaughan et al, 1988b). In housemice it was demonstrated that

6MBOA can affect the response to photoperiod (Nelson and Shiber, 1990). Adult females
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exposed to SD and treated with 6MBOA implants were more reproductively active than those

in LD while no effect was seen in males. Finally, in a recent experiment, SD and melatonin

treatments inhibited reproduction relative to animals in LD. Administration of 6MBOA to

Microtus montanus at low doses partially prevented these inhibitory effects, but at high doses

it exacerbated inhibitory effects of SD on reproduction and decreased LH levels. (Gower and

Berger, 1990). These authors suggested that at high doses 6MBOA may be acting as a p

adrenergic agonist, either stimulating melatonin production or affecting other hormonal levels.

This effect may be phatmacological rather than physiologically meaningful.

Other studies have failed to demonstrate a role for melatonin in the effects of 6MBOA on

reproduction. Direct comparisons were made between daily injections or capsules of 6MBOA

and melatonin, and administration of these compounds in feed or water to adult male golden

hamsters (Anderson et al, 1988). In each case melatonin affected testis size, but there was no

effect of 6MBOA. A further experiment showed that male adult Syrian hamsters implanted

subcutaneously with 6MBOA capsules and exposed to LD or to SD failed to alter their

response to photoperiod (Urbanski et al, 1990).

Vaughan et al (1988b) suggested that 6MBOA may be only a stimulatory cue in the initiation

of reproduction and may not be involved in the maintenance of reproduction. However,

previous experiments showing stimulation of reproduction by 6MBOA had demonstrated a

much stronger effect in the female.

In summary, the ability of secondary plant compounds to serve as ecological indicators of feed

availability and thus to cue the onset or cessation of the breeding season in small mammals has

been proven. It was concluded that stimulatory effects of 6MBOA on reproduction appear to

be mediated through the female, primarily through the peripubertal female, and that this

compound can bias sex ratios towards the female. It is perhaps advantageous for males to be

ready to reproduce and the initiation of the breeding season to be controlled by the ability of

the females to respond quickly to this short term signal. Possibly when higher amounts of

6MBOA are consumed in the wild, high quantities of feed resources are anticipated and it is

then a better reproductive strategy to invest in female offspring (Berger et al, 1987). The

effects of 6MBOA appear to be selective, acting only in some species and not in other quite

closely related animals. Negus and Berger (1987) concluded that the potential ability of this

compound to act as a cue to time the onset of reproduction in a given species depends upon

the ecology of that species. Voles specialising in the consumption of monocotyledons

(Microtus californicus, pennsylvanicus and montanzs) tend to have lower metabolic rates and

higher reproductive rates than those relying on dicotyledons and a more varied diet (such as

M. ochrogaster, longicaudus). They proposed that the former group have successfully

exploited a niche based on the availability of grasses and have adapted to the temporal

heterogeneity of this environment by responding to cues signalling the onset of growth of this
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feed supply; namely, 6MBOA. The latter group exist on a more varied, higher quality diet and

are proposed to have a more regular breeding season cued by more predictive signals.

The mechanism of action of 6MBOA is not clear but it appears to potentiate the action of

FSH. The studies on the interaction between 6MBOA, photoperiod and melatonin secretion

demonstrated that 6MBOA does not act in the same way as melatonin, although at high doses

some melatonin-like effects may be seen. In some species and in certain circumstances

6MBOA does appear to affect the response to photoperiod. These studies examined only the

response of the male, and showed a variety of dose dependent effects.

Other stimulatory plant compounds probably exist. For example, in certain tribes of vervet

monkeys, Cercopitheus aethiopa, in the tropics, reproduction is controlled by the availability

of a flower, Acacia elaîior, which is suspected to have a phytoestrogenic effect (Whitten,

1983).

Inhibitory compounds

Some plants have been known to inhibit reproduction for many centuries. Early herbal

contraceptives were derived from observation of the effects of such plants and their importance

in agriculture is now accepted. The phytoestrogens produced by certain types of clover have

long been recognised to have a significant inhibitory effect on the reproduction of grazing

animals. For inhibitory compounds to play a role in the timing of the breeding season, however,

it is necessary for plants to produce those compounds only during certain times of the year to

signal a decline in available feed, feed quality, or other environmental conditions.

In non tropical climates, the end of autumn signifies a decrease in temperature and feed

quantity and quality. At this time, the senescence of grasses changes the diet of many animals

to a low nitrogen, low energy, high roughage composition which is often insufficient to

support reproduction. The presence of compounds inhibitory to mammalian reproduction in

these senescing grasses provides an appropriate signal to end the breeding season. The credit

for identification of this signal is awarded to Berger et àl (1911). Two such compounds, 4-VG

(4 hydroxy 3 methoxystyrene) and 4-VP (4 hydroxystyrene), are produced from parent

cinnamic acids, and by heat during an extraction process. In voles, 4 mg lg diet of p coumaric

acid (pCA: 4 hydroxycinnamic acid) or ferulic acid (FA: 4 hydroxy 3 methoxycinnamic acid)

reduced the number of litters born, the percentage of animals breeding, uterine weights and the

number of follicles 250-350 pm, after 12 days of oral administration to 17-18d old female

voles, with pCA having a slightly greater inhibitory effect (Berger et al, 1977).

To my knowledge, no investigation of the mechanism of action of these compounds has since

been undertaken. Inhibitory compounds have received much less attention than compounds

stimulatory to reproduction and their endocrinological site of action remains to be determined.
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This neglect is unfortunate since in many animals the breeding season is controlled by factors

which prevent breeding rather than by factors which actively stimulate breeding. In addition,

such compounds have many potential beneficial commercial applications, including the control

of breeding of agricultural and domestic animals, the control of wild populations in managed

areas such as national parks (for example, new techniques are required for elephant control

(Short, 1992), and minimisation of feral animal proliferation) and also as an alternative human

contraceptive.

TEMPERATURE

Effects of temperature on seasonal reproduction

In a temperate climate, the increasing temperatures of spring can be a good signal for increased

feed availability in the near future, since higher temperatures stimulate vegetative growth, and

often the onset of seeding and fruiting with subsequent increased protein availability, as well as

insect proliferation. V/ith moderate spring increases in temperature, there are also decreased

energetic requirements for thermogenesis, pafticularly for small mammals. Temperature thus

has the potential to cue reproduction in seasonal breeders, but like nutritional level, it can also

have acute effects in both seasonal and non-seasonal breeders.

Extremes of temperature can be inhibitory to reproduction. Moderately low temperatures may

be inhibitory largely because an animal cannot consume sufficient energy to meet thermogenic

needs as well as metabolic demands. If enough feed is available, the inhibitory effects of low

temperatures can therefore often be overcome (Bronson, 1989). Effects of temperature on

reproduction have often been investigated in combination with effects of nutrition and these

studies will be discussed in a later section. High temperatures can be detrimental to

reproduction through adverse effects on spermatogenesis and embryo survival; for example the

fertility of rams is reduced \ryith heat (Rathorpe, 1968). Temperatures at which fertility is

affected are within the range commonly experienced in warm climates, 40"C. There may also

be general stress responses to the physical discomfort induced by extreme temperatures.

The role of melatorun

The principal indication that the pineal might be implicated in the effects of temperature on

reproduction comes from studies showing that low temperatures exacerbate the ability of SD

photoperiods to cause reproductive inhibition in hamsters (Raynaud and Pevet, 1991). This

effect appears to be mediated by post pineal processing since low ambient temperatures (5o C

vs 20"C) do not affect pineal melatonin concentrations (Raynaud and Pevet, 1991). It is

intriguing to observe that the pineal appears to confer some protection against the damage to

the seminiferous tubules seen in pinealectomised golden hamsters exposed to high (34" C)

temperatures (Kaplanski et al, 1983).
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SOCIAL STIMULI

Influences of social cues on reproduction

Social signals affect reproduction in most animals. Many effects of social cues are mediated by

pheromones which are often excreted in urine, may bear resemblance to reproductive steroids

and act on receptors in the vomeronasal organ to stimulate or inhibit reproduction. The effects

of social signals on the timing of the breeding season may be much greater than is currently

recognised.

The reproduction of mice appears to be motivated primarily by a complex set of pheromonal

cues (Bronson, 1979) in which the Bruce and V/hitten effects are good examples of the ability

of social cues to regulate the timing of the breeding season. In sheep, the well recognised 'ram

effect' occurs when the introduction of a ram to a previously isolated ewe flock advances the

onset of the breeding season and provides a synchronised oestrus (Oldham et al, 19'78). Some

of this effect is non-pheromonal in origin because olfactory bulbectomised ewes still experience

an LH response to the introduction of the ram (Cohen-Tannoudrji et al, 1986). There are also

female-female social effects, as illustrated by the fact that pinealectomised ewes run with a

flock of intact ewes in a natural photoperiod will synchronise their breeding season to that of

intact ewes, whilst pinealectomised ewes maintained in isolation fail to undergo normal

oestrous cycles (Wayne et al, 1989).

For example, an effect of the male on the initiation of oestrous cyclicity in the female has been

noted in the woolly opossum (Caluronys philander) (Perret and M'Barek, 1991). This

response was proposed to be important in the synchronisation of oestrous cycles in wild

females during the dry seasons when animals regroup to feed on spatially localised feed

resources.

In other species social signals appear to be essential for the initiation of sexual activity because

activation of reproduction in young male prairie voles (Microtus ochrogaster) can be blocked

by removal of the vomeronasal organs (Wysocki et al, 1991). Photoperiod can alter the

response to pheromonal stimuli because the ability of the presence of a female to enhance

testicular recrudescence of males golden hamsters occurs only in LD (Vandenbergh, 1917).

Both photoperiod and gonadal hormones influence the odour preference of male meadow voles

(Microtus pennsylvanlcøs) (Ferkin and Gorman, 1992).

A social cue can also act as a zeitgeber (Chandraskekara, 1982). Animals kept in constant

dark usually free run without the entraining effects of light, but a regular social stimulus can

also act to entrain those animals. This suggests an ability to set the circadian clock in a manner

similar to melatonin. It has not been shown whether such cues act by resetting the circadian

clock through reestablishment of the melatonin rhythm, or whether the melatonin rhythm is

reestablished after reentrainment of the SCN.
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The role of melatonrn

It is interesting that one method of sensitising laboratory rats to the effects of melatonin on

reproduction is through olfactory bulbectomy (Reiter et al, 1980; Nelson and Zucker, 1981).

This treatment may eliminate stimulatory pheromonal cues and enable responsiveness to a

secondary controlling factor for seasonal breeding. The effect of SD exposure on

bulbectomised rats is prevented by pinealectomy (Nelson andZucker, 1981) and is due to a

mediation of sensory cues and not to altered photoperiodic information (Nelson et al, 1985),

suggesting that this procedure somehow alters the response to melatonin.

STRESSORS

Stress effects on seasonal reproduction

The concept of stress recognises the response of an animal to environmental or metabolic

stimuli in an attempt to adapt its physiology and maintain the 'milieu interior' (Dantzer and

Mormede, 1935). The response itself is the stress and the stimuli is the stressor ('Weiss, 1912).

Environmental factors which cause stress, ie stressors, thus have the potential to affect the

reproductive physiology of an animal.

Environmental stressors may alter the timing of the breeding season through the induction of a

classical fight or flight distress response which compromises the animal's reproductive ability.

More specifically, the breeding season of an animal may be delayed or prevented as a result of

the distress induced by overcrowding, increased predation, parasite loading, sickness, isolation,

painful stimuli, threats, discomfort, undernutrition, extreme temperatures, parasite loading,

predation and suboptimal social conditions or an unpleasant social environment; factors that

impose a physical or emotional stress. Some of the effects of environmental factors which

normally directly influence the reproductive system (undernutrition, temperature extremes)

may be mediated via the physiological pathways activated in a non-specific stress response.

The response to a stressor may be beneficial ('eustress') or detrimental ('distress') to the animal

(Selye, 1980).

Distress involves both behavioural and physiological responses in an attempt to alleviate the

effects of the stressor (Moberg, 1935). Anti-predator defence strategies and the definition of

intraspecific hierarchies have led to the development of classically conditioned behaviours and

a physiological response designed for the rapid mobilisation of body reserves which prepare the

animal for 'fight or flight' (e.g. Hollis, 1982). Stress responses divert biological function from

routine maintenance and growth and affect reproduction in several ways. At the level of the

gonads corticoids alter gonadotropin action on steroid producing cells; corticosteroids

decrease pituitary responsiveness to GnRH and in acute stress, a variety of hormones,
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neurotransmitters, neuropeptides and biogenic amines act in the brain to inhibit reproduction

(see Rivier and Rivest,l99l for review).

Adult females rats are particularly susceptible to stress because of the intricacy of the feedback

systems of folliculogenesis and ovulation in the hypothalamo-pituitary-gonadal axis at

proestrus and oestrus (Coubrough, 1985) and the imposition of a stressor at this time can

inhibit LHRH release and block ovulation (Blake, 1916). In addition to these direct effects on

reproduction, the body's ability to successfully reproduce is compromised because energy

metabolism is altered in favour of mobilisation of fuel reserves (Breazile, 1987); immune

function is compromised (Kelley, 1985); and there are psychological and behavioural

distractions (Hemsworth et al, 1986).

One interesting example of the effects of distress on reproduction is the seasonal mating

behaviour of some small Australian dasyurids. Male Antechinus sp experience testicular

descent in the spring then a highly synchronised breeding season lasting only a few weeks

(McAllan et al, l99l). The cessation of the breeding season for males is marked by death

immediately after the mating time because of an extreme stress response with increases in

androgens independent of the spermatogenic cycle (McDonald et al, 1986). It has been

proposed that the failure of small male mammals to survive the winter may be partly a result of

the stress experienced during the mating season (McDonald et al, 1988). Beneficial effects of

this response may include advantages to the breeding male through the gluconeogenic effects

of high levels of glucocorticoids which permit the use of protein and energy reserves to

maximise mating opportunities, albeit at the expense of post mating survival (McDonald et al,

1988).

The role of melatonin

Distress caused by immobilisation has been shown to alter pineal B adrenergic receptor

mediated function in the rat (Yocca and Friedman, 1984) and it has been suggested that the

effects of factors such as undernutrition on melatonin levels may be a result of the physical

stress induced by those factors (Chik et al, 1987b).

In humans, linkages have been made between pineal function and the alleviation of stress in the

attainment of deep relaxation, with effects on brain activity, and on norepinephrine, and on

corticosteroids (Romijn, 1978). During Transcendental Meditation there is an increase in

indoleamine synthesis associated with a decrease in catecholamine synthesis; the increases in

serotonin are believed to provide a humoral reinforcement of parasympathetic activity during

deep relaxation (Bujatti and Riederer, 1976).
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EXERCISE

Effects of foraging on reproduction

Exercise is not an environmental cue, but rather is a physical response to environmental

conditions and may be an intermediary factor between the reaction of an animal to its
environment and the ultimate effects of that environment on reproduction. In the wild, animals

have to forage for their feed and the distance which they have to travel depends on the

availability of feed and nutritional requirements. Changes in exercise may thus be regarded as a

response to environmental conditions. The extent of voluntary exercise in the wild is not

dependent only on the search for feed, however, and may also be increased by factors such as

the search for a mate (Stewart and Barnett, 1981).

In the laboratory, animals are often deprived the opportunity to exercise and this may

artificially alter their reproductive capacity. In the hamster, exercise can be stimulatory to

reproduction and can induce cyclicity and increase somatic growth (Borer et al, 1983). Young

rats forced to run (forage) for their feed attain vaginal opening at a lower bodyweight than feed

restricted or ad libitum fed rats, possibly indicating increased metabolic efficiency given by

exercise (Bronson, 1981).

Prolonged exercise in women is considered to be inhibitory to reproduction above and beyond

the changes it induces in body composition, perhaps through increased secretion of endorphins

(Warren, 1983). Even in eumenorrhoeic runners there appear to be defects in pulsatile LH

release (Cumming et al, 1985). Borer at al (1983) suggested that in humans, prolonged

exercise is associated with seasonal migration and so energy is directed towards movement and

not reproduction, whereas in hamsters, exercise is associated with the search for a mate, food

and shelter, and so is stimulatory to reproduction.

The role of melatonin

Exercise rhythms in rodents entrain to photoperiod. Individual adult female golden hamsters

are stably entrained in a circadian rhythm of locomotor activity within 3 weeks of exposure to

a photoperiod (Moline et al, 1981). The rhythm of proestrus gonadotropins appeared to be

connected because the LH surge-activity onset was a precise temporal relationship. In male

Syrian hamsters, voluntary exercise reduced the extent of testicular regression caused by

blinding or SD (Gibbs and Petterborg, 1986) or by exogenous melatonin (Pieper et al, 1988).

In addition, exercise duration is related to the photoperiod in rodents because many of these

animals are active only during the dark period of the daylnight cycle (Lynch et al, 1982). It has

recently also been demonstrated that night time exercise can feed back on the pineal and reduce

melatonin secretion in humans (Monteleone et al, 1990). These studies suggest an effect of

exercise on melatonin secretion and circadian activity hence the pineal may participate in

effects of exercise on reproduction.

25



INTERACTIONS BETWEEN ENVIRONMENTAL VARIABLES

In their natural habitat, animals experience concurrent or subsequent changes of several

different environmental factors. These signals interact on the reproductive axis to modify the

duration of the breeding season and the success of reproduction at that time. The principal

interaction of importance is probably that between feed supply and temperature, because a

decrease in temperature greatly increases the thermoregulatory requirements of an animal,

particularly a small mammal. There is also increasing evidence for an ability of temperature to

alter the response to a given photoperiod. On occasion, the environment may provide

conflicting signals; for example, when a late spring occurs with a photoperiod stimulatory to

LD breeders, but with low temperatures and poor feed availability, which would tend to delay

the initiation of reproduction. In such situations, it would be beneficial to the animal were it

able to receive and interpret all available signals and calculate the risks of breeding.

Animals which could assess and respond to variation in a number of variables might be

expected to be small, opportunistic breeders in unpredictable environments. They would have

less to lose if production at that time was limited than large species who invest their

reproductive effort for the season in one small litter, and who are often cuing conception for a

birth several months later, which may be less affected by the immediate conditions.

Numerous trials have indicated an interactive effect of photoperiodic and nutritional effects on

such animals, usually demonstrating an ability of poor nutrition to exacerbate effects on

reproduction of an inhibitory photoperiod, and additive effects of good nutrition and

stimulatory photoperiods (eg Microtus montanus: Pinter and Negus, 1965; Microtus agrestis:

Spears and Clarke,I987a). In the laboratory rat, there is an interesting interaction between

photoperiodic and nutritional signals in that the laboratory rat can be rendered photoresponsive

through underfeeding (Blask et al, 1980).

Low temperatures can potentiate the effects of short daylengths on reproduction in hamsters

(Desjardins et al, l97l) and in prairie voles (Nelson et al, 1989). A number of trials have

investigated the combined effects of photoperiod, nutrition and temperature on reproduction of

small mammals. In bush rats (Rattus fuscipes), it appears that a switch from LD to SD, a

reduction in the protein content of feed and a decrease in ambient temperature are required in

captive animals to mimic the total testicular regression found in wild individuals during the

non-breeding season (Irby et al, 1984). Bodyweight is affected by photoperiod and/or

temperature, because captive rats maintained outside under cover on an ad libitum diet

experience a decline in bodyweight in autumn and winter (Stewart and Barnett, 1983). The

weight of carcass lipid and of brown adipose tissue increased in winter, providing improved

capacity for nonshivering thermogenesis, but heart weights decreased and it was concluded

that the decline in bodyweight was due to a decrease in body protein. V/ild mice differ from

many other small mammals in that their reproductive processes do not appear to respond to
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alterations in daylengths, but are markedly inhibited by reductions in temperature and by

decreases in feed quality (Pryor and Bronson, 1981;Hansen et al, 1983).

Differences between species occur because of their differing ecological strategies. Dark et al

(1983) proposed that meadow voles experience a decrease in bodyweight in winter to allow

them to reduce their energy requirements. Their actual caloric intake per gm bodyweight is

comparable in SD and LD, but they have reduced foraging ability and reduced energy for

thermoregulation. Bush rats appear to lose weight in the winter by a reduction of skeletal

muscle (Stewart and Barnett, 1983) which is related to a reduction in foraging activity,

presumably because of the lack of search for a mate (Robinson, 1987). Hamsters, on the other

hand, seem to require body reserves to help them through the SD of winter in hibernation

(Pevet, 1988). These animals have evolved specific metabolic processes to enable them to

adapt to cold climates.

In large Ktype species, interactive effects of photoperiod and nutrition may also occur because

in large species of wild animals, circannual rythms in metabolic storage can be controlled by

photoperiod (Suttie et al,l99l; Lincoln,1992), and growth rates of lambs can be higher in LD

than in SD (Forbes et al, 1974).

In summary, under natural conditions an animal perceives multiple simultaneous signals from

its environment and the ultimate reproductive response is dependent upon the reproductive

strategy of the animal. Small mammals tend to lose weight during the winter months unless

they have hibernatory requirements, and large mammals may also lose weight at this time. This

weight change is associated with complex metabolic changes involving differential energy

partitioning and metabolism. Alterations in metabolic processing involve a number of

endocrinological systems including the effects of growth hormone and growth factors, and at

least some of these effects are mediated by melatonin.

Hypothesis: is melatonin a neuroendocrine transducer of multiple environmental signals?

The preceding literature illustrated the complexity of the control of seasonal reproduction by

environmental factors. Diverse factors interact with different effects in different species

depending upon the reproductive strategy of that species which in turn is often an adaptive

response of that species to its environment. The reproductive response to a combination of

environmental cues is likely to be a holistic event with the participation and integration of

responses from many different physiological systems, but it is conceivable that there is a

common signal which combines and converts information regarding the environment into

physiological stimuli. The indications of a role for an integrating system suggest that several

cues could be translated into an on / off signal to the reproductive system. In this way, effects

of combinations of cues on reproduction may be synergistic and not merely additive.
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The secretion of melatonin from the pineal is well established as being the major endocrine

signal conveying photoperiodic information and the literature provides strong evidence in

support of a role for melatonin in the transduction of other signals, especially nutrition. In this

thesis it was postulated that the pineal may act as a neuroendocrine transducer of multþle

environmental signals. This hypothesis was tested whilst investigating the seasonality of

reproduction in the Australian bush rat, Rattus fuscipes greyi. Aspects of the interactions

discovered between pineal function and nutrition were further explored in the well established

models of the laboratory rat and the sheep.
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CHAPTER 2

REPRODUCTIVE ECOLOGY OF THE BUSH RAT (Rattus fuscipes)
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INTRODUCTION

The bush rut (Rattus fuscipes greyi) was selected as the principal species in which to

investigate aspects of seasonal reproduction in this study. Most importantly, this animal was a

well established seasonal breeder (Taylor, 1961; Wheeler, 1970; 'Wood, l97I; Taylor and

Horner, 1973;Irby etal, 1984;Press, 1987; Robinson, 1987). Itwasknowntorespondtoa

variety of environmental stimuli (Irby et al, 1984), live in diverse wild habitats, and vary in its

seasonality, thus displaying some opportunism. This animal was a relatively common species

native to the region, and colonies had been successfully established and in some cases

maintained for several years (Taylor; 1961; Taylor and Horner, 1973; M. Mahoney, personal

communication; D. Kennaway, unpublished results). In addition, the bush rat was congeneric

with the laboratory rat. Much of the present knowledge of the endocrinology of the laboratory

rat might therefore be extrapolated cautiously to define possible mechanisms of reproduction in

the bush rat. The investigation of the seasonality of reproduction in the bush rat would,

however, be more ecologically meaningful because it is a known seasonal breeder.

The only eutherian mammals native to Australia are the bats, dugongs and rodents. Within the

rodent family are seven native Australian Rattus spp., including the bush rat, Rattus fuscipes.

These species are believed to have evolved from one or two common ancestors which arrived

in the Australia-New Guinea region less than a million years ago. In addition there are two

species of introduced rats in Australia, Rattus rattus, the black rat, and Rattus norvegicus, the

brown rat. The former has extended into bush but the latter is largely confined to homesteads

(V/atts and Aslin, 1981).

Rattus fuscipes is not an endangered species, but like other native animals in Australia it has

been forced into smaller areas because of loss of habitat and it is now a protected species. Its

range extends from southwestern Western Australia to Cape York in Queensland. R. f.
assimilis, the subspecies found east and north of Portland, Victoria, has been the most

extensively studied (Taylor, 1961;Wood, l91I; Stewart and Barnett, 1983; Irby et al, 1984;

Cheal, 1987; Press, 1987; Robinson,l987; McDonald et al, 1988). Relatively little data has

been published on the subspecies found locally, R. f. greyi, which ranges from the Eyre

Peninsula of South Australia to Portland, Victoria, on the mainland, and also inhabits some of

the islands off the South Australian coast (Fig. 2-1). Most of the information about the

reproductive seasonality of this sub-species comes from an extensive study by Wheeler (1970)

on R. /. greyi on Kangaroo Island off the south coast of South Australia. However, this island

population may differ from mainland populations. Kangaroo Island provides a unique

vegetative habitat because of its longstanding geographical isolation (20,000 years) allowing

creative evolution, and, more significantly, its freedom from rabbits. In addition the island is

free of foxes, thus the pattern of predation is different from the mainland.
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lig.2-lz Distribution of the various sub species of Rattus fuscipes around Australia. The

local sub species, Rattus fuscipes greyi, is found from the Eyre Peninsula, South Australia, to

Portland, Victoria, on the mainland, and on islands off South Australia.
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Plate L: (Top) Rattus fuscipes greyi, the Australian bush rat, in captivity

(Bottom) R. fuscipes greyi in its native habitat in Scott Creek

Conservation Park.





Within its range, Rattus fuscipes is widely distributed, usually at low density, depending on

vegetation density, soil type, moisture and invertebrate population (Warneke, l91l). It is a

ground dwelling rat which usually lives in habitats providing dense undercover, preferring

forested areas near streams with ample ground cover and opportunity to burrow (Taylor,

1961). It is terrestrial, nocturnal, omnivorous and lives in nest burrows in sheltered sites. The

diet consists mostly of seeds, roots, tubers, vegetation and insects, and varies opportunistically

with habitat (Finlayson, 1960).

The bush rat is a true rat and its reproductive biology is thus similar to that of the laboratory

rat. The female is polyoestrous, with 10 nipples and an ovulation rate in the wild ranging from

2-6 (V/arneke, 1971). Delayed implantation of 6-10 days may occur but gestation normally

lasts for 22-24 days (Taylor, 1961; Warneke, l91l). There is a post partum oestrus and

lactation extends into the fourth week after parturition (Taylor, 1961). In the laboratory,

vaginal perforation is attained at 35-57 days, with oestrous cycles 3-6 days in length initiating

14-22 days later, but the first litter is generally not born until 135 days of age (Warneke, l97I).

Puberty in males occurs at approximately 77 days of age (Taylor and Horner, l97l) but litters

are first sired at about 120 days ('Warneke, l97l).

Unlike the laboratory rat, the bush rat is a seasonal breeder, usually breeding only in the long

days of spring and summer, although populations differ as to the length and timing of the

breeding season. In some areas, breeding activity in R. I assimilis has been observed to occur

throughout the year, but with a peak of breeding activity in the summer (Taylor, 1961; V/ood,

lglD.In other populations, well defined breeding seasons have been observed (September-

February, Taylor and Horner, 1973; November-March, Press, 1987; November-January,

Robinson,. 1987). Comparative studies of native Rattus spp. in the wild indicated that the

breeding seasons of sub species differ (Taylor and Horner, 1973), although some of the

differences observed may have been due to the different localities from which the populations

were derived. In the laboratory less variation between species was apparent. Wheeler (1970)

recorded breeding activity in Ã. / greyi on Kangaroo Island from late October to March or

April. The timing of the breeding season was shown to vary between years in populations

studied during consecutive years (Wheeler, 1970; Wood,l9'71 Taylor and Horner,7973).

The stimuli which cue the onset and offset of breeding are unknown; they may be simply

quantity or quality of food supply, but could be particular plant species, or climatic changes

such as photoperiod or temperature. It is probable that seasonal variation in nutrition

accounts for some of the seasonality of reproduction. It has been proposed that seasonal

variations in the quality rather than in the quantity of the diet are important (Wheeler, 1970;

Irby et al, 1984). The diet of R. fuscipes changes throughout the year (\ù/heeler, 1970; 
'Watts,

1977; Cheal, 1981; Carron et al, 1990). Captive animals on ad libitum nutrition bred

throughout the year, but experimental reduction of the protein content of the diet alone did not

produce the full testicular regression seen in wild animals in the non-breeding season (Irby et

3l



al, 1984). In addition, captive colonies on ad libitum nutrition exposed to natural changes in

photoperiod still showed seasonal changes in bodyweight and locomotor activity (Stewart and

Barnett, 1983). R. fuscipes must therefore also be able to respond to non-nutritional signals.

Indeed, climatic factors have been proposed to control seasonality of reproduction directly as

well as indirectly via food supply (Taylor and Horner, 1973; Press, 1981; Robinson, 1987).

Robinson (1987) suggested that decreasing temperatures cause the cessation of the breeding

season in the autumn. Photoperiod has also been implied to serve a role in the control of

reproduction (Irby et al, 1984; Press, 1987). Press (1987) noted that reports of R. fuscipes n
the more northern latitudes of their range tend to indicate a less seasonal pattern of breeding

than that found further south. Irby et al (1934) showed that in a captive population changes of

photoperiod, nutrition and temperature were required to produce maximal testicular response.

In summary, there is considerable variation in the breeding season of R. fuscipes, depending

upon the food supply, temperature, photoperiod, latitude, climate, and genetic population.

There are also variations between years within a given population. Little information is

available on the local subspecies in South Australia, R.. f. greyi.

This study proposed to define the breeding season of rR. I greyi in Scott Creek Conservation

Park in the Mount Lofty Ranges. The population at Scott Creek Conservation Park was

chosen because it allowed comparison with our laboratory colony which was originally

founded from 30 individuals trapped at this location in 1988 and supplemented again by

additional animals from the same area trapped in January and February of 1990.

MATERIAL AND METHODS

Scott Creek Conservation Park in the Mount Lofty Ranges is located near Adelaide, South

Australia, latitude 35o 06' and longitude 138" 41'. We had previously identified this area as

having a high density of bush rats such that we consistently obtained trap rates of ovet 2OVo.

Initially, live trapping was carried out to obtain the 15 pairs of bush rats used to supplement

the laboratory colony at the University of Adelaide, and trapping was then continued at

intervals for the next 4 years in order to monitor seasonality of reproduction in the wild of the

population from which the colony was derived.

Habitat
The main study area consisted of approximately 0.3ha along the floor and lower slopes of the

gully formed by Mackreath Creek, which is a small creek which runs in every month of all but

the driest years (Fig. 2-2) (map grid reference: NoarlungaS9l I42).

The habitat was stringybark dry sclerophyll low woodland. Most of the area had an overstorey

dominated by Eucalyptus obliqua with dense undercover including bracken (Pteridium
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Fig. 2-22 Location of study area, showing approximate trapping grid and broad habitat

changes.
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esculentum) and Acrotriche fasciculiflora with some blackbenies (Rubus fructicosus) close to

the creek. Approximately 20Vo of the study area was dominated by Hakea rostrata and some

H. carinata with sparser undercover provided mostly by Isopogon ceratophyllus and grasses.

Near the creek the soil was friable with a high humous content, but on the steeper slopes

dominated by Hakea spp. the soil was sandier with a higher strew cover of rocks.

A complete vegetation survey was undertaken in the area in which most captures were made,

on the south facing slope close to the creek. The physical characteristics of this area. are

described in Table 2-l and all vegetative species and their life-form, abundance and life cycle

stage at the time of collection according to Muir's code (Table 2-2) are indicated in Table 2-3.

In addition samples of other vegetative species were collected from throughout the study area

and a species list was compiled for the entire area (Table 2-4). This list is not exhaustive and

does not include all grasses nor the numerous fungi of the area.

The area was home to a diverse fauna. No attempt'was made to identify arthropod species.

Reptiles including a range of scincoid lizards were often observed in the warrner months, and

snakes were known to exist in the area. Birds seen or heard which might impact upon small

mammalian species included the Tawny Frogmouth (Podargus strigoides), mopoke (Ninox

novaseelandiae) and kookaburua (Dacelo gigus). Fox (Vulpes vulpes) scats were seen and

both foxes and cats (Felix catus) had previously been observed in the area. Small mammalian

species known to be within the area included Rattus fuscipes greyii, Isoodon obesulus

(Southern Brown bandicoot) and Antechinus flavipes (yellow footed marsupial mouse); also

both Rattus rattus (black rat) and Mus musculzs (common house mouse), introduced species,

had previously been caught in the vicinity. Rattus lutreolus had previously been caught in

wetter areas of the park (R. Thomas, Mammal Club, personal communication). Diggings and

small burrows were often seen, and there were distinct runways through the undergrowth

which seemed to be used mainly by bandicoots

Trapping methods

Catch and release trapping was undertaken. In view of the changes in the breeding season

between successive years recorded in other populations (Wheeler, 1970; Wood, l97l; Taylor

and Horner,1973), it had been planned to monitor the population for three consecutive yoars,

initially identifying periods of interest when more frequent trapping could be carried out in

successive years. However, this was not possible. Trapping was undertaken in the beginning

of 1990 and then at 3 monthly intervals for one year and at irregular intervals thereafter due

to an unexpected and dramatic decline in the numbers of bush rats in the area. Later

expeditions revealed that the population had increased somewhat by June 1993 and regular

monthly trapping was then undertaken from June to September to more closely identify

changes occurring during the transition from the non-breeding to the breeding season.
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On each trapping occasion approxinmately 75 aluminium traps (Elliott Scientific, Upwey,

Victoria) (33cmx10cm xgcm) were set in an approximate grid, with four traps set at 10m

intervals in a north to south line on the slope on the northern side of the creek and

perpendicular to it, and with approximately 12.5m between each line of four traps. Traps were

placed near burrows or small runways and in dense undergrowth where possible. Traps were

set for a week on the initial expedition in January 1991, and thereafter for 2-4 days on each

occasion. The number of trap nights was calculated as the product of the number of traps set

by the number of nights, and trap rates were calculated as the percentage of occupied trap

nights. The bait used was a mixture of rolled oats, peanut butter and honey.

Traps were inspected soon after sunrise. Animals caught were identified, weighed, sexed, and

the reproductive status noted. The testes of males were classified as descended (scrotal) or

abdominal, and if they were scrotal, length and width were measured using a pair of calipers.

Testicular index (TI) was then calculated using the formula:

TI = Testes Width (mm) x Testes Length (mm)

Bodyweight (g)

Females were classified as having perforate or non perforate vaginas and, if the former, were

palpated for pregnancy and examined for evidence of lactation. Vaginal smears were then

taken to determine stage of the oestrous cycle. All bush rats were classified according to

bodyweight into age groups of juvenile, sub-adult or adult (males: <55g, 55-909, >909;

females <55g, 55-809 >80g respectively) and tagged in the ear with fingerling tags (National

Band and Tag Co. Ltd., USA).

During anoestrous periods (winter), a total of 6 males (3 in June 1991,3 in June 1993) with

abdominal testes were brought back to the laboratory, sacrificed and dissected. Their

reproductive organs were weighed and epidydimal smears were examined for the presence of

mature spermatozoa. In June 1993, an additional 2 males in non breeding condition were

collected. They were then subjected to stimulatory environmental conditions to determine

whether or not they were capable of responding with an increase in testes size and TI. In the

laboratory they were placed in cages on ad libitum seed and rat chow with occasional apple

and with sawdust and meadow hay for bedding, under a 14L:10D photoperiod and in a

constant temperature of 23"C. Bodyweights and testicular parameters were measured at

intervals until September when they were released again into the wild.

Photoperiod, rainfall and temperature data were obtained from the Bureau of Meterology,

Adelaide. Temperature measurements were taken at the Mount Barker weather station and

rainfall data was obtained from the Cherry Gardens weather station. Weather conditions and

the phase of the moon were recorded on each trapping occasion.
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Table 2-L: Physical characteristics of vegetation survey site in the Mackreath Creek area of

Scott Creek Conservation Park.

Landform element Hill footslope

Site slope 150

Site aspect 1800 N

Surface strew size Boulder >250mm

Surface strew cover <27o

Surface strew lithology Sandstone

Year of last fire <1986

Bare earth cover 2Vo

Litter cover 8O7o

Soil type Clay loam sandy (30-357o clay)

Canopy type 5OVo

Structural code(according

to Muir's code)

LNJ
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Plate 2z The habitat of Rattus fuscipes in Scott Creek Conservation Park was stringybark dry

sclerophyll low woodland with a dense understorey.





Table 2-2: Muir's code for vegetation Association clescription

VËG ETATION ASSOCIATION DESC R I PTION
MUIR'S CODË

Llfe forrn¡helght class canopycover O
d

0ense

70 - 100% cMid Dense

30 - 70%

Sparse

10 .30% r
Very Sparse

1 -'10p,6

T Træs > 30nl

M Treæ 15.30m

LA Trees 5 - 15 rn

LB Træs <5 m

Dense tåll lorest

Denæ foresl

Dcnse bw forest A

Denso low forest B

Tall iorast

Foresl

Low forcst A

Low lorest B

Tallwoodland

Woodland

Low wocdland A

Low woodland D

0æn tail wcqjtand

Opon wodtand

ôpen Low woodlard A

Open Low woodtand B

Kl Mall¿e træ lornr (>3ar)

KS Mallea shrub lorn{<3m)

Õenss tlco rnallæ

Dense shrub rnaflæ

Tree nnllæ

Shrub mallæ

Opn lræ nultæ

Open sluub mallæ

Very opn tree rnallee

Veryopen sirub nrallee

S shrubs >?m

S¡\ Shrubs 1.5 ^ 2.0 m

SB shrubs I - 1.5 m

SC shrubs 0.5 - 1,0m

SD Shrubs 0.0.S m

Denæ Thicket

Denæ hcath A

funso hea{h B

Denæ low l¡eath C

Denæ þw hoadr D

Thicket

Healh A

Heath B

Low heath C

Low heath D

Ssub

Low scrub A

Low scrub B

Dwarl s¿rub C

Dwarf Scrub D

Open scrvb

Opcn iow scrub A

Oprr lowærub I
Open dwarlscrub C

Open dwarf scrub 0

P Mat plant{singte ptant)

H llurnnrock gras

GT Bunú grass >O,Sm

GL Bunctr gras <0.Sm

J Hertacæus spp,

Denæ nral pfants

Dcnse hunrnæk græs

Dcnse tall graæ

Oensc low grass

Denæ herbs

Matplants

Mid denschu rr.nnck grass

Tallgras

Low gras

Heús

op€n fil.stplants

llurulæk grass

Opn lallgrass

Open low gras

Open herbs

Very opn fiut ptants

0¡æn hunwnd< graæ

Very open lallgras

Very opn low gras

Very opn herbs

W Sedges >0.Sm

VL Scdges <0,5m

V Vine{Þrlncrs)

Ml l,,lislleioes

Dense lållsedges

Dcnæ low æd3æ

Dense vines

Dcnæ l/istteloes

Tall sedges

Low ædges

Vines

Ñlislletoes

0æn tafl æd0æ

Open low scftos

Opcn lines

Open Mistlctæs

Very open tatlseecs

Very opcn low sedqes

Very open vines

Very open l',{ísttetæs

X Fems

M0 Mûsses, livenvort

Ll Liáons

Oenæ fems

Dcnsa l',fosæs

0ensa lidrens

Forns

l'loscs

Lidrens

Open ferns

Opn Mosses

Opon Lichens

Very opn fems

Very open nrsses

Very open lbhens

COVËHiABUNDANCE SCALË
(Adapted from Braun.glanquet Systenì)
The lollowing scale 0lcover/abundanæ is to be used
R solitâry ptant

T - sparsoty present; ærcr small(tess ttran S%).

1 - plentifuf, butof small cover (tess üran 5%).
2 - any numbcr of hdviduats covering S - ZS%o[ llìe area
3 any number of hdviduais ævering 25 - b}%of tho area
o anf number of indvíduals ævoring & _ lla/"ol llm arca
5 ævering moro dran 75% of lhe area.

LrFE cYCLE(S)
$d - Secdling, (B) Budding,

F Flowering,

S - Fruiting/slrcdding,

Sp - Sìrcd,

V . Vsgelatjve,

Re - Regeneatìng - vegctativo,

D .Dead



Table 2-3: Species of vegetation identified in the survey site in the Mackreath Creek area of

Scott Creek Conservation Park, and their relative cover abundance, life form and life cycle

stage at the time of collection according to Muir's code.

Species Common name Cover

abundance

Life form Life cycle

Adiantum øethiopicum common maiden harr

fern

T X V

Acacia pycnantha solden wattle 2 LB F

Acrotriche fasc iculoflora pink ground berry 2 SC F

Banksia marginata silver banksia 2 LB S

Caesia calliantha blue srass-lily T J F

Cassytha elabella snotty gobble T V V

Chry s anth em o id e s monilife r a boneseed 1 SA F

Dianella revoluta black-anther flax-lily T VT F

Epacris impressa common heath 1 SB F

Erica arborea tree heath T SB F

Eucalyptus obliqua Messmate stringybark J LA S

Exoc arpus cupres s iþrmis native cherry T LA S

Gonocarpus tetragynus common raspwort T J V

Grass l 2 J V

Grass 2 2 J V

Hakea rostrata beaked hakea T SB F

Le p ido s p e rma s emit e re s wire rapier-sedge T VT V

Le pt o s p e rmum c ontinentale prickly tea tree 1 SA S

P I aty I o b ium ob t u s an g uI um common flatpea T SD F

Pteridium esculentum bracken a
J SB V

Pultenaea daphnoides native broom I SB F

S py ridium p artt ifolium dusty Miller T SC F

Stackhous ia as peric oc ca candles T J F

Tetratheca pilosa black eyed Susan T SC F

Xanthorrhoe a s emiplana grass tree 1 SB v
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Table 2-4: Species of vegetation identified throughout the study area. This list is not

exhaustive but includes all major species.

Adiantum aethiopicum common maidenhair fern

Acacia myrtifolia myrtle wattle

Acacia pycnantha solden wattle

Acacia retinoides swamp wattle

Acacia verticillata prickly moses

Acrotriche fas ciculoflora pink ground berry

Allocasuarina striata small bull oak

Astroloma c ono stephioide s flame heath

Astroloma humifusum cranberry heath

Banksia marginata silver banksia

Boronia caerulescens blue boronia

Caesia calliantha blue grasslily

Cassytha glabella snotty sobble

Cassytha pubescens Downy dodder laurel

C hry s ant he mo ide s mo nil ife ra boneseed

Correa reflexa native fuchsia

Daviesia ulcifolia gorse bitter pea

Dianella revoluta black-anther flax-lily

Drosera macrantha climbing sundew

Drosera whiteakeri scented sundew

Epacris impressa common heath

Erica arborea tree heath

Eucalyptus obliqua Messmate stringybark

Exocarpus cupre s siformis native cherry

Gonocarpus tetraRynus common raspwort

Grass l
Grass 2

Gr ev ille a lav andulac e a v ar. Iav andulac e a lavender grevillea

Hakea carinata hakea

Hakea rostrata beaked hakea

Hardenbersia violacea native lilac

H e li c hry s um ap i c ul at um common everlasting

Hibbertia riparia erect guinea flower

I s op o R on c e r ato phy llus prickly cone heath

Ixodia achillaeoides hills daisy

Le p ido s p e rma s emit e re s wire rapier-sedge

Lepto s p e rmum c ontinentale prickly tea tree
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Leucopogon virgatus common bearded heath

Oxalis purpurea one o'clock

Pimelea glauca slender riceflower

P lanlob ium obtus an R ulum common flatpea

Pteridium esculentum bracken

Pultenaea daphnoides native broom

Rubus fructicosus blackberry

Spyridium parvifolium dusty miller

Stackhousia asp ericoc ca candles

Tetratheca pilosa black eyed Susan

Xanthorrho e a s emiplana grass tree
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Plate 3: The upper slopes of Mackreath gully in the study area were sandier and rockier and

more sparsely vegetated, typically with Xanthorrhoea semiplarza as shown here.





Plate 4-: Photograph of site of vegetation survey in the study area. This area was dominated

by ar overstorey of Eucalyptus obliqua over a dense understorey consisting principally of

Pteridium esculentum, Acrotriche fasciculoflora, Acacia spp. and banksia marginata.

Numerous captures of Rattus fuscipes and Antechinus flavip¿s were made in this type of

vegetation.
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Plate 5-: Photograph of region of study area dominated by Hakea rostrata with a sparse

understorey of Isopogon ceratophyllum and grasses. Few animals were trapped in this type of

vegetation.





Table 2-5: Number of trap nights, total and bush rat trap rates and available trap rates and percentage of bush rats that had previously been trapped. The number of trap

nights was the product of the number of traps set and the number of nights of trapping; trap rate was calculated as the percentage of traps occupied by an animal; and

available trap rate was the percentage of traps found open with bait left or occupied that had an animal in them. A dash indicates that the measurement was not taken.

Sept'93

r46

t3

11

28

24

88

Aug'93

150

19

I6

38

JJ

13

.IuIv'93

148

8

5

I4

8

40

.Iune'93

1t2

24

t2

47

25

0

Sent'92

t32

4

1.5

11

4

100

Anr'92

75

24

t]
62

59

11

Dec'91

150

10

7

18

12

89

Seot'9L

1s0

11

9

16

73

22

Jun'91

224

30

2l

83

Apr'91

r46

43

36

t3

Feb'91

150

47

34

0

Nov'90

742

28

25

Aue'90

198

30

tl

Jan'90

180

30

20

Number of trap nights

Total trap rate Vo

Trap rate ofbush rats %

Total available trap rate

Vo

Available trap rate of

bush rats 7o

% bush rats previously

trapped
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Plate 6: Rattus fuscipes was trapped using a bait made from peanut paste, honey and rolled

oats placed in aluminium boxes with a spring door (Elliott traps). Traps were set in an

approximate grid and were placed under cover in runways or near burrows where possible.
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Sept'93

1

2

I

6

1

0

5

0

Aug'93

0

1

5

9

5

0

3

I

Jul'93

0

0

5

4

2

0

1

1

Jun'93

0

0

4

7

0

0

1

0

Sept'92

0

0

1

Sept'91

6

J

1

2

11

2

J

0

Jun'91

0

1

16

18

2

2

11

J

Apr '91

0

0

18

22

0

9

11

2

Feb'91

1

1

t2

Nov'90

4

4

4

71

1

2

l3

1

Aus'90

0

n
9

r6

6

2

5

3

.Ian'90

2

J

15

Lactating

Pregnant

Neither

Smears: total

oestrous

metoestrous

dioestrous

proestrous

Table 2-6: Reproductive status of females as indicated by numbers of lactating and pregnant and neither lactating nor pregnant perforate females and classifìcation of

sme¿ìrs. A dash indicates that no measurements were taken.
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Table 2-7: Climatic and astrological conditions during trapping. Good weather indicates dry with moderate temperature; wet indicates extensive rain during night and

collection. Day of moon phase starts on the new moon so that day 1 represents the new moon, day 8 half moon waxing, day 15 full moon., and day 22 half moon

waning.

Sept'93

Fine

then

very

wet

¿-3

Aug'93
'W'arm,

dry

4-5

Jul'93

Wet,

mild

73-r4

Jun'93

Cold,

dry

8-10

Sept'92

Wet,

cool

73-r4

Aprr'92

Wet,

cool

2-3

Dec'91

Mild

r-2

Sept'91

Extremely

wet

t4-15

Jun'91

very

wet,

cold

t7-19

Apr'91

Wet,

cool

29-7

Feb'91

Warm

26-27

Nov '91

Hot, dry

t4-t6

Aug'91

Warm,

dry

7-8

Jan'91

Hot,

dry

9-tr

Weather

Moon phase

(day ofcycle)

4l



RESULTS

Trap rates

Rattus fiiscípes greyi was the species which was most frequently encountered, although high

numbers of Antechinus flavÌpes were also trapped on most occasions (Fig. 2-3). The southern

brown bandicoot (Isoodon obesulus) was trapped sporadically throughout the study; only

young individuals of this species could fit into the traps. However, bandicoots were often sited

when traps were being set, and their diggings and hurnels through the undergrowth were

always in evidence, showing that a healthy population existed. This population was the focus

of aaother study (4. Herbert, personal communication). Introduced rodents, Rattus rattus

and Mus musculus, were only occasionally trapped.

'When the study area was originally investigated, there was an extremely high density of small

mammals, leading to total trap rates of 28-43% over the first L8 months of the study (Table 2-

5). During this period there were higher numbers of animals traþped in spring and summer

than in winter. In September 1991, the trap rate dropped to 7I7o, and although it was higher

in April 1.992, by September 1992 it had further declined to 4.570. During these lattèr

trapping sessions from September 1991, it was observed that a large number of traps had been

sprung or had been robbed of bait a¡d so from that occasion the trap rate of available traps

(occupied traps plus traps found open with bait) was also calculated. However, available trap

rates were still lower than in the previous sessions with the exception of the ApnI 1992

expedition. Trapping was discontinued because of the low numbers trapped until June 7993.

At that time, although actual numbers caught were not as high as in 1990-1,991, high available

trap rates suggested that the population of small mammals had increased again. Trapping was

then undertaken monthly until September 1993 with high available trap rates except in July

1993. A similar pattern in each year was seen in the trapping of A. flavípes, although fewer

were caught than R. fiiscipes and the numbers of A- flavipes tended to decline sooner within

each year than those of. R. fuscipes.

Sex and age

The total number of individual females: males trapped was 158:l.L7.The number of females

caught exceeded the number of males on most occasions (FLg 2-4. This difference was

greatest in February 199L and June 1991; in February this appeared to be due to a greater

number of female juveniles (Fig 2-5) . Exceptions to this noûn occwred in April 1992 and on 3

out of 4 occasions in 1993.

Across both sexes, juvenile individuals were not trapped until November after the winter of

7990, but then were nunerous throughout the strnmer, comprising up to 65Vo of the females

caught in February 1991 (Figs.2-5 and2-6). By the end of the summer, the population

consisted mostly of adult or subadult animals, with only one juvenile trapped in April 1997, and

none in June 1991. Over the summer of 1991-1992, juveniles were trapped from the
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Fig. 2-3: The total number of animals of each species trapped on each trapping occasion.
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Fig. 2-42 The number of individual male and female bush rats trapped on each trapping

occasion.
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Fig. 2-5: The age distribution of all individual female bush rats trapped on each trapping

occasion. Age was estimated by bodyweight such that adults were >80g, subadults were 55-

80g and juveniles were <55g.



N
um

be
r 

of
 in

di
vi

du
al

s

ct
)

È
1\

)
J

o 
1\

)
È

 
ct

)
@

1 
99

0 
Ja

n

M
ar

M
ay

Ju
l

S
ep

t

=o ¿ ¿

N
ov

19
91

 J
an

M
ar

M
ay

Ju
l

S
ep

t

N
ov

1 
99

2 
Ja

n

M
ar

M
ay

Ju
l

S
ep

t

N
ov

19
93

 J
an

M
ar

M
ay

Ju
l

S
ep

t

IIT c-
ur

>
E

E
ã. g 
g=

o)
=



Fig. 2-62 The age distribution of all individual male bush rats trapped on each trapping

occasion. Age was estimated by bodyweight such that adults were >90g, subadults 55-909 and

juveniles were <55g.
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December session to the April session. Trapping was not conducted over the summer of 1992-

1993 because of the extremely low numbers caught in sessions in winter and spring 1992.

Reproduction

Males

The reproductive status of males as determined by whether the testes were descended or

abdominal, and the length of testes and the testicular index are shown in Fig 2-7. Testicular

status was shown in a previous study to be a good correlate with fertility, with 92 Vo of male

bush rats with testes descended being fertile and 947o of males with abdominal testes being

infertile (Vy'arneke, l91l). Males with abdominal testes were gently palpated to ensure

temporary retraction of testes had not occurred, and the scrotal sac was usually observed to be

shrivelled and light in colour in these animals. This parameter was therefore considered to

provide a gross indication of the reproductive activity of males. During the spring and summer

trapping sessions (November to March 1991, discrete sessions in spring and summer 1992 and

from late July 1993), all adult males had descended testes, but from late summer through

autumn to early winter (February-April 1991, April 1992 and June 1993) some adult males

with abdominal testes were caught. Adult males which had descended testes and thus

appeared to be in breeding condition were trapped throughout the year, with at least one such

male identified in the winters of 1990, 1991 and 1992. Only in June in the winter of 1993 did

all males have abdominal testes. Only on one summer trapping occasion was a non juvenile

trapped with abdominal testes (December, l99I). Juveniles with abdominal testes were

trapped in summer when still prepubertal. These data indicate that male reproduction was

seasonal but that some males appeared to retain breeding ability in three out of the four winters

studied.

Testes length of males with descended testes varied greatly across trapping occasions, although

this was partly because of the variation in age and bodyweight of the males. The calculation of

testicular index accounted for this variation by providing a measure of testicular size relative

to bodyweight, and provided a more refined estimate of the extent of fertility than classification

of testes merely as descended or abdominal. Differences in testicular index were observed

across trapping occasions (Fig 2-8), with lower values exhibited during winter (April to June)

in each year and variation in the minimum value between years. The testicular index was high

in November 1990 and February 1991, decreased to reach a minimum in April 1991 and June

1997, and increased rapidly to September 1991 with a maximum in December 1991. The

minimum index recorded in 1991, in April, was larger than the minimum in 1990, in March. In

1993 there was little difference in index from July to September, but the July index was derived

from only one animal. It should be noted that values for the winter months are derived from a

very few males because not many males had descended testes at that time. The winter indices

presented are therefore typical of males that were at least partly reproductively capable during

the non- breeding season and are not representative of all males.

43



Fig. 2-72 Bodyweight distribution of individual male bush rats trapped on each trapping

occasion. Bodyweights fall into loose groups corresponding to the age classes at each time.

Animals are identified as having scrotal or abdominal testes. During the breeding season only

very small animals had abdominal testes but during the non-breeding season most or all adults

also had abdominal testes.
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Fig. 2-8: The Testicular Index of all individual male bush rats with descended testes trapped on

each trapping occasion (mean + SEM). Testicular Index was calculated as:

Testes Length x Testes V/idth (mm)

Bodyweight (g).
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Due to the small size of the study area and to the sparcity of the population on many trapping

occasions, external measurements of testicular parameters were only corroborated by sacrifice

and dissection techniques on a few occasions. The weights of reproductive organs relative to

bodyweight of males from the field are shown Fig.2-9.In both June 1991 and June 1993 the

average relative weights of testes, seminal vesicles and prostates were greatly reduced

compared to organ weights from September 1993. The relative weight of adrenals was also

increased in the non breeding season. This technique thus confirmed the seasonality of

reproduction of the adult male bush rat.

The increases in testicular index of two males taken from the field during the non-breeding

season (June 1993) and transferred to controlled stimulatory environmental conditions are

shown in Fig 2-10. Testes descended within a week and testicular index increased rapidly to

attain near maximum values by August (5 weeks after introduction to the laboratory). By

August the testicular index of these animals exceeded that of animals in the wild and was

further advanced than that of wild animals even in September.

The age at which testes descended was also affected by season. Male bush rats from this

population can experience testicular descent at 50 g, but in mid winter males weighing 90g still

have abdominal testes (Fig 2-1). The effect of season on bodyweight at testicular descent

appeared to vary markedly between years with all males achieving descent during the winter,

by June, in 1991 but not until early spring, August, in 1993.

Females

The same female was rarely trapped on several successive days, precluding the tracking of

individual oestrous cycles, and data from oestrous smears were thus assessed by calculation of

the proportion of smears taken on each occasion which were clearly at each cycle stage. ff
animals were cycling normally, we would expect to find approximately 25Vo of smears at each

oestrous cycle stage, since mean oestrous cycle length in this species is 4.5 days (Warneke,

l97I). In general, smears contained a mixture of sparse cells with the presence of cellular

debris and were classified as dioestrous. On occasion, a distinctive proestrous or metoestrous

smear was recorded, and clear oestrous smears consisting only of cornified cells, albeit often in

low density, were quite frequently observed (Table 2-6).

There was some variation in the pattern of oestrous smears obtained throughout the year.

During the spring and summer months, most of the females exhibited dioestrous smears with

the occasional oestrous smear apparent. In mid winter almost all females still exhibited

dioestrous smears; in June 1993 this was the only type of smear seen, but in June l99l 2

animals (llvo) were in oestrus. In April l99l it was interesting to find a high proportion

(4l%o) of smears typifying a dense leucocytic invasion of the vagina and classified as

metoestrous, although no females were observed to be in oestrus at this time. In very early
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Fig. 2-9: Relative weights of reproductive organs (mg/100g bodyweight) from adult male bush

rats trapped in the wild and immediately transported to the laboratory and dissected. Bush rats

collected during the breeding season were trapped in September 1993 (n=3) and those

collected during the non breeding season were trapped in June 1991 (n=3) and June 1993

(n=3).



ctì'õ

=Eo
¡l
cttoo
E)
Ê,

E
.9
c'

=(l)
.¿
so
É,

6000

s000

1 000

0

Testes Seminalvesicles Prostates Adrenals

June

Sept



Fig. 2-10: Change in Testicular Index over time of two adult male bush rats. These animals

were trapped during the non breeding season in June 1993 and brought back to the laboratory

and placed under a stimulatory photoperiod (14L:10D) and constant temperature (23'C) and

fed on seed, rat chow ad libitum and an occasional apple.
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spring (August I99l and August 1993) a high proportion (38Vo and 56Vo) of the females

trapped had oestrous smears.

Females observed to be pregnant were trapped mostly during the spring and summer months,

in January 1990, from August 1990 to February 1991, in September 1992 and from August to

September 1993 (Table 2-6). One pregnant female was also trapped in the winter of 1991

(June). The number of pregnant females recorded is likely to be an underestimate since it was

difficult to determine the early stages of pregnancy by palpation.

Lactating females were found in late spring and summer only. This evidence of breeding was

found in January 1990, from November 1990 to February 1991, in September 1991 and in

September 1993. The large numbers of perforate females trapped during the summers which

were neither pregnant nor lactating were mostly juvenile or young subadult animals which had

been born that season and were still prepubertal. Reproductive activity in the female was thus

strictly seasonal with the occurrence of pregnant females from August to February with the

exception of one individual in June, and with the observation of lactating females from

September to February. It seemed in the female that attempts to reproduce were made at

either end of the breeding season but mating only successfully led to the production of young

during the months of early September to late January.

The age at vaginal perforation was also affected by season. Females with non-perforated

vaginas were only trapped from late summer to early winter (Fig. 2-7). In the first summer

(February l99l), the age at vaginal perforation was about 50g although females weighing up

to 569 were still non-perforate. The age at vaginal perforation increased from February to

June 1991 with one non-perforate female weighing 70g recorded in June 1991, although

numbers caught were small. By the beginning of the next breeding season, all subadults and

adults from the previous season were perforate. No non-perforate females were trapped in

1992 or 1993, partly because of the timing of trapping sessions, although there was some

suggestion that females achieved perforation at a lower bodyweight over the summer of 1991-

1992 than 1990-l99L Seasonality of reproduction was therefore indicated by this stage of

sexual maturation, because although vaginal perforation did eventually occur during the non-

breeding season in females born at the end of the breeding season, the bodyweight at vaginal

perforation increased as summer drew to a close and winter set in.

Survival and mobility

Many of the tags were lost, probably because they caught in the dense undergrowth and ripped

out, so most individual animals could not be followed on successive trapping occasions.

However, even if the tag was lost it was evident from the holes in the ear whether or not an

animal had previously been tagged and despite the inegular trapping intervals the percentage of

animals trapped which had previously been trapped was recorded. This percentage tended to

be high during sunìmer and autumn but was low in the spring trapping sessions, suggesting that
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Fig. 2-11: Bodyweight distribution of individual female bush rats trapped on each trapping

occasion. Animals were identified as having a perforate or non-perforate vagina. Bodyweights

fall into loose groups corresponding to the age classes at each time. The bodyweight at vaginal

perforation increased towards the end of the breeding season.
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Fig.2-I2z The distance between two traps in which males and female bush rats were caught on

consecutive nights (mean + SEM).
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Fig. 2-13: Actual mean daily maximum and minimum environmental temperatures taken at

Mount Barker weather station in the Mount Lofty Ranges, and the average daily maximum and

minimum temperatures from all available data from that station since recording began in 1861.
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ßig.2-14: Actual monthly rainfall (mm) recorded at Chery Gardens weather station, Mount

Lofty Ranges and the mean monthly rainfall calculated from all available data from that station

for the period from 1899 to 1992.



R
ai

nf
al

l(m
m

)

o
t\)

È
cD

@
o

oo
oo

o
l\) o

@ o
ct

) o
È o

l\) o o
19

90
 J

an M
ar

M
ay Ju

l

S
ep

t

N
ov

19
91

 J
an M
ar

M
ay Ju

l

S
ep

t

= 3 
N

ov
J

1 
99

2 
Ja

n

M
ar

M
ay Ju

l

S
ep

t

N
ov

1 
99

3 
Ja

n

M
ar

M
ay Ju

l

S
ep

t

Þ I E Ð o, =
'

o) :

=(D Ð ¿ g. = !L



Fig. 2-L5: Photoperiod throughout the year in Adelaide, South Australia, varying from a

daylight minimum of t hrs 48 min on June 2l to amaximum of 14 hrs 31 min on December 21.

Photoperiod is calculated as the period between sunrise and sunset, thus there will be some

light for a longer duration of time every day in Adelaide. However, the sun rises and sets later

in a valley because of the surrounding hills, therefore the actual hours of daylight in the gully of

Mackreath Creek will be close to the values shown here.
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greatest loss of animals occurred during the winter. Exact mortality figures could not be

calculated because of the irregular frequency of trapping.

An estimate of the movements of individuals was made by calculating the minimum distance

between traps in which an animal was trapped on successive nights. The average values for

males and females on each occasion are shown (Fig.2-12). There was little difference between

males and females and at different times of the year, with no clear trend evident, largely

because the numbers of animals retrapped on successive nights were too low to give accurate

information.

Climatic and lunar conditions

The weather conditions varied between occasions, but were often very wet (Table 2-6). The

day of the lunar cycle also varied between trapping sessions (Table 2-7). Trapping was near a

full moon in November 1990, September 1991 and September 1992 and July 1993 although

there was heavy cloud cover on some of these occasions and not all trapping nights were clear

and bright. Average temperature (Fig. 2-I3) and rainfall (Fig. 2-I4) data are shown for

comparison with the actual variation experienced during the study, and the extent of

photoperiodic changes for the Adelaide region is illustrated (Fig. 2-15). Mean daily minimum

and maximum temperatures were similar in all years with less deviation from the average than

the total rainfall. However, the time of the decrease in temperature at the beginning of the

winter was approximately 2 months later in 7992 than 199I. Rainfall was similar in 1990 and

1991 with near average total rainfall but with the distribution concentrated in the winter

months. One year (1992) was very wet with extremely high rainfall in late spring and early

suÍìmer, and the beginning of 1993 was drier than usual.

DISCUSSION

Population density

The area initially provided a density of bush rats, as determined by trap rate success, greater

than that found by any other study. From January 1990 to June 1991 trap rate of bush rats

alone varied from l1 to 36Eo. Other studies have obtained trap rates of R. f. assimllls of only

2.3Vo(Taylor, 1961;'Warneke, l97l),or4.8Vo (TaylorandHorner,I9l3) andof R.f. greyiiof

only 5.6Vo even on Kangaroo Island (Taylor and Horner, 19'13), and have concluded that the

bush rat is sparsely distributed. The habitat of this study area must therefore be able to support

higher numbers of Rattus fuscipes than are normally found, and the population was presumably

subjected to relatively low levels of predation. It has been proposed that an important factor

supporting the healthy bandicoot population is the presence of an abundance of Acrotriche

fasciculiflora, a deîsely growing low shrub with a proliferation of fruits (David Paull, personal
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communication), This type of vegetation may also benefit other small animals. Predation was

eased by a programme of fox trapping caried out regularly by National Parks and Wildlife staff

(Dean Launer, personal communication).

The reason for the dramatic decline in trapping rate, which appeared to start in June 1991 and

extend to between September 1992 and June 1993, is unknown. Part of the decline in trap rate

can be explained by a decrease in available traps. In September I99I and September 1992,

many traps were observed to have been closed without an occupant, either with or without the

bait removed, or to have had the bait removed with the door of the trap left open. Reasons

considered for this springing of traps included heavy rain and wind, or thieving bandicoots. It
is probable that many of the traps were sprung by bandicoots, which can reach the bait in this

size of trap without having to fully enter the traps. Another study was initiated in the area

during the course of this study, to examine the bandicoot population, and it is possible that the

bandicoots became partial to the bait and'trap happy'. However, the number of available traps

was counted on each occasion and the trap rate in available traps was much lower than on

previous occasions until 1993, when although actual numbers caught were still low, high

available trap rates indicated that the population may have increased.

The decline in number of bush rats caught reflected either a dramatic increase in trap shyness,

or a decline in the population, or a movement to a different area. The first possibility may have

occurred due to extensive trapping because two studies were being carried out in the same

area. However, over the first year of the study there was an increase rather than a decline in

trap rate, and other catch and release studies have not reported a dramatic decline in trap rate

over time. The decline in trap rate is therefore unlikely to be due to trap shyness. Moon

phase is known to affect motility of small mammals (Clarke, 1983; Daly,1992; Kolb, 1992)

and it is possible that this affected trap rates on September 1991, September 1992 and July

7993, but low trap rates and full moon were not always associated. Possible reasons for the

decline or movement of the population include disturbance by trappers, arrival of a different

predator or increase in predator number, change in habitat possibly related to influx of weeds

or length of time after the last fire, decrease in available feed or shelter due to competition

with another species or severe climatic conditions.

Predator density was not monitored, but significant growth of weeds, particularly of boneseed

and blackberries, was observed during the study, and the density of bracken also increased to

the detriment of other ground cover plants. It is unlikely that weed influx caused the decline,

however, because of the population recovery in 1993. 'With regard to interspecies competition,

it was interesting to note that the population of Antechinus flavipes also declined, suggesting a

conìmon inhibitory factor, and there was no great increase in the number of introduced rats or

mice over time. There may have been changes in the bandicoot population.
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The decline in numbers trapped probably indicates enhanced seasonal dieback in 1991 followed

by low breeding rates in the summer of 1991-1992. Other authors found that numbers within a

population were highest in autumn and lowest in summer, probably because of high mortality

in winter caused by limited feed availability (Braithwaite and Lee, 1979). The higher relative

weights of adrenals in the non breeding season in this study are of interest as it has been seen

that an increase in the concentration of free corticosteroids due to an excessive adrenocortical

response to stress can suppress the immune and inflammatory responses and thus cause

increased susceptibility to disease (McDonald et al, 1988). The stress of a heavy parasite load

may also contribute to stress induced winter mortality. Bush rats often had heavy infestations

by mites and fleas.

The climatic factor causing enhanced die back in the winters of 1991 and 1992 is difficult to

identify. The average ambient temperature fell earlier after the summer in 1991, thus

prolonging the winter, and 1992 was exceptionally wet. There may have been a combination

of critical climatic factors which altered the growth patterns of a major vegetative or

invertebrate feed source. The populations of small mammals may undergo cyclical fluctuations

in response to complex environmental changes. Preferred reasons for decreased trapping rates

in this study are thus enhanced winter mortality, arrival of a rogue fox or cat, disturbance, or

an increase in the bandicoot population leading to competition for some aspect of habitat.

Sex ratio

The greater number of females than males trapped overall may reflect a greater propensity for

females to enter traps or the existence of a greater number of females in the area . A greater

propensity for females to enter traps could not be assessed within the design of this study, but

this is a possibility since males and females do have different territorial and motility behaviours

('Warneke, I97l). However, the differences between numbers of each sex were not consistent

and the higher numbers of females caught probably reflected actual numbers in the population.

Males born into the population may have dispersed to find less densely populated territories in

the breeding season, and may have been subject to higher mortality in the non-breeding season.

Wood (197l) trapped significantly more females than males in June because of an increased

mortality of males in winter. However, during the breeding season he caught larger numbers

of males than females, which was probably a reflection of the wider movements of males at this

time. Males do suffer more mortality than females after the breeding season (Wood, 1971;

Robinson, 1987), and a sex ratio slightly biased to the female has been observed in previous

studies. Warneke (191I) caught more females than males although the difference was not

significant (615:133). Another study trapped significantly more female than male Rattus

lutreolus (Braithwaite and Lee, 1979) whereas Press (1987) trapped significantly more males

than females at particular sites and Robinson (1987) concluded that there was more variation in

the number of males caught than females, which probably reflects the greater winter die off of

this sex.
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It has been proposed that varying the sex ratio of a population can provide that population

with more flexible strategies to make efficient use of available feed. For example, the increased

availability of a secondary plant compound which can stimulate reproduction in a variety of

species, 6-methoxybenzoxazolinone (6MBOA), has been shown to bias the sex ratio of young

weaned towards the female in Microtus montanus (Berger et al, 1987). Possibly the spring of

1990 was beneficial to the growth of young green sprouts which contained 6MBOA. If bush

rats are sensitive to the effects of this compound more females may have been weaned in that

year.

Age distribution

Methods which have been used to estimate age in native rats include tooth width (Press, 1987),

pes and snout length (Taylor, 1961), molar wear (Warneke, 1971) and bodyweight (Wood

lgll). However, length methods are not very reliable for use in live animals (Taylor, 1961;

Press, 1987). Since we wished to study one small population of animals throughout the study,

we could not kill animals caught on every occasion. Body weight is determined accurately and

easily in this species, and had been successfully used in the field (Wood, l9ll), and although it

has been said to be a reliable indicator of age only within the first month of life in this species

(Taylor, 196I) later observations in our captive colony confirmed that age and bodyweight

were highly correlated in both males and females (0.86 and 0.84 respectively). Estimate of age

by weight is not entirely accurate because changes in bodyweight may reflect changes in

nutrition or circannual rhythms as well as age. In the laboratory, adult females subjected to

protein restriction may lose sufficient weight to require reclassification as subadults using this

classification method. It is possible that the high numbers of animals in the mid-weight

classification in March and June indicate low bodyweight due to nutritional restrictions because

there is no evidence to suggest any young were born after February and animals in June would

therefore be four months old and adult in age. Bodyweights of wild R. fuscipes have been

shown to decrease in autumn because of a decrease in skeletal muscle (Stewart and Barnett,

1983). The increase in the proportion of surviving animals in the adult rather than subadult

class by September in both sexes may indicate an increase in available feed before that time.

Alternatively they may have been indicative of natural rhythms in bodyweight. Bodyweights of

captive animals in natural temperature and light but good nutrition also show seasonal

fluctuations and it may be that changes in weight are caused by a circannual rhythm as well as

being the result of a poor feed supply (Stewart and Barnett, 1983). There may in this study be

some movement of animals within a sex from adult to subadult classes, but it is extremely

unlikely that putative juveniles were in fact undernourished adults.

In this study, animals classified as juveniles were considered to be less than 1.5 months from

colony records of weight and growth. Other studies have classified juveniles as being less than

1.5 months (Taylor l96l),less than 1 month (Warneke, l9ll) or less than 50 days (Wood,

1971). Subadults during the breeding season before the period of low temperatures and poor
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feed quality were assumed to be less than 3 months old in this study. Females less than 80g

were not recorded as obviously pregnant, although in December l99I one was recorded as

lactating. These animals, although they may experience perforation of the vagina, thus do not

appear to breed during their year of birth. Other authors have also observed that although

subadults are capable of breeding in their first year, they normally do not do so until their

second year (Taylor,196l; 'Wood, I9ll).

There was a clear change in the age composition of the population throughout the year, with a

change from a high proportion of juveniles during the summer to a population consisting of

subadults and adults by spring and almost entirely of adults by the beginning of the next

breeding season in late spring and summer. There was a higher proportion of females than

males classified as subadult during the winter and early spriqg, and it may be that in fact

undernourished females close to 3 months of age weigh less than 80g. Therefore, although in

spring the population consisted mostly of adults, there were some putative subadults which

may have overwintered from the previous year. The average life span has been estimated to be

l2-I3 months because at 1 5 months worn molars are seen (Warneke, l9l l). At the end of the

suÍrmer of 1992, the population consisted mostly of subadult and juvenile animals, but after

the summer of 1991 a number of adults were trapped. The proportion of adult animals

surviving the winter and breeding in consecutive years may therefore vary. Previous studies

have shown that none or only a small proportion of the population breeds in more than one

year (Press, 1987 Robinson, 1987).

Juveniles were trapped almost exclusively in summer with the exception of one female in April

1991 and a few in April 1992. Assuming an age at trapping of juveniles of approximately one

month from laboratory records of bodyweight and growth, most young were born in December

and January although judging by these criteria there were births as early as October and as late

as March. Mean gestation length in this species is 22.8 days (Taylor, 1961), thus successful

breeding as evidenced by trapping of juveniles occurred at least from September and finished in

February-March. It is difficult to define the breeding season exactly because of the irregular

nature of the trapping from year to year, and it is risky to extrapolate across years because this

study and other studies have demonstrated variation in the timing of the breeding season

between years.

Reproductive activity of males

There was clear evidence of seasonal reproduction in males. Adult males with large descended

testes were trapped in spring and summer, and in winter testes were abdominal or regressed in

size in most animals, although in some winters individuals were observed to retain their testes

in the scrotal position. Reproductive activity of the male is thus largely confined to spring and

summer although some males may retain the capacity to breed throughout a mild winter.
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Successful breeding by males requires approximately 6 weeks for production and maturation of

spermatozoa. Pregnant females were found by August in two separate years, and lactating

females by September. Males thus received some cue to initiate reproduction by the late June

or the beginning of July. Indeed, the increase in testicular index between June and September

1991 and the high index in August 1992 showed that some males had already received some

stimulus to reproduction by this time. The 2 males that were removed from the wild in June

1993 and placed in putative stimulatory conditions (long day photoperiod, constant medium

temperature, ad libitumhigh quality feed) in the laboratory responded with immediate descent

of testes and a rapid increase in testicular index. Males are thus capable of responding to

stimulatory cues by June. It is difficult to determine whether these captured males responded

faster than males in the wild during that season because only one male was trapped in July, and

that male had large descended testes. However, by August, although males in the wild had

large testes, they were not maximal in size compared to other years and testicular index was

not as great as that of captured animals.

The changes in testicular index are only applicable to males with descended testes, which in

winter were the minority. Despite this, a pattern in index was still observed with a decrease in

winter. Actual changes in reproductive organ weights supported this evidence for decreases in

reproductive activity of males during this non breeding season. Relative testicular weight was

dramatically reduced in the putative non breeding seasons of two separate years. The organ

weight in September 1993 may not yet have been maximal for that breeding season and the

difference between breeding and non-breeding season may thus really have been even greater

than shown in Fig. 2-9. The population was not large enough to justify killing animals in every

month so unfortunately more detailled information could not be collected.

A proportion of males had descended testes in the winter of 1991 but their functional ability to

produce fertile spermatozoa and support successful breeding behaviour \¡/as not determined.

In our laboratory colony, all adult and most subadult males exhibit descended testes at all times

of the year, even under natural photoperiod and temperature conditions, but Taylor (1961)

reported that laboratory kept R. f. assimilis males had testes that appeared to move from

inguinal to scrotal from day to day. We defined testes as abdominal, however, only when

palpation of the lower abdominal region failed to move testes from the abdominal position. In

addition, the scrotal sac was visibly shrunken in males encountered during the non-breeding

season. Warneke (1911) calculated that the probability of male Rattus fuscipes assimilis with

scrotal testes being fertile was 92Vo, and the probability of males with abdominal testes being

infertile was 94Vo. It is therefore unlikely that males noted to have abdominal testes were

reproductively active, and it is possible that males with descended testes during the non

breeding season may have been capable of reproduction. Testicular regression was not entirely

synchronous in a population of R.l assimilis (Taylor and Horner, 1973) and this may partly

explain why some males in this study were found to be reproductively active at all times

throughout the year. These males were usually large and therefore adult males from the
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previous breeding season. The occurrence of descended testes in these individuals may

indicate a failure of the testes to regress after their first season, or genetic polymorphism within

the population such that a proportion of animals breeds opportunistically all year round.

Presumably the males caught when juveniles in November 1990 were the subadult and adult

animals caught in April and June 1991. If this is the case then puberty in those animals

occurred between those months ie at 6-8 months of age assuming an age of approximately I
month in November 1990. Puberty in the field in a population of Rattus fuscipes assimilis was

also estimated to occur at 6-8 months of age in males (Warneke, 191I).

In June 1991 all males had descended testes. This suggests that in this year the breeding

season was advanced and sexual maturation was initiated earlier. However, in June 1993 all

males had abdominal testes. There are thus obvious annual differences in the severity and

duration of the breeding season in male bush rats.

Other studies have examined the hormonal profile of Rattus fuscipes assimilis during the

breeding and non-breeding seasons. In the non-breeding season there are reduced

gonadotropins, and no androgen binding proteins (Hodgson et al, 19'79) together with low

levels of androgens, and reactivation of spermatogenesis is initiated with increasing serum

levels of FSH, LH and androgens (Kerr et al, 1980). The most detailed study available

documented increasing LH and FSH from the winter solstice to peak in spring (September),

followed by increasing testosterone to reach a peak in summer (Irby et aI,1984).

Seasonal endocrinological changes are accompanied by structural alterations of the testes. In

the non-breeding season there is a decrease in the diameter of the seminiferous tubules, and

Sertoli cells demonstrate a change in nuclear shape, decrease in nuclear area, accumulation of
lipid droplets, and a decrease in the smooth endoplasmic reticulum (Hodgson et al, 1979).
'With reactivation of spermatogenesis there is depletion of lipid inclusions from Sertoli cells,

enlargement of Leydig cells and disappearance of crystalloids (Kerr et al, 1980). The

formation of cytoplasmic lipid and crystalloid inclusions in inactive atrophied Leydig cells is

thought to occur because of transfer of vesicles to the cytoplasm, but whether these vesicles

contain stored metabolic products or steroidal precursors formed in association with alterations

to steroidogenesis is not clear (Kerr et al, 1986).

Reproductive activity of females

Examination of oestrous smears revealed that most females had dioestrous smears in summer

and winter but in early spring many had oestrous smears. Female rodents in anoestrous usually

exhibit dioestrous smears (Breed, I9l8), and it is proposed that the high proportion of
diestrous smears during winter is indicative of anoestrus. Pregnant and lactating animals may

also exhibit dioestrous type smears and it is proposed that in the summer most females were
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reproductively occupied by pregnancy or lactation. The high proportion of oestrous smears in

early spring (August) may indicate the initiation of oestrous cyclicity after the winter anoestrus.

Many studies have investigated the oestrous cycle of the laboratory rat, but it appears that

under natural conditions, a female rat is either preparing for oestrous cyclicity with frequent

oestrous periods, or is pregnant or lactating, or is anoestrous. The 'typical' oestrous cycle

pattern (approximately 25Vo of smears in each oestrous cycle stage) was never observed in this

study. In the laboratory manipulation of lighting and other factors can lead to persistent

oestrus syndrome which is not accompanied by ovulation and fertility and this study suggests a

physiological role for this phenomenon in the preparation of the anoestrous tract for

reproductive activity. Females at the initiation of the breeding season may have been capable

of sufficient oestrogen production to cause cornification of vaginal cells, whilst not yet being

reproductively competent. It is more difficult to describe a functional role for the high

proportion of apparently metoestrous smears observed on one winter trapping session. An

influx of leucocytes to the vagina could perhaps be indicative of a generalised mucous response

to infection rather than a cyclical reaction to the sloughing of secretory cells preparing the tract

for sperm transport and survival.

Females can respond with breeding activity much faster than males to a cue to initiate breeding

due to the brief period of follicular development in the small mammal. It is difficult to

determine the existence of pregnancy by palpation with certainty, but only one out of l7
females was suspected to be pregnant in June 1991 whereas by September 1991 most females

trapped were felt to be pregnant or milk could definitely be expressed from the teats. In 1993

the first pregnant female was found in August and both pregnant and lactating females were

trapped in September. The breeding season for females can therefore be said to definitely have

started prior to August in 1991 and 1993.It is possible that in 1991 there was a pregnancy in

June which means that mating occurred in May

Multiple pregnancies are possible because of the post-partum oestrus 1-3d after parturition,

and pregnancy and lactation can occur concurrently. Females in the population studied by
'Warneke (1911) could have an average of 2.8 pregnancies each by the end of January. In this

study the bodyweight at vaginal perforation of females was approximately 50g although there

was a range of weights. Most females appeared to delay breeding until the following breeding

season. The age at sexual maturation in wild Rattus fuscipes assimilis was 45-65 days, with

waves of oogenesis at approximately day 45, but viable mating was not thought to occur until

77days and the youngest pregnant wild trapped female was 3 months old, whereas most were

at least 4 months (Taylor and Horner, l97I). Warneke (I9l1) found that vaginal perforation

occurred at an average of 46d (range 35-57d) with the first oestrous cycle l4-22dlater. The

bodyweight at vaginal perforation in this study varied with season, indicating an effect of
season on the stages of sexual maturation as well as on mating of adult animals.

53



Environmental cues

The factors cuing the onset of breeding in this population of bush rats were not determined in

this study but some suggestions of possible factors can be made. The variation in breeding

season between years suggests that a number of environmental cues are important in the timing

of reproductive activity rather than just one fixed cue such as photoperiod. Other authors have

proposed that environmental cues to breed are photoperiod augmented by temperature (Kerr et

al, 1980) photoperiod, temperature and nutrition (Irby et al, 1984) or have suggested that

duration of breeding season may be controlled by decreasing autumn temperatures

(Robinson,1987). Reproduction in the bush rats in Scott Creek may be affected by all of these

factors.

Nutritional cues may play an important role in timing reproduction in other bush rat

populations. There is general consensus that the diet of Rattus fuscipes varies throughout the

year for a given population. For example, examination of faecal pellets showed that a

population in Kosciusko, NSW during the spring and summer appeared to consume mainly

fungi, with grasses and dicotyledons comprising less than a third of the diet, but in autumn

grasses became increasingly important (Carron et al, 1990). Another selection of faecal

samples showed that the diet of Rattus fuscipes assimilis varied between populations and

between seasons, and the diet of R. f. fuscip¿s was at times very insectivorous (V/atts 1977).

Faecal analysis of another population suggested that R. f. assimilis is in fact extremely selective

and not opportunistic. Animals showed diet preferences, with fungi, arthropods, and fibrous

plant material eaten in the winter and arthropods, fleshy fruit and seed consumed during

summer (Cheal, l98l).

In South Australia the climate is Mediteruanean. Winters are cold and wet with decreasing

temperatures from around March. During this study, male bush rats were found to usually

initiate breeding in late June-early July. Daylength increases from 21st June and is therefore a

potential cue for the initiation of this process. Spring begins with gradually increasing

temperatures and lengthening days from July-August and is wet and often warm although

subject to occasional cold spells. The time of peak vegetative growth occurs in spring (July-

September) with plentiful moisture and increasing temperatures; there is a wealth of fresh

green growth and an abundance of fungi and many species flower at this time; the hills are lush

and green. Secondary plant compounds may be found in the vigorous new vegetative shoots.

Most native fauna take advantage of the abundance of feed and favourable climatic conditions

in spring and early summer and production of young is either restricted to this time period or

increased; thus insects proliferate, birds nest, and the local mammals such as the bandicoot,

yellow footed marsupial mouse and of course the bush rat all reproduce at this time. The

temperature continues to increase into the summer (November-February), which can be very

hot (often over 35oC) and dry. In the autumn temperatures begin to decline and the resultant

change in vegetation and arthropod activity may provide a less nutritrious diet; these events
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Plate 7: In the spring and early sufiìmer, maximal vegetative growth occurs in tScott Creek

Conservation Park. The gullies in the hills of this area of the Mount Lofty ranges are densely

covered with flowering plants at this time. This photograph was taken in the spring of 1993

(September) after initiation of breeding in native small mammals.





may cause the cessation of breeding in bush rats, which usually occurred by February. The

decrease in photoperiod which begins in December may provide an additional signal,

particularly to males, in which there is a lag period before total regression is achieved.

Analysis was not made of stomach composition or faecal remains in this study, but from

observation of the vegetation in Scott Creek Conservation Park some suggestions can be

proferred regarding the diet of this population. The vegetation consisted mostly of native

shrubs although there were some monocotyledonous plants including both native and

introduced grasses, particularly along the creek. Blackberries choked the creek entirely in

some areas of the study site. The soil was friable and numerous invertebrates were observed in

the soil and ground litter. It is suggested that the bush rats consumed fungi and some green

shoots in the spring, then altered their diet to take advantage of fruits in early summer and

seeds and insects in late summer, and in the winter foraged for grasses and the remaining seeds

in the area. A varied diet like this, combined with the annual variation in temperatures, would

provide favourable conditions for breeding in the spring and summer with flexibility to extend

breeding at either end of the main breeding period in years characterised by an early spring,

exceptional summer growth or mild winter. There is a role for photoperiod particularly in

cuing the initiation of spermatogenesis in males prior to the increases in feed availabilty and

temperatures of spring.

In this population there seemed to be less variation in the timing of the cessation of breeding

than in the onset. There may thus be a greater combination of signals stimulating reproduction

than inhibiting it.

Ranging behaviour

There was insufficient data on the movements of individual animals within this population to

draw many conclusions about their locomotor activity. There was little difference found in this

study between the movement of males and females, and between seasons, but previous studies

have found both seasonal and gender influences on movement of bush rats. A study on

locomotor activity in an artificial environment showed that with natural changes in

temperature, activity in winter was mostly for the purpose of foraging but in summer

exploratory excursions from the nest were also undertaken (Stewart and Barnett, 1981). In

ambient temperature, there was still differential activity between seasons.

Males have been shown to be more mobile than females, especially in the breeding season

('Warneke, l97l:. Wood, 1971;Robinson, 1987), and to have larger home ranges than females

(Warneke, l97l) but with little overlap in territories between individuals (Robinson,1987). It
is believed that the young rapidly disperse from maternal territory to form their own small

home ranges which are necessary for winter survival ('Wood, l9lI).
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Rattus fuscipes has been said to be strictly nocturnal (Wood, l9l I). However, in this study on

two occasions when traps were set and checked 2-3 hours before dark, bush rats had already

entered the traps, and colony animals maintained in a large aviary were often observed to be

active during the day. These observations suggest that activity in this species is not entirely

restricted to the dark period of the day/night cycle.

Locomotor activity of small nocturnal animals such as deermice (Clarke, 1983), the desert

rodent Dipodomys merriami (Daly, 1992) and the rabbit (Kolb, 1992) has been shown to

decrease when the moon is full. This change in activity is an antipredator adaptation (Clarke,

1983). Trapping was undertaken when convenient regardless of the stage of the moon, and

during some trapping sessions it may therefore have affected the movement of bush rats.

Certainly on the three occasions when trapping occurred around full moon there were low trap

rates.

Habitat

Most animals in this study were caught in the dense undercover near the creek. Bush rats were

only trapped in the area predominated by Hakea sp.at times of peak population density. The

distribution of Antechinus flavipes was more uniform, and the distribution of traps sprung and

sightings of bandicoots suggested that they too had a uniform or more ranging distribution

throughout the study area.

These findings agree with previous reports which suggested that rR.. f. assimilis prefers moist,

friable soil suitable for burrowing, with plenty of fallen logs (Taylor, 1961). This author

caught most of her animals in a 100 ft band on either side of the stream. In this study bush

rats were also trapped mostly within 100 ft of the creek but mostly on the south facing slope

of the gully which was characterised by dense undergrowth dominated by species such as

bracken and Acrotríche fasciculoflora, whereas the north facing slope had sparser growth and

Hakea spp.

Definition of the breeding season

Successful breeding resulting in the production of juveniles occurred only from October to

February but mating as determined by the occurrence of pregnant females occurred from July

to February with one occurrence in May. It has been stated that even if animals are noted to be

in potential breeding condition, breeding must not be assumed to have occurred unless

evidence of young is seen (Press, 1981). The timing of the breeding season appeared to have

been different in different years and of varying severity. Males must have received a cue to

breed by June. The breeding season observed within this study from October to February

agrees with previous studies of other populations. There is a tendency within a subspecies for

southern populations to be extremely seasonal whereas northern populations may experience
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only a partial winter lull in breeding activity (Taylor and Horner, 1913; Press1987). Most of
the literature to date has covered the reproduction of R. I assimilis and care must be taken in

extrapolating this data across subspecies. Taylor and Horner (1973) observed differences in

the reproduction of females from different subspecies. Because duration of breeding varies

from year to year, between locations and across subspecies, this breeding period is not fîxed

for the native bush rat.

CONCLUSIONS

This study shows a pattern of seasonal breeding in the local subspecies of the bush rat.

Successful breeding as evidenced by the production of young occurred in spring and summer at

least from October to February, with a peak in December. However, mating occurred at least

from July to February. There was a rhythm in testicular index of males indicating minimal

testicular activity from April to June, and few indications of breeding in females from February

to July. A proportion of males and females may have had the ability to mate throughout the

year but no evidence of surviving offspring was seen during the winter. There were differences

in the timing and the severity of the non-breeding season between years. The onset of
reproductive activity appeared to be more closely defined than the offset but more accurate

definition of the times of onset and offset of maximal breeding activity required more frequent

trapping which could not be undertaken due to a dramatic decline in trapping rates. Possible

causes of seasonality of reproduction include changes in available feed quality and quantity

caused by seasonal appearance of vegetative growth, fruiting and seeding, fungal abundance

and insect proliferation; changes in ambient temperature; and photoperiodic cues.
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CHAPTER 3

OBSERVATIONS ON REPRODUCTION OF RATTUS FUSCIPES GR^øYI IN A
CAPTIVE COLONY
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INTRODUCTION

A study of reproductive ecology can identify the natural changes in reproduction but cannot

easily identify causal factors which stimulate and inhibit reproduction in a wild species.

Although the timing of reproduction is often observed to correlate with specific environmental

changes, it is difficult to demonstrate a cause and effect relationship. Successful identification

of factors controlling the onset and offset of reproduction requires that all factors but one be

maintained constant and the effects of manipulation of the factor of interest be examined.

Controlled studies are consequently very difficult to complete successfully in the wild. There

are also ethical problems associated with interference in an established ecosystem, particularly

if the species in question is threatened or is interactive with a threatened species. In addition,

monitoring physiological parameters is not easy under field conditions. Despite these

difficulties, there are examples of studies where the successful establishment of effects of

environmental factors on reproduction of wild populations has been achieved (eg Berger et al,

1981; Korn and Taitt,1987).

More commonly, data concerning potential environmental influences is obtained from

laboratory trials. Generally, animals are collected from the wild as required or a colony

established. Frequent collection from the wild is time consuming and risks depleting wild

population numbers to unacceptably low numbers. Establishing a colony introduces the

possibility that the animals used may be unintentially genetically altered through selection for

breeding in laboratory conditions, as has been demonstrated in an experiment with a colony of

Microtus ochrogaster where the genotype changed over time so that the proportion of animals

responsive to photoperiod was reduced (Nelson, 1985).

In the previous chapter, the reproductive ecology of a native Australian rodent, Rattus fuscipes

greyi, in Scott Creek Conservation Park of the Mount Lofty Ranges, South Australia, was

described. This is the local sub species of bush rat with a range extending from the Eyre

Peninsula of South Australia to Portland, Victoria, on the mainland, and includes most of the

islands off the South Australian coast. Within its range, it is widely distributed, usually at low

density. It is a ground dwelling rat which usually lives in habitats providing dense undercover,

is nocturnal and lives in nest burrows in sheltered sites. Its presence is dependent on vegetation

density, soil type, moisture and invertebrate population (\üy'arneke, I97l). It prefers forested

areas near streams with ample ground cover and opportunity to burrow (Taylor, 1961) and is

omnivorous, and somewhat opportunistic in its diet, which consists mostly of seeds, roots,

tubers, vegetation and insects, depending upon the habitat (Finlayson, 1960).

The seasonality of reproduction of this species was of particular interest. The wild population

followed had a breeding season from October to February with a peak in December, the

duration of which varied between years and individual animals (Chapter 2). Possible causes of
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this reproductive seasonality included photoperiod, temperature and vegetative changes. In

contrast, the breeding season of Rattus fuscipes greyi on Kangaroo Island extended from late

October to March or April (Wheeler, 1970). A similar variability in breeding season has been

found in wild Rattus fuscipes assimilis which may be well defined (September-February,

Taylor and Hornet, 1973; November-March, Press, 1987; November-January, Robinson,

1987) or indistinct, with a peak of breeding activity in the summer (Taylor, 1961; V/ood,

rgt t).

Rattus fuscipes was reprorted to be a prolific breeder in captivity. One major study of Rattus

fuscipes greyi identified a breeding potential of 50 young in 6 months with an average

ovulation rate of 7.5 (range 2-I3), mean litter size of 4.9 (range 3-6), 10 nipples, gestation of

23 days and possible post partum oestrus and delayed implantation in polyoestrous females

(Taylor and Horner, 1972)

For the present study, a new captive colony of Rattus fuscipes greyi was established with two

aims in mind. The main purpose of the colony was to provide healthy animals of known age,

genetic derivation and environmental background for laboratory experiments. The second aim

was to acquire further information on the reproductive biology in captivity, particularly on the

environmental factors affecting breeding. In order to achieve the first aim, it was necessary to

maintain a large part of the colony in optimal breeding conditions. This requirement did not

allow for rigorous testing of factors likely to affect breeding. The following data are obtained

from observations made on breeding activity throughout the period of the study and not the

result of controlled experiments.

COLONY MAINTENANCE

History of old colony

Previous attempts had been made to establish a colony from 36 animals trapped in Scott Creek

Conservation Park in January 1987. These animals were kept in pairs in cages in a covered

aviary outside at the 'Waite Institute, Adelaide, South Australia, in the lower foothills of the

Mount Lofty Ranges, approximately 30 km north west of Scott Creek Conservation Park.

These animals failed to breed (D.J. Kennaway, personal communication) and at the time that

this study was initiated, the remaining bush rats were aged and of unhealthy appearance. Their

coats were dull, many had cataracts, and some had respiratory problems. It was therefore

deemed necessary to establish a new colony.

The remaining animals from the old colony were moved to a room in the Medical School on

5th April 1990, where they were maintained on a photoperiodic cycle of I2LJ2D reversed

(lights on at 2200hrs and off at 1000hrs) at a constant temperature, to allow investigation of
possible reasons for their reproductive failure. Subsequently, most of these animals were
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relocated to the refurbished Medical School Animal House on 18th January, 1991 and the

photoperiod was changed to 14L:10D.

Establishment and maintenance of new colony

A total of 17 female and 13 male bush rats were trapped in Scott Creek Conservation Park at

the end of the breeding season in late January, 1990. These animals were transported to the

Waite Institute, weighed, dipped in malaban to remove external parasites, paired with the

opposite sex and housed in cages in the aviary in which the old colony was kept. Cages were

made of plastic bases with wire mesh lids, and measured 40cm by 25cm by 19cm. Animals

were fed ad libitum seed (a mixture consisting primarily of wheat, white millet, jap millet, oats,

hulled oats, safflower, barley, pannicum and mil) and rat chow (Milling Industries joint stock

ration; Appendix 8), with the addition of apple once or twice a week. 'Water was always

available and nesting material in the form of meadow grass was supplied. Animals were thus

subjected to natural changes in photoperiod and temperature but had ad libitum access to high

quality feed. Fly strips (Shelltox Ministrips) were hung near racks to discourage mites and

fleas. If breeding had not occurred several months after pairing a new couple, bush rats were

separated and paired with new partners. The male was left with the female after parturition in

order to take advantage of the postpartum oestrus.

Only one litter had been born to the new colony by 20th March 1990. This was the time of
anoestrus in the wild, and as captive animals were subjected to similar natural changes in

photoperiod and temperature the lack of breeding may have been due to inhibitory

environmental stimuli. Alternatively, the absence of breeding activity may have been due to

pairing wild caught animals in small cages which caused disturbance or stress sufficient to

inhibit breeding as had been found for other native Australian rats (M. Mahoney, South

Australian Museum, personal communication). In order to investigate this possibility, some

animals were permitted access to a more natural social environment. For this purpose, a large

side cage measuring 2.68m by 0.76m by 0.48m and situated outside next to the aviary was

secured with wire mesh and fitted with sheaves of meadow hay, and ad libitum feed and water.

Four females and three males were released into this space. The floor of the aviary itself was

sealed with wire mesh and covered with sheaves of meadow hay, and 4-6 pairs were allowed

access to this space (3.03m by 1.84m by 1.78m). These animals were subjected to minimal

disturbance. Feed was available at all times, and fresh hay added as required. Approximately

every two months, all hay was cleared out, some young animals were removed and some

mature animals were exchanged with previously caged animals to prevent excessive inbreeding.

In January 1991, extremely high temperatures (> 40oC for several days in succession) caused

the deaths of a number (48Vo) of bush rats in cages in the aviary while the author was away.

The surviving animals were then moved into the Animal House building. Caged animals from

that date were maintained in a room with partial air conditioning, which was subject to
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seasonal fluctuations in temperature of the same phase but dampened amplitude as bush rats

maintained outside. This room was lit by natural daylight of lower intensity than that

experienced outside. Animals were subjected to varying degrees of light intensity varying from

undetectable to extremely bright (Table 3-1), depending upon the location of the animal within

its cage.

Table 3-L: Intensity of light in lux to which bush rats were exposed in the various cages

depending upon the location of the animal within the cage. All readings were taken at bush rat

eye level at 0900 hrs on a cloudy day in December 1992.

Location Housing type Minimum Maximum

V/aite

Waite
'Waite

Waite

Medical School

Medical School

Medical School

Medical School

Cages in aviary

Cages in building

Side cage

Aviary

Cages

Lightbox 1

Lightbox 2

Lightbox 5 and 6

85

undetectable

4.6

undetectable

6

200

300

870

870

108

800

870

218

200

300

7000

Monitoring of breeding

No records of breeding had been kept for the old colony prior to this study. From the initiation

of this study in January 1990, records of breeding activity were maintained for all animals in

cages, including the date on which a litter was born, the number of young and the number of
young successfully raised to weaning at approximately 5 weeks of age. At weaning, young

were weighed, tagged and either placed in groups of single sex or allocated to a breeding pair.

At times of interest, bodyweights were recorded, daily vaginal smears taken to monitor

oestrous cyclicity and the presence of spermatozoa in females. In males the testicular width

(across the widest part) and length (distance from the penis to the caudal epidydimis) in males

were measured with a pair of calipers and testicular indices (TI) calculated by the formula:

TI = testes width x testes length (mm)

bodyweight (g)

It was more difficult to accurately monitor reproductive events in the aviary and side cage.

The purpose of this population was to achieve maximum breeding in a more natural

environment with minimal handling. At approximately two month intervals when the areas

were cleaned out, the animals were caught and weighed and the age, and reproductive status

of females, and testicular index of males recorded. In addition, the presence of any new litter

was noted.
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Post mortems were done on animals dying or sacrificed and the presence of spermatozoa from

epididimae and the state of ovarian activity and uterine appearance noted. In addition,

attempts were made to superovulate females to enhance reproductive success and individuals

which had been unproductively paired were often swapped around and paired with known

breeders to establish reproductive competence.

OBSERVATIONS AND COMMENTS

Breeding activity in cages and in aviary

Although no detailled records of the breeding activity of old colony animals had been kept

prior to this study, it had been noted that some pairs of the wild caught animals had bred

prolifically in the first breeding season of captivity but that breeding declined thereafter and Fl
animals bred less; in the 1989 breeding season only one litter had been born and successfully

reared (D.J. Kennaway, personal communication).

In the newly established colony, breeding did not begin immediately after animals were

introduced to the colony. The first litter was born on the 20th March, 1990. By late June 1990

a number of litters had been recorded, mostly from the animals in the cages held in natural

photoperiod and temperature, at the'Waite Institute. Possibly these animals had required a few

months to habituate to their new environment, and then started to breed despite being in the

time of natural anoestrus. This implies that the improved level of nutrition they were receiving

provided a stronger signal than photoperiod or temperature in the control of their

reproduction. Alternatively, the new diet may have contained a particular nutrient which

stimulated breeding; including the possibility of this being native grasses in the meadow hay

supplied for bedding.

Breeding continued to be prolific for the following months and then declined gradually and had

almost ceased by the beginning of 1993 (Fig. 3-1). The mean litter size from caged animals

was 3.87 with a range from I to 7. The total number born could not be established exactly in

the aviary and sidecage, but if each litter noted in these areas was assigned a size of 3.87, the

total number born can be estimated. Overall, 90 litters (348 young) were recorded born to

pairs in cages and 18 litters to animals in the aviary. The number of litters and total number of

young recorded did not vary with season. Even in the aviary which was subjected to natural

daylength and temperature changes, litters were born during the anoestrous period of bush rats

in the wild. Breeding continued in the aviary after it had ceased in the cages in 1993.

Because of the difficulty in monitoring the aviary, the loss of identity of some of the animals in

the 1990 heatwave, and the varying numbers of animals required for experiments and thus not

available for breeding, the proportion of pairs breeding from each generation could only be

estimated. Of the 295 young recorded, 8.87o were born to the 2 successful pairs from the old

63



Fig. 3-L: Total number of bush rats recorded born within the colony from pairs housed in

cages and in the aviary. The number born in the aviary could not be accurately counted and

may be an underestimate.
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colony, 26Vo were born to 8 wild caught pairs from the new colony, and the remainder

(approximately 337o to each) were born to Fl and F2 generation animals of which there were

approximately 11 breeding Fl pairs and 5 F2 breeding pairs. There was thus a trend to

increasing prolificacy in the fewer individuals which were breeding in each generation.

Not all pairs bred successfully, and those that did breed tended to have multiple litters. Only 2

pairs from the old colony bred, producing 5 litters between them. Approximately 33Vo of pairs

formed in the new colony produced young, although not all of those litters were succesfully

reared. Most (78Vo) of pairs breeding had more than one litter. The average number of litters

per pair was 2.8 + 0.3. The most prolific pair in the colony produced and reared 8 litters (40

young) in 16 months, producing one litter each month during the putative anoestrous period

(February to August, 1991). This pair was one of only two pairs to continue to breed for more

than 12 months. Of animals that had multiple litters, the mean duration of breeding (from date

of birth of first litter born to date of last litter born) was 6.0 * 0.8 months. Once a pair had

produced a litter, it seemed to breed regularly and then stop suddenly; reproduction seemed to

be an 'all or none' phenomenom. The average age at the birth of the last litter recorded was

381 + 44 days for females and 369 + 41 days for males, with maximum ages of 668 days and

651 days for females and males respectively. Swapping partners only occasionally produced a

pair which bred successfully.

Not all young born survived to weaning. Several pairs ate their newborn pups, despite minimal

handling at that time, and experimental removal of the male. Daily records of number alive

were not made, but most mortality seemed to be in the first week after birth. On occasion, two

out of three pups were eaten and a third was raised normally raising the possibility of a

nutritional deficiency and not just a behavioural abnormality causing this cannabalism. Many

litters experienced no mortality; on several occasions, a pair raised all 7 young in a large litter.

The ratio of females to males weaned was 1:1.06 (154:164).

On more than one occasion, young were born to a lactating female, indicating that oestrus

occurred before weaning. On many occasions, young were born only a few days after weaning

at 4 weeks. Exact dates of mating were not noted, but these observations suggest a post

partum oestrus may occur in at least some females, with an additional oestrus later in lactation.

Alternatively there may be a period of delayed implantation after fertilisation but this possibility

was not investigated other than to note that its possible occurrence. One example of this was

pair 40 which produced young on 19/8191,17/9/91 and I5ll0/9L

Effects of season on the age at puberty of females was not determined accurately, but vaginal

status (perforate or non-perforate) was noted at weaning of most females. Only one female, 20

days old and weighing 30g, was non-perforate. This young bush rat had a litter mate of the

same weight who was perforate. Older bush rats weighing from 30g were all perforate (Fig.3-

2). Age was therefore more important than bodyweight in the determination of the timing of
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Fig. 3-2: The age and bodyweight of female bush rats at vaginal perforation. Data were

gathered from observations made at weaning and do not represent ages at which perforation

occurred. Only one female was observed to be non perforate.
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vaginal perforation in female bush rats, with a critical age at perforation of about 20 days.

Sexual maturation did not occur until after the first ovulation and the first display of oestrous

behaviour occurred some time after vaginal perforation. No attempt was made to monitor

these events. One pair produced a litter at approximately 51 days, thus successful mating

must have occurred at around 30 days of age. This suggests that sexual maturation can occur

at a very young age in this population of the species.

As would be expected from the spread over time of litters born, there was little evidence of

seasonality in the testicular parameters of males. Most males had large testes throughout the

year (Fig. 3-3). Some indication of seasonality was, however, evident. Adults and sub adults

with regressed testes were noted mostly during the expected anoestrous period although some

were noted in the early summer of one year (Fig 3-4). The exact date of puberty was not

monitored, but observations of testicular status made when handling and weaning bush rats

suggested that the descent of testes occurred at a younger age and weight in males born at the

beginning of the breeding season (approximately 40 days, 45g) than during the non-breeding

season (approximately 50 days, 55g) (Fig 3-5).

Bodyweights increased with age, but tended to plateau after approximately 175 days of age.

Age and bodyweight were highly correlated in both females (0.84: Fig. 3-6) and males (0.86:

Fig.3-7). Males weighed approximately 207o more than females at a given age. Variation in

bodyweight at a given age appeared to be due to the size of the litter of an individual, the

group size within a cage, the position within the group hierarchy, access to exercise, and

suspected health problems. There may also have been seasonal variation, because Stewart and

Barnett (1983) noted decreases in autumn and winter bodyweights of captive native rats

maintained outside although on ad libitum nutrition throughout the year.

These observations of reproductive parameters within the colony suggest that there is little

seasonality of reproduction in bush rats that breed when held in captivity in a natural

photoperiod and temperature cycle on ad libitum nutrition. Some indications of seasonality

which were noted included the observations of regressed testes in occasional males during the

putative anoestrous period and an possible increase in the age at puberty of males born in

winter. Only one third of pairs bred and these mostly bred prolifically, and the number of pairs

breeding in each subsequent generation decreased.

Reproductive failure

The majority of animals in the colony did not breed. This lack of breeding was not due to

seasonal infetility of the males since most had large testicular parameters at all times. This

was confirmed by post mortem dissections on 9th of April, 1990 which revealed that old

colony males with large testes and accessory organs had highly motile spermatozoa (with

hooked long tails) present at high concentrations in the vas deferens. Microscopic examination
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Fig.3-3: Changes in testicular index (mean + SEM) of captive male bush rats maintained in the

aviary and outside cages where they they were exposed to natural changes in photoperiod and

temperature but had access to high quality ad libitum feed. Numbers within the columns

represent the number of animals from which each mean was derived.



5

4

Xâor,f'
E
.9
=o
at,Ot

0

Jon Feb Mor Apr Moy Jun Jul Aug Sept Oct Nov Dec

Dole

H s¡tvr

Testiculor lndex



Fig. 3-4: Bodyweight and testicular status of captive male bush rats throughout the year.

Only during winter (June-July) and early summer (November) were non juvenile male bush rats

(> 55g) recorded with testes in the abdominal position.
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Fig. 3-5: Observations of testicular status of captive young male bush rats, demonstrating

approximate age and bodyweight at testicular descent. The age at testicular descent varied

from 30d to > 65d and bodyweight from 40g to > 809. This variation was partially attributed

to season (see Fig. 3-4).
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Fig. 3-6: Growth curve of female bush rats in captivity. The coruelation between age and

bodyweight was 0.84.
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Fig. 3-7: Growth curve of male bush rats in captivity. The correlation between age and

bodyweight was 0.86.
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of 7pm sections of large testes from animals during the breeding season showed the presence

of extensive interstitial tissue. The females sacrificed at this time also had active ovaries with

numerous follicles and fresh corpora lutea. These observations indicated that inhibitions of
ovulation or spermatogenesis were probably not the cause of reproductive failure in the colony.

To assess reproductive cyclicity, 12 females in pairs from the old colony and one from the new

colony for comparison were smeared every morning at 0900h for several cycles in May 1990

to determine whether these animals were undergoing regular oestrous cycles. The new wild

caught female exhibited prolonged oestrus for 5 days and then underwent a normal cycle, was

mated and fell pregnant. One of the females from the old colony exhibited shortened cycles,

was mated nevertheless but failed to establish a pregnancy. Two females were in constant

dioestrus. The remainder had iregular prolonged cycles, some displaying oestrus only once

during the period of examination, and none of these females were mated. The determination of

cycle stage in some of these animals was difficult, with smears often appearing to contain a

mixture of cell types. Smears were less dense and distinct than in laboratory rats smeared under

similar conditions, possibly reflecting the stress associated with handling and taking smears

which can potentially cause females to stop cycling. In addition, three of the females which

were smeared for some time appeared to enter pseudopregnancy after oestrus which was

possibly caused by the sampling procedure. Electrical cervical and vaginal stimulation has been

shown to induce pseudopregnancy in Rattus fuscipes assimilis (Taylor, 1961). The type of

smears obtained may also reflect deficiencies in the diet. For example, Taylor (1961) proposed

that extensive cornification of smears from native rats in her colony indicated Vitamin A
deficiency.

In pairs where the female did display oestrus, mating still did not occur. Large scrotal testes in

male bush rats are correlated with high testosterone levels (Irby et al, 1984) and libido in the

male is correlated to the concentration of testosterone. It thus seems unlikely that the failure to

mate was caused by lack of sexual drive and the problem may lay more with the failure of the

male to perceive the period of oestrus and the stimulus to mating activity. This could be due to

a deficiency of oestrogen from the female or to behavioural abnormalities.

V/ith the aim of inducing breeding activity, one young female was superovulated and showed a

distinctive oestrous smear for two days but failed to be mated by a healthy looking male cohort

with apparently functional reproductive organs. This was interpreted as further evidence that a

component of the reproductive failure was due to inadequate mating stimuli caused by social or

behavioural abnormalities and not endocrinological failure. Some animals from the new colony

were paired with animals from the old colony in a further attempt to determine if the

reproductive failure was caused by the male or the female. Only one of these mixed pairs was

successful; a pair with a new female and old male. In summary, reproductive failure in older

animals appeared to have several causes: anoestrus in females, inadequate cycles (with low
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levels of oestrogen?), abnormal behaviour at mating, and failure of pregnancy after mating.

These causes implicated the female more than the male.

Social and behavioural observations

Bush rats are active creatures and quickly formed well used tunnels in the hay on the floor of

the aviaries. They scampered nimbly up and down the branches provided for their amusement

and seemed to like to hang from the wire netting of the aviary walls. Their locomotory

rhythms appeared to be mostly nocturnal with an increase in movement at dusk and constant

activity and vocal communication at night. However, during the day one or two bush rats

were frequently observed perched on a branch so they were not entirely nocturnal.

The social organisation of the bush rats in the aviary was interesting. They tended to form

groups of mixed ages and during the day could be found squeezed together into the hollow

logs. Females with newborn litters were more isolated, buiding large mounds of hay usually in

the corners of the aviary and hollowing out the centre for a nest. The presence of litters was

apparent by the high pitched squealing of the young and the furious chittering and aggressive

squeal of the mother defending the nest from other bush rats. Females in cages built small

saucer nests, weaving the strands of meadow hay into a curved cup in the corner. It was not

determined whether the sire of a litter also warmed the pups and defended the nest in the

aviary, but in cages male and female were often both observed on the nest.

Territorial behaviour was mostly evident in breeding females. Other types of aggressive

encounters were observed in the aviary and individuals at the bottom of the social hierarchy

often exhibited knawed tails and bitten flanks requiring the animal to be removed on several

occasions. Within cages, aggression was often seen on first pairing, despite attempts to

introduce female and male in a clean, unoccupied cage. Both animals would rear on their

hindlegs and chitter and squeal. Eventually one would lunge (often the female) and bite then

both would somersault together in a tangled fight before retreating to opposite ends of the

cage. The squealing would become quieter and lower pitched for a short period of time until

resumption of hostilities. Similar attacks, termed the 'scramble', were observed by Barnett et al

(1982), although this behaviour was more typical of Rattus rattus and was rarely recorded in

native rats. Other interaction behaviours noted included rearing and boxing while chittering,

and sniffing, particularly of the genital regions. In 2-3 days animals would usually have

quietened down and would be nesting together; rarely was fighting within a couple so extreme

that they had to be separated. Cannibalism was observed on several occasions, usually after

the death of a sick animal in a cage, and occasionally after the birth of a newborn litter.

The bush rats remained wild in behaviour towards humans into the third generation. They

quickly learnt a routine and became accustomed to cage cleaning, but never become tame.

Even after actions necessitating daily handling, animals would bite fiercely if given the

67



opportunity. Upon removal from the wild, animals appeared agitated and would hide in a
corner of the cage when approached by a human, but with acclimatisation they relaxed

somewhat and would often remain curled up asleep unless startled. This author would agree

with the observations of Finlayson (1960) who described the bush rat as a 'vigorous, restless

and aggressive little creature'.

Health and ill health

Several health problems were encountered in the maintenance of the colony. Firstly, the

animals had a severe parasite load when introduced to the colony, and fleas and red mites had

to be controlled continuously. Little attempt was made to control internal parasites. Although

nematodes had been observed on post mortem of wild animals, there was little evidence of

tapeworm cysts in the livers. Young colony animals generally appeared healthy and alert with

glossy coats and clear eyes. Most of the health problems occurred in old animals (usually over

12 months of age). These animals appeared to be prone to tumours, especially mammary

tumours. Several members of the old colony developed respiratory ailments. Other old

animals had suspected diabetes, or obesity, alopecia, cataracts or occasionally abscesses.

Reproductive abnormalities included vaginal prolapse, total regression of one testes whilst the

other remained large and active, and cystic ovaries.

DISCUSSION

Reproductive biology

These observations add to our knowledge of the reproductive biology of this species. The

female bush rat is confirmed polyoestrous, with oestrous cycles similar to the laboratory rat.

The ovulation rate of animals was not determined in this study. Other studies have observed

29Vo (Press, 1987), 35Vo (Taylor and Horner, 1912) and 40Vo embryonic mortality (Taylor,

1961) and given a similar rate of resorption and the average litter size of 3-4, mean ovulation

rate in this study would have been approximately 5-6. This is slightly lower than most

previously observed values of 7 (range 3-11) (Taylor, 196l),6-7 (Breed, 1978) and 7-8

(Taylor and Horner, 1972), although observations of one field population recorded a mean of 5

with a range of 2-6 (V/arneke et al, I97l). The average litter size observed in this study was

also slightly less than averages recorded previously but the maximum litter size previously

observed was matched (mean 4, range 1-7: Taylor, 196I; mean 5: Warneke, I97l; mean 4.9,

range 3-6: Taylor and Horner,1972). Previous studies have suggested that in this species the

suckling stimulus provided by only one pup is below the threshold stimulus for the maintenanc

of lactation and that a single pup cannot be reared (Taylor, 196l), but in this study one pup

was successfully reared to weaning on more than one occasion.
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Gestation in this species lasts for 22-24 days (Taylor, 1961). The post partum oestrus

previously observed in this species (Taylor, 196I; Taylor and Horner, 1972) was confirmed,

and the distinct likelihood of delayed implantation in this study corresponds with earlier reports

which claimed that implantation could be delayed by 6-10 days (Taylor,196l; Warneke, 1971;

Taylor and Horner, 1972) and that the delay was extended with larger litter size, suggesting a

lactational control possibly involving prolactin or oxytocin (Taylor, 196I). Lactation extends

into the 4th week after parturition (Taylor, 1967; Warneke, l97I).

In laboratory populations of Rattus fuscipes assimilis, age at vaginal perforation has been

recorded as 46 days (Taylor, 196I),21-56 days and 35-57 days (mean 46 days: Warneke,

1971) with initiation of oestrous cyclicity 14-22 days later (Warneke, l97l), complete sexual

maturation at 45-65 days (Taylor and Horner, I9'71) and breeding at a minimum of 68 days of

âge, more normally at about 135 days (Taylor, 1961). Vaginal perforation and sexual

maturation in the female thus appear to occur much earlier in the sub species and population in

this study (less than 20 days and at a maximum of 30 days respectively). In male ,R. I
assimilis, mature spermatozoa are seen by day 56 and sexual maturation is assumed by day 77

(Taylor and Horner, l97l). The descent of the testes is associated with fertility and although

males have been observed to sire litters at 70 days of age, this more commonly occurs after

120 days of age (Warneke, 19lI). These factors were not determined in this study but the low

bodyweight at the time of testicular descent (a5-55g) and observation of successful siring at 30

days suggests that in the male, too, sexual maturation occurred at a younger age in this study.

The bush rat is believed to exist at low densities relative to other native rat species (Taylor and

Horner, l9l3) because local soils are deficient in nutrients, pafticularly phosphorus and trace

elements, and cannot support prolific high quality vegetative growth and subsequent rat

plagues (Taylor, 1961). Reproductive potential of native rats is believed to be controlled

mostly by the female and slight subspecific differences in reproductive rates have been

observed to occur through differences in mammary formula, ovulation rate, litter size and the

time of sexual maturation (Taylor and Horner, 1973). The observations of low age and

weight at sexual maturity in the sub species of bush rat described in this study are therefore of

particular interest because they suggest a much greater potential reproductive rate for the

South Australian bush rat than for the closely related bush rat of Victoria and New South

Wales, and they show an effect of the male in this superior reproductive potential. The

difference may indicate the existence of the local bush rat in a less predictable environment in

which it must be able to take advantage of favourable conditions when they occur.

No specific reasons for the decline in breeding which occurred over time within the colony

were identified but a similar decline has also been observed in other studies (Taylor, 1961; M.

Mahoney, South Australian Museum, personal communication).
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Environmental factors affecting reproduction

Whilst breeding activity of the colony was not controlled for the determination of effects of

individual factors on reproduction, some important insights were gained. Firstly, there was a

striking lack of seasonality in the number of young born to bush rats maintained in natural

photoperiod and temperature cycles. This occurred not only in cages exposed to a temperature

rhythm of decreased amplitude, but also in animals in the aviary exposed to more natural

conditions. This suggests that nutrition may be the major factor causing the reproductive

seasonality of this species in the wild, with photoperiod and / or temperature participating in

the control of reproduction of some individuals.

It remains to be determined whether the quality or quantity of feed is the most important

factor. Previous studies would tend to suggest the former. 'Wheeler (1970) suggested that

reproduction of this sub species in Kangaroo Island, South Australia; was regulated by a
shortage of good quality, high energy feed during the winter when these animals usually feed

on fungi but attempts to stimulate reproduction by supplementary feeding of a wild population

with grain or mouse cubes failed to induce an increase in breeding, but caused an improvement

in the winter survival of males by decreasing the number of aggressive encounters between

males and females in which females dominated. High carbohydrate and high protein diets do

not therefore control reproduction in this species. Other nutritional factors may include

specific secondary plant compounds, which is known to stimulate reproduction in other small

mammals (Sanders et al, 1981).

There were indications of some effects of season on age and weight of puberty and testicular

regression in some captive males, indicating that some animals were at least partly responsive

to some environmental factors. Testicular status is closely correlated with fertility; 927o of

males with descended testes are fertile (Warneke, T91I). Reproduction in the female is more

difficult to monitor in a non invasive maner and there may also have been subtle effects of

season on the female that were not established, particularly in non breeding animals.

Breeding occurred in only approximately one third of wild caught animals and there was a

tendency for the number of pairs in subsequent generations to decline while the prolificacy of

those pairs appeared to decrease. In contrast, in a similar colony 67Vo of wild caught animals

bred and this percentage increased to l5Vo in the subsequent generation (Taylor,196l). These

facts argue for a strong genetic component to the ability to breed in this sub species, and

perhaps an enhanced sensitivity to environmental signals relative to other sub species or

populations. It is possible that the animals that failed to breed required an additional

environmental cue such as specific secondary plant compounds or insect material which were

not available in the diet. The diet was believed adequate for protein and energy content and

the addition of apples supplied a further vitamin source and the meadow hay provided for

bedding contined some green material which may have supplied some plant compounds.
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Possibly the addition of fresh young greens to provide factors such as 6MBOA would have

been beneficial.

In other Australian native rats (Rattus sordidus), breeding has been noted to coincide with the

sprouting of grasses including Didgetaria and Brachiaria spp. (D. Whisser, personal

communication). It is unlikely that these grasses have a particular effect on reproduction in

bush rats in the Mount Lofty Ranges because they are rare there and are probably not native to

the region (D. Symons, State Herbarium, personal communication). It is, however, possible

that other native grasses may exert specific effects on reproduction; candidates might include

Danthonia, Stipa and Agrostis, or native grasses which are widespread over Australia such as

Themeda.

The failure of many animals to breed may have been due to behavioural problems or stress

induced by confining wild animals or F1 animals to small cages. Perhaps the continued

breeding in the aviary occurred because of the recourse to constant stimuli, choice of partners

and increased opportunity to exercise. Such stimuli are obviously not essential to all bush rats

because some individuals did breed, but may be of greater importance to some individuals.

Successfully breeding pairs ceased to reproduce after an average of 6 months. Environmental

factors observed to cause cessation ofbreeding in other species include changes in photoperiod

and temperature, photorefractoriness, poor nutrition and inhibitory plant compounds. None of

these factors seemed to control cessation of breeding in this colony because pairs stopped

reproducing at all times of the year, although it is possible that pairs resonded to different

environmental stimuli. In species in which reproductive activity is controlled by photoperiod,

the length of the breeding season may be set and after a certain time (10-12 weeks) in a

stimulatory photoperiod, photorefractoriness to that photoperiod occurs and reproductive

activity ceases. It is not likely that in the bush rat there is an endogenous rhythm permitting

breeding which once initiated stops reproductive activity a set time later. The duration of

breeding would thus be expected to be similar to that seen in the wild, but in captivity it was

variable and on average longer than the wild breeding season. It is conceivable that breeding

required either that an inhibitory signal be overcome or that a stimulatory signal be received,

since when the colony was initiated there was a lag time before breeding and then an onset that

was loosely synchronised in most breeding animals.

Observations of this colony have thus suggested that the environmental factor to cue

reproduction is nutritional in some but not all animals. The environmental factors which signal

the end of the breeding season could not be identified since breeding stopped in successful

breeders at all times of the year. Examination of the factors which prevented non-breeders

from reproducing could provide some clues to factors inhibiting breeding.
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Causes of failure to breed

There appeared to be distinct situations in which reproductive failure occurred. Firstly, the

majority of bush rats failed to breed at all. Secondly, animals which had bred stopped breeding

usually after a few months. Thirdly, the production of the colony as a whole declined over

time.

The first of these situations is proposed to be due to the genetic polymorphism inherent in a

wild species, which dictates that individuals require a variety of stimuli to breed and which thus

provides opportunism in a population whilst providing flexibility for adaptation to a changing

environment. Whether the missing cue to animals which failed to breed was related to stress,

behaviour, nutrition, exercise or some other factor was not established.

The second reason for failing to breed may have been partly due to reproductive senescence.

Few pairs bred for more than one year but the lifespan in captivity was longer than this.

Failure of older animals to breed as assessed in old colony animals was not due to the

regression of testes or failure to produce spermatozoa. Warneke (1911) also concluded that

males may fail to experience sexual regression at an old age. Some old females did not exhibit

regular cycles as assessed by oestrus, but in some cases the male did not successfully mate

viable females. This lack of libido may be peculiar to our population or colony housing

conditions, because early reports of the bush rat in captivity described it as having insatiable

libido (Finlayson, 1960). The age at which females in this study ceased to breed was similar to

that previously observed, about 12 months, with variation which did not appear to be related

to the number of litters produced (Warneke, I91l). This author recorded the presence in old

females trapped in early winter of cystic follicles and patches of fatty degeneration of ovarian

cortical parenchyma, which suggests that the observation of these structures in our colony

animals were caused by old age and not by inadequate conditions of maintenance. The causes

of reproductive senescence are unknown. A decrease in melatonin in aged animals mediated

via the opioidergic system has been proposed to be involved in reproductive senescence

(Trentini et al, 1997).

Reasons for the gradual loss of reproductive capability in the colony remain unknown. Similar

losses have been observed by other groups who found that native rat colonies bred well initially

and later ceased to breed. If there is a strong genetic component to the ability to breed then

one would expect genetic selection to occur for the genetic makeup that breeds well in captive

conditions resulting in possible improvement in breeding in successive generations. The only

animals that continued to breed well into 1993 were in the aviary. This indicates that the

factors inhibiting breeding in captive animals in cages were of social origin, although other non

specific emotional or activity factors cannot be discounted.
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Male rodents are commonly studied in photoperiodic trials because changes in testes size are

easily measured and highly correlated to reproduction. An index of ovarian function in female

rodents can be assessed through daily vaginal smears but this necessitates handling of the

animals with the attendant stress and does not provide a numerical qualification of the

reproductive status of the animals. Wild species can be greatly stressed by handling,

particularly species like the bush rat in which such stress appears to induce an excessive

adrenocortical response (McDonald et al, 1988) which can adversly affect reproduction (Rivier

and Rivest, I99l). Unfortunately for the ease of investigation, the control of reproductive

activity in this colony seemed to lie more with the female than with the male. This was partly

anticipated because females are expected to be more seasonal than males (Bronson, 1989) and

have been shown to respond more dramatically than males to photoperiod (Pryor and Bronson,

198 1).

Endocrinological control of reproduction

Hormonal profiles of colony animals were not completed but it is possible to speculate on

some aspects of the endocrinology of those animals. The hypothalamo-pituitary-gonadal axis

of males appears to have been little affected by captivity because most males had large testes,

which correlates with spermatogenic capacity and adequate testosterone, LH and FSH levels in

this species (Kerr et al, 1980; Irby et al, 1984 ). In the wild, decreases in LH, FSH and

androgen binding protein have been observed during anoestrus (Hodgson et al, 1979; Kerr et

al, 1986) which may be due to an increased sensitivity of the hypothalamus to negative

feedback because testosterone implants can induce testicular regressionin this species (Kerr et

al, 1986). Testicular indices did not vary with season in animals kept in natural photoperiod

and temperature cycles. In an environment with ad libitum high quality nutrition, there is

therefore probably little change in the sensitivity to feedback of steroids on the hypothalamus

of adult males.

In some cases males failed to breed when with oestrous females. Male libido is closely related

to testosterone levels but is also subject to complex control by a range of psychosocial factors

including stress (Rivier and Rivest,l99l). Stress induced by close confinement may have

affected the capacity to mate through the release of corticosteroids and catecholamines. This

hormonal response may also have caused suppression of immune and inflammatory systems

resulting in increases in the incidence of disease. In wild Rattus fuscipes, seasonal stress

induced peaks in free corticosterone are related to mortality (McDonald et al, 1988). It has

been proposed that in this species, stress may confer some advantage to the breeding male in

the wild through the gluconeogenic effects of high levels of glucocorticoids which allow the

male to use protein and energy reserves at the expense of post mating survival; this

phenomenon would be of little advantage in captivity where animals were on ad libitumfeed.

IJ



The observations made suggested that age and weight at the time of testicular descent in young

males were slightly influenced by season. There may thus be a stronger effect of photoperiod

and / or temperature on puberty in young animals than on reproductive seasonality in adult

animals. The endocrinological controls of seasonal breeding and puberty are thought to be

similar in that both are controlled partly by changes in the sensitivity of feedback effects of

gonadal steroids on the hypothalamus (Foster et al, 1986; Huffman et al, 1987; Rodway et al,

1985). However, there are differences in the control mechanisms, allowing puberty to be more

or less sensitive to environmental signals than the onset of seasonal reproduction in the male.

The pattern of production of young from breeding females also showed little effect of

environmental signals on the hypothalamo-pituitary-gonadal axis. In some animals which failed

to breed there was inegularity or cessation of oestrous cycles. This may be indicative of a

deficiency in oestrogen due to faulty ovarian function resulting in behavioural inadequacies and

failure to mate. In the laboratory rat, the oestrous cycle is under strict circadian control and the

length and regularity of cycles are affected by photoperiod (Hoffman, 1968). Photoperiod may

therefore have affected the circadian control of sensitivity of GnRH neurons to the feedback of

oestrogen in the females that did not breed or had ceased to breed.

Female bush rats are believed to be responsive to circadian cues because the timing of

copulation and parturition are dependent on the stage of the lighldark cycle (Taylor, 196l).

The apparent lack of an endogenous rhythm controlling breeding suggests that reproductive

activity in the male bush rat is unlikely to be strongly affected by circadian signals originating

from the SCN or pineal although the circadian cuing of copulation previously observed indicate

an effect on the hypothalamus or centres controlling breeding behaviour.

The effects of photoperiod on reproduction are believed to be mediated via the release of

melatonin from the pineal gland (Axelrod, 1914). The inability of photoperiodic signals to

obviously alter seasonal reproduction in the bush rat suggests that this species is not as

sensitive to melatonin as some other species such as the hamster and white footed mouse. This

does not exclude a role for melatonin in the timing of oestrous cycle events. It is not certain

how the secretion of melatonin is controlled in nocturnal animals but in the hamster melatonin

secretion is somehow inhibited while the animal is asleep in a dark nestbox during the day

(Lynch et al, 1982). Some bush rats in the aviary were observed to venture out during the day

and it may be that such forays provide sufficient light input to inhibit the secretion of melatonin

during the day.

Non-specific emotional stress may have affected the occurrence of ovulation, fertilisation and

the success of implantation. Female bush rats are very territorial and confinement, particularly

with a male not of their own choosing, may have led to the release of stress related hormones

which inhibited reproduction. In general, the feminine psychoneuroendocrinological aspects of
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reproduction appear to have played a larger part than masculine factors in the control of the

breeding activity of this colony of bush rats.

The ability of animals in the aviary to breed successfully and to continue to breed may be due

to endocrinological benefits of those surroundings. These could include reduced circulating

levels of corticosteroids conferred by decreased confinement stress; normalisation of

behavioural practices; or altered release of endogenous opioid peptides (Besser and Howlett,

1988) or improved general metabolic efficiency (Bronson, 1987 ) as a result of exercise

opportunities.

Comparison of reproductive biology of captive and wild Rattus fuscipes greyi

In captivity the distinct seasonality of reproduction of the wild bush rat did not occur. This

suggests that the seasonality observed in the wild is largely nutritional in origin, as has been

discussed. Only one third of colony pairs bred. In the wild, during the breeding season, all

adult and sub adult males appeared capable of breeding but was not always possible to

determine whether or not they had bred. Many females trapped during the breeding season

were not in an advanced stage of gestation nor lactating, but it was difficult to identify the early

stages of pregnancy. Thus, although it seems unlikely, it is possible that even in the wild only a

small proportion of adult animals breed.

Parameters regarding litter size and frequency cannot be compared because insufficient data

was obtained on trapping expeditions. The bodyweights of wild bush rats obtained suggested

that very few individuals were more than one year old and in their second breeding season,

although the poorer nutrition and increased foraging demands would tend to reduce the

bodyweightata given age in wild animals relative to captive ones. Robinson (1987) noted

that only 2.l%o of wild female Rattus fuscipes assimilis bred in two successive seasons. Some

animals in the colony bred until approximately 22 months of age. It therefore seems likely that

the age at reproductive senescence was increased in captivity.

Because of the restrictions of the breeding season in the wild, it would not be possible for a

pair to produce as many young in one year as in captivity. However, the ability of captive pairs

to produce a litter each month for 3 months would suggest that it would be possible for a wild

pair to produce at least two litters in a breeding season. Since it was possible in the colony in

natural temperature and photoperiodic conditions for a litter of 7 young to be successfully

reared, one pair of wild bush rats could, under favourable nutritional conditions, produce 14-

21 young in one breeding season. This reproductive capacity would allow rapid population

expansion until feed resources or predation became limiting. A dramatic population decline of

this species may therefore not represent a serious threat to the continuation of that population

providing the pairs that remained were reproductively capable and feed was plentiful. There
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may, however, be other factors inhibiting breeding in the wild as it has been shown that

despite this high potential, only 2lVo of females in a wild population of Rattus fuscipes
assimilis produced 2 litters in a breeding season and the rest produced only one (Robinson,

1987). Strategies such as post partum oestrus can be utilised in the wild and are not an

artefact of conditions in captivity (Taylor and Horner, 1913). It should be noted that the

reproductive potential of this sub species, although possibly higher than previously reported, is

still below that of the long haired plague rats, Rattus villossisomlzs (Taylor and Horner, 1973;

Watts and Aslin, 1981).

Testicular indices during the breeding season in the wild were similar to those in captivity, but

during anoestrus, the seasonal decline in indices which was clearly evident in both adult and

subadult males in the wild was not mirrored in the captive males.

The age at puberty was also reduced in captive animals. Testes of males in the wild only

descend when the bodyweight was about 50g during the breeding season and 70g during

anoestrus, in males in which descent occurred at all before the breeding season. In captivity,

testes of most males had descended at a bodyweight of approximately 45g in the breeding

season and 55g in the putative non breeding season. Similarly, in wild females, vaginal

perforation was only attained at a bodyweight of over 40g, and in the non breeding season, non

perforate females were trapped with bodyweights of up to 70g. In captivity, however, all

females except one had perforate vaginas at 30g. This finding is similar to other studies which

have also showed that puberty occurred 25-45 days later in the female in the wild (Taylor and

Horner, I91l).

Different social and health problems were observed in wild and captive animals. Wild animals

were subject to a much lower population density and could therefore more easily escape

aggressive encounters. Wild bush rats were sometime trapped with bitten tails, ripped ears and

body scars, but the extent of tail biting and wounding was much greater in captive animals.

Agonistic behaviour occurs in the wild and changes seasonally, with an increase in aggression

from August-November (Robinson, 1987). This aggressive behaviour is instigated largely by

the female and appears to be related to sexual maturation and sexual activity rather than just to
feed supply (Wheeler, l91O), and corresponds with the territorial behaviours observed in the

females in our colony.

Captive animals in the aviary seemed to live in groups of mixed ages, rather than in isolated

pairs. This confirms previous observations of the communal habits of native rats (M.

Mahoney, personal communication) and provides support for Wheeler's (1970) suggestion that

wild bush rats also live in groups in extensive burrow systems. In this study too, high densities

of wild bush rats were discovered in some regions of the study area, suggesting communal

living or at the least extensive overlapping of territories. Others have observed individual

territories in the wild which are greater for males and larger during the breeding season, but
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which are not strictly defined (Wood, 1970; Warneke, 1971). There may exist a group

territoriality rather than individual territoriality in some native rats, although seasonal changes

in feed availability and reproductive activity may alter social dynamics, and differences may

occur between populations which exist in different population densities because of habitat

limitations.

Wild animals were never observed to have tumours, abscesses, obesity, respiratory ailments,

cataracts or alopecia. They did, however, caffy a much greater parasitic load than captive

animals, with large numbers of mites and fleas. In the wild, bush rats rarely live and breed for
more than one season and the shorter lifespan compared to that in captivity (Taylor, 1961;
'Warneke, l97l) may prevent the problems of old age. It appears that in captivity too,

breeding is usually confined to a period which is much less than the expected lifespan of an

individual. Health problems were more apparent in older animals within the colony and

possibly in the wild these animals would have died from a combination of disease, parasitic,

nutritional and climatic stressors. Bush rats cannot survive rapid and severe changes in ambient

temperature (Irby et al,1984) and death in the wild has been proposed to result from climatic

stressors rather than being a direct reflection of feed supply ('Warneke, 1971; Robinson, 1987).

It is also possible that in captive conditions a diet and lifestyle deficient in specific nutrients

(vitamins?) and lacking exercise increases the incidence of health problems. It is interesting to
note that the disease problems of humans leading a sedentary lifestyle on a high quality diet

have changed in a similar fashion.

Recommendations for the maintenance of future native rodent colonies

From the experiences gained in this colony, a number of recommendations can be made for the

establishment of future colonies of native rodents. This study clearly established the

importance of the provision of freedom to follow as nearly as possible natural behavioural

patterns of activity. Maintaining animals in large cages or in aviaries is therefore desirable. To

improve monitoring efficiency, small groups could be kept in each section of the aviary.

During the day animals in this study were observed to often hide in hollow logs thus the

provision of nesting boxes, or attaching covers to either end of the logs would make it a

feasible task to catch all animals more frequently. In this colony, ear tags were often ripped

out and the use of microchip identification tags and a scanner would improve monitoring of
individuals in large spaces. Whether the social freedom or the exercise opportunity was

important in the continuation of breeding remains to be confirmed, but could be easily tested

by allowingcaged animals access to running wheels.

Initially, a diverse diet should be provided including seed, some rat chow, fruit and vegetables

and some freshly picked young greens. If breeding is very slow to start, the addition of native

vegetation or fungi from the place of origin may be useful. In some native rat species insects

play a major part in the diet (Cheal, l98l) and mealworrns or some other source of meat could
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be provided to captive animals. The initial attempts to maintain these animals in captivity made

provision of a varied diet incorporating a mixture of fruits, vegetables, greens and supplements

including wheatgerm, liver meal and seeds (Horner and Taylor, 1958), or alternatively mixed

grain, potatoes and fruit with a small ration of egg, honey, powdered milk and fat bacon

(Finlayson, 1960). Once breeding has started, individual items can be excluded and their

importance assessed.

Early identification of successfully breeding pairs and rigorous attempts to select for breeding

by crossing offspring of prolific animals should be attempted. This species appears to provide

promise for the identification of individuals which were differentially sensitive to the effects of

environmental signals such as light on reproduction and it would be interesting to examine the

genetic make up of such individuals in order to identify possible genes involved in the

translation of environmental signals.

Had minimal disturbance and maximum breeding of animals not been the primary aim of this

colony, more information could have been obtained regarding the exact ages of puberty, the

dates of mating, number and weight of young born and other parameters. This study suggests

that the cause of the decline in breeding that occurs over time in a bush rat colony is at least

partly due to social or activity deficiencies. Attempts to mimic as closely as possible the

natural habitat and social conditions of the bush rat, with the addition of ad libitumhigh quality

feed and comfortable nesting conditions are advocated.

There are a number of potential interesting endocrinological studies that could be executed in

this species. The seasonality in some animals could be a result of differential sensitivity to

feedback of gonadal steroids. This species appears to be susceptible to stress and thus

investigation of corticosteroid levels in non-breeding and breeding animals could identify

particular problems. The mechanism by which voluntary exercise is beneficial to many small

animals is not known, and the possible suggested metabolic benefit of this practice (Bronson,

1987) is worth investigating. The role of the pineal in the mediation of seasonal reproduction

in this species had not been established, and the investigation of the characteristics of melatonin

secretion in this species may shed some light on the endocrinological control of the seasonality

of reproduction. In order to investigate the latter possibility, and to determine in a controlled

manner the effects of different environmental factors on reproduction, a series of laboratory

experiments were then initiated as part of this study.
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CHAPTER 4

THE ROLE OF THE PINEAL IN NUTRITIONAL EFFECTS ON REPRODUCTION

IN THE FEMALE RAT
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INTRODUCTION

Justification of model

Non invasive assessment of hormonal status

The accurate measurement of hormonal changes in wild animals is difficult because of the

stress associated with sampling and, in small animals, the difficulty of obtaining repeated

samples. The analysis of hormone metabolite production can provide a non invasive method of

invesitigating their endocrinology. The availability of an assay for the measurement of urinary

6 sulphatoxymelatonin as a measure of pineal activity provided an ideal opportunity to examine

the role of the pineal in the transduction of environmental signals to the reproductive axis in

small mammals using an accurate and non invasive method. This compound is the major

urinary metabolite of melatonin in the rat, representing approximately 807o of the excretion of

melatonin (Kopin et al, 1960), thus its analysis should provide a robust estimation of melatonin

production.

The technique had been applied in preliminary investigations to determine factors affecting 6

sulphatoxymelatonin (aMT.6S) production. It had been shown that production could shed light

on the molecular actions of melatonin (Kennaway et al, 1989) and that age related changes in

production occurred which were largely correlated with changes in bodyweight, with males

producing more metabolite than females (Yie et al, 1992). In the human, the production of

aMT.6S had been found to be significantly correlated with melatonin secretion, with a lag

phase in the production of aMT.6S behind both the onset and offset of secretion into the

circulation of melatonin (Matthews et al, I99l). In our laboratory, a method of collecting

urine had been designed to permit automated hourly collection of urine from rats with urine

output enhanced by the acute administration of a liquid diet (Kennaway, 1993).

Previous methods of assessing pineal activity in small mammals had generally involved the

measurement of activity of the enzymes responsible for the synthesis of melatonin, or the

sacrifice of large numbers of animals for analysis of pineal content or single sample plasma

melatonin concentration. This new technology thus enabled us to accurately time pineal

patterns of activity, to use of small numbers of animals, to conduct repeated measures studies

to increase statistical power and to obtain the advantages of a non invasive stress free method

of sampling (Kennaway, 1993).

Attempts were made to also establish an assay for measurement of urinary oestrone sulphate in

order to provide an estimate of reproductive activity in female rats. A radioimmunoassay was

adapted and tested for its ability to identify changes in oestrone sulphate output during the

oestrous cycle and after oestrogen injections. However, although high excretion rates were

achieved after the injection of oestradiol, normal urinary outputs of oestrone sulphate were low

and variable and factors in urine interfering with the assay prevented the analysis of higher
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volumes without loss of parallelism. The senisitivity of the assay was optimised by the

manipulation of antibody and charcoal concentrations and incubation times to the protocol

presented in Appendix 2, blt the assay still failed to detect significant differences in urinary

output of oestrone sulphate from laboratory rats at different stages of the oestrous cycle. It
was thus considered to be of limited value for the accurateand reliable measurement of subtle

endocrinological changes in the female rat and was not pursued further.

The advantages of these non invasive technique were obviously of great potential use in the

determination of the endocrinology of seasonal breeding in the bush rat. However, before the

technique established to monitor pineal activity was used in this species, the potential to

investigate pineal reproduction relationships were explored in the laboratory rat.

The laboratory rat

The laboratory rat of today can be sensitised to the effects of photoperiod on reproduction by

undernutrition (Blask et al, 1980), olfactory bulbectomy (Reiter et al, 1980) and administration

of testosterone (Wallen, 1987). The latter effects at least appear to be mediated via melatonin

(Reiter et al, 1980; Nelson and Zucker, 1981). The necessity for the sensitisation of

laboratory rats to effects of photoperiod and melatonin on reproduction indicates a limitation

of the use of this animal for studies on the effects of melatonin on reproduction. Results

derived from studies on the laboratory rat should therefore be interpreted with caution. In
Australia, the hamster is not available for investigation and the rat is often the most useful

animal model even in studies on the mechanism of action of melatonin. The vast literature on

this species and the close circadian control of the oestrous cycle make it an attractive model

despite those limitations. In this study it was of additional interest because it was congeneric

with the bush rat.

Some seasonality has been identified in male laboratory rats with maximal testes size in 5

month old rats occuring in February and June (Mock and Frankel, 1978) but since then,

generations of intensive artificial selection have produced an animal which is generally

considered to be reproductively nonphotoperiodic flMallen et al, 1987). However, they still

express remnants of a photoresponsive neuroendocrine system and appear to have similar

mechanisms as more obviously photoresponsive rodents to translate alterations in photoperiod

into reproductive result (Nelson et al, 1982). An increased sensitivity to negative feedback of
testosterone in SD compared to LD has been observed in albino rats (Wallen and Turek,

1981) and it has been proposed that in the male rat vestiges of a dormant photoperiodic

response system remains (Wallen et al, 1987).
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The role of the pineal in control of reproduction

Target organs of melatonin

To fully understand the role of the pineal in the mediation of effects of environmental signals

on seasonal reproduction, it is necessary to understand the mechanisms by which melatonin

affects reproduction. Despite extensive investigation over the past thirty years, these

mechanisms are by no means fully defined. It is now generally recognised that the major pineal

substance regulating reproduction is melatonin, although there are other pineal compounds

which may have an effect (Reiter, 1987). The pineal is the major source of melatonin and is

primarily responsible for the dark associated rise in circulating melatonin (Reiter, 1991b).

The actions of melatonin are not typical of other hormones. It is species dependent and has

long term consequences with responsive animals becoming refractory after prolonged

exposure. It is therefore often considered to alter reproduction more through the alteration of

timing of an event rather than by the direct stimulation of the hypothalamo-pituitary-gonadal

axis.

The search for the elusive melatonin receptor has not been entirely in vain. Although the target

organs of melatonin have not yet been fully confirmed, binding sites have been identified in the

brain of a number of species, confirming original suggestions that this is the target area.

Melatonin binds to widespread sites in the avian brain according to studies in the chick

(Rivekees et al, 1989); pigeon (Yuan and Pang, 1991). In the sheep, binding sites are densest

in the pars tuberalis, although some binding occurs in other brain areas such as the median

eminence (Helliwell and Williams, 1989; Bittman and'Weaver, l99O; Stankov et al, 1991). In

the feret, binding sites have been identified in the pars tuberalis and in the pars distalis

('Weaver and Reppert, 1990) and in the rabbit and horse, the highest binding was observed in

the median eminence with some in the SCN, pre optic area and other sites (Stankov et al,

t99r).

Selective administration of melatonin to particular brain areas has also provided information

regarding the site of action of this hormone. In the sheep, administration to the medial basal

hypothalamus but not the pre optic area caused increases in gonadotropins and prolactin

similar to those induced by the appropriate photoperiod (Lincoln, 1992; Lincoln and Maeda,

1992). In the white footed mouse (Peromyscus leucopus) this method has revealed activity at

the medial basal hypothalamus (Glass and Lynch, 1981; Dowell and Lynch, 1987). Attempts

to reconcile sites of action with binding have mostly failed. If the major role of melatonin on

reproduction is to reset the suprachiasmatic nucleus (SCN), the 'biological clock' (Kennaway

and Hugel, 1991), it is also surprising that more binding sites have not been observed in the

SCN. Melatonin also targets some areas of the brain with the specific sites of action being

dependent on the species. How such differences relate to the different effects of melatonin in
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LD and SD breeders remains to be determined. The definition of the target sites requires much

further information.

The delay in finding a classic hormone receptor and action for melatonin to date has led to the

development of alternative theories for the mechanism of action of this hormone. It has been

proposed that it may be a pro-hormone and that the biological activity may actually be

mediated by metabolites such as kynurenamines (Kennaway et al, 1988). .

Melatonin and environmental control of reproduction

The best documented role of melatonin is in the control of seasonal breeding. It is now well

established that the regulation of control of secretion of melatonin by light provides a

mechanism for the translation of lighldark cycles into neuroendocrine signals (Axelrod, I974).

There is evidence of nutritionally induced alterations in melatonin secretion in the laboratory

rat (Herbert and Reiter, 1981; Chik et al,l98Ja) and the human @rambilla et al, 1988, Ferrari

et al, 1989; Tortosa et al, 1989) which provides possible links with other environmental

factors.

Both photoperiod and nutrition mediate their effects on reproduction via steroid dependent and

steroid independent pathways (Howland and Skinner, 1973; Meyer and Goodman, 1986).

These pathways are believed to be controlled by different neurotransmitter systems in the

hypothalamus (Meyer and Goodman, 1986). Melatonin has been shown to be interactive with

mechanisms of controlling steroid dependent feedback pathways in Peromyscus leucopus

(Glass and Lynch, 1988) and in the ewe (Kennaway et al, 1984).

Melatonin is known to affect the oestrous cycle, particularly in species such as the laboratory

rat and hamster in which the control of reproductive events is under strict circadian control.

Appropriately timed melatonin administration can block ovulation in the laboratory rat (Ying

and Greep, 1973). However, alterations of melatonin are not entirely responsible for the

oestrous cycle since pinealectomised rats continue to cycle normally (Johnson and Reiter,

1978). The system is complex as although pinealectomy has little effect on other circadian

rhythms in rats, such as the locomotor activity, the administration of melatonin can still

profoundly affect this rhythm (Armstrong, 1989).

The method of control of steroid dependent pathways by melatonin is unclear. Melatonin may

be involved in the timing of reproduction through the suprachiasmatic nucleus (SCN), as in the

laboratory rat, the medial basal SCN is essential for the neural regulation of the oestrogen

induced gonadotropin release at ovulation (Kawakami et al, 1980; 1981). In fact, the timing of

the LH surge has been said to be permitted due to a circadian controlled rhythm in sensitivity

of GnRH neurons to oestrogen (Freeman, 1988). The control of melatonin secretion by the

light dark cycle is mediated through the SCN (Legan and Winans, 1981) and there is evidence

that melatonin then feeds back on the SCN (Kennaway and Hugel, I99l) to the circadian clock
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and thus mediates the control of reproduction by environmental factors such as photoperiod

and nutrition.

The effects of melatonin on reproduction are not, however, dependent on the integrity of the

SCN (Bittman et al 1979; Maywood et al 1990) and it is speculated that melatonin may thus

affect GnRH neurons directly or through other hormones such as the endogenous opioid

peptides or neurotransmitter systems thought to affect GnRH release.

In addition, there may be some direct effects of melatonin at the level of the gonads.

Melatonin levels are higher in human follicular fluid than in serum (Brzezinski et al, 1987;

Ronnberg et al, I99O) and melatonin has been shown to stimulate gonadal steroid synthesis in

the human (MacPhee et al, 1975) and marmoset monkey (Webley and Hearn, 1987) and inhibit

it in the male rat in vitro (Ellis, 1972). There are several conflicting reprots of the direct

effects of steroids on melatonin secretion. In the laboratory rat, ovariectomy has been shown

to decrease HIOMT activity (Cardinali et at, 1974; Wallen and Yochim l9l4b: Yochim and
'Wallen, 1914b) and melatonin secretion (Cardinali et al, 1987), and daily administration of

oestrogen restored the amplitude but distorted the rhythmicity (V/allen and Yochim, 1974b). In

vitro studies demonstrated that oestrogen also increases incorporation of 3H leucine to rat

pineal proteins and HIOMT activity (Cardinali et al, l9J4) and increased melatonin content of

rat and guinea pig pineals through sympathetic stimulation (Cardinali et al, 1987).

This stimulatory action of oestrogen on pineal melatonin secretion was not, however,

confirmed by later studies, which showed no effect on HIOMT and actually a decrease in NAT

activity in culture by gonadal steroids and glucocorticoids in the rat (Yuwiler, 1989). In
addition, Ozaki et al (1978) found that oophorectomy of rats elevated serum but not pineal

melatonin and that this rise was prevented with the administration of oestrogen together with

progesterone.

An alternative view is that gonadal steroids may affect melatonin secretion by altering the

number of available receptors for the adrenergic stimulation of NAT, or for the action of

melatonin. Oestrogen has been shown to decrease B1 receptors in the pineal andþ2 receptors

in the SCN whilst increasing p2 receptors in the pre optic area ('Weiland and Wise, 1989).

Oestrogen may also modulate the expression of high affinity cerebral and caudal arterial

melatonin binding sites in the rat (Zisapel et al, 1988; Seltzer et al, 1992), although notably

there was no change in the number of sites in the SCN or area postrema during the oestrous

cycle or with oestrogen removal and replacement (Seltzer et al,1992). Thus in the laboratory

rat, there are conflicting reports on the effects of oestrogen on melatonin production and

further elucidation awaits results of further studies in vivo.

In sheep, too, there are conflicting reports of the effects of steroids on melatonin.

Ovariectomy of sheep has been shown to increase (Arendt et al, 1983) and decrease melatonin
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(Maxwell et al, 1989). In the latter study, oestrogen replacement partially restored melatonin

levels. In primates, there appears to be no direct effect of steroids on melatonin secretion

(Berga et al, 1989; 'Wilson et al,1993).

Melatonin and the oestrous and menstrual cycles

The female reproductive cycle with its regular cyclical secretion of steroids provides the ideal

model in which to investigate the functional relationship between melatonin and steroids. There

have been a number of studies which suggest that alterations in melatonin secretion occur

throughout the cycle, but the results differed between studies as to the time of increased

melatonin secretion.

In the rat, nocturnal NAT activity was observed to remain constant throughout the cycle by

Shivers and Yochim (1919). However, 'Wallen 
and Yochim (1974a) recorded two interacting

rhythms of activity of HIOMT synchronised to the oestrous cycle, with the greatest amplitude

of enzyme activity during the late follicular phase of the cycle (diestrus-proestrus). Cardinali et

al (I974) showed that HIOMT activity actually reached a maximum on the day of oestrus.

These observations are at variance with results of subsequent studies obtained by Ozaki et al

(1978) who claimed that the lowest levels of melatonin in rat urine were seen at proestrus

although it should be noted that only l-27o of circulating melatonin is excreted in the urine as

melatonin in the rat (Kopin et al, 1967). However, these results have been corroborated by

Johnson et al (1982), who found that pineal melatonin content was highest at metestrus-

diestrus and decreased over proestrus and oestrus and by Alonso et al (1993) who found that

oestradiol, not progesterone, was responsible for the decrease in melatonin at proestrus, as

determined by NAT and pineal gland melatonin. The melatonin content of the pineal gland

may not always reflect the secretion (eg Ozaki et al, 1978) and thus potential biological effect

of the hormone. Measurements of pineal content or enzymatic synthetic activity therefore may

not provide accurate information on ciculating levels. Furthermore, individual melatonin

secretion varies and these studies could not provide repeated measures data on the same

individuals throughout the oestrous cycle.

In the sheep, a species in which there has been intensive study of plasma melatonin levels, there

was no significant effect of the stage of the oestrous cycle on circulating melatonin when

individual ewes were examined four times throughout the year (Rollag et al, 1978). In

addition, there was no difference in the number of high affinity melatonin binding sites in the

ovine brain and pituitary during the ovine oestrous cycle (Helliwell and'Williams, 1989).

In women, a study of melatonin secretion on 4 days of the menstrual cycle found no significant

difference between the luteal and follicular phases (Berga and Yen, 1990). However, the

authors acknowledged the failure of their protocol to detect possible differences around the LH

and oestrogen surges. In Finland, despite evidence for effects of season on melatonin and LH,
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there was no difference in melatonin secretion within the menstrual cycle (Kivela et al, 1988).

Other studies have found higher levels of melatonin in the follicular phase than in the luteal

phase of the menstrual cycle (Fernandez et al, 1990; Penny et al, 1987) or, alternatively, high

melatonin levels at menstruation and a nadir at ovulation ('Wetterberg et al, 1976). These latter

studies were unfortunately subject to severe methodological limitations (only one normal

subject examined: Penny et al, 1987; single morning samples: Fernandez et al, 1988 (although

correlating to nighttime metabolite excretion); V/etterberg et al, 1976). Plasma concentrations

of 5 methoxytryptophol, another pineal indole, were lower in the last third of the menstrual

cycle and did not change throughout the cycle in women on the contraceptive pill (Hooper et

aI,1979).

Estimation of pineal activity throughout the menstrual cycle by measurement of urinary

metabolites has also revealed little effect of cycle stage. Urinary aMT.6S did not vary between

days 6 and 26 of the cycle, although subtle amplitude or phase differences may have escaped

detection in the collection of 12 hour samples (Mclntyre and Morse, 1990). There ìwas no

change in the daily output of aMT.6s throughout the cycle in 2 volunteers (Fellenberg et al,

1982). Measurement of 24hr vinary 6 hydroxymelatonin across the menstrual cycle revealed

variable excretion rates bearing no relation to the stage of the menstrual cycle (Hamilton et al,

1988) whereas there was an increase in urinary melatonin in the luteal phase over the follicular

phase in another study (Brun et al, 1987).

In summary, in the rat there are conflicting data suggesting either a positive or a negative

relationship between oestrogen and melatonin secretions during the oestrous cycle, with

maximum or minimum melatonin secretion being recorded at proestrus. In sheep there is

evidence of an interaction between melatonin and steroids but is no evidence of differnces in

pineal melatonin output during the oestrous cycle. Similarly, in women there is no compelling

evidence for changes in melatonin throughout the cycle, although interpretation of many of the

studies is difficult due to poor methodology. As melatonin is likely to have a stronger

influence on the oestrous cycle of the rat than of other species investigated, due to the oestrous

cycle of the rat being under such close circadian control (Everett and Sawyer, 1950) we

determined to take advantage of newer methodology to reinvestigate the relationship between

melatonin and the endocrinological control of ovulation in this species.

SECTION I
PRODUCTION OF AMT.6S DURING THE OESTROUS CYCLE OF THE RAT AND

THE RELATIONSHIP BETWEEN AMT.6S AND OESTROGEN SECRETION

The initial aim of this experiment was to monitor the timing and quantity of production of a

melatonin metabolite throughout the oestrous cycle of the rat using a novel approach which
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would more accurately reflect melatonin production (Kennaway, 1993). The subsequent aim

was to document effects of ovariectomy and oestrogen replacement on excretion rates of this

metabolite. By analysing hourly urinary output of 6-sulphatoxymelatonin we could obtain

repeated samples from each individual, use only a small number of rats and achieve accurate

measurement of melatonin production in individual rats.

MATERIALS AND METHODS

Experiment 4-1^: Excretion rates of aMT.6S throughout the oestrous cycle of the

laboratory rat
10 adult female Wistar Hooded rats (mean t SEM bodyweight 198 + 29g) were maintained in

Techniplast metabolism cages inside a light proof chamber. The photoperiod imposed was

14L:10D (lights on at 0600 hrs, lights off at 2000 hrs), and liquid diet (Osmolite HN) and

water were provided ad libitum. Daily vaginal smears were taken at approximately 0900h and

were classified as oestrous, metestrous, diestrous or proestrous, for 3 oestrous cycles before

urine collection began and during collection.

During the collection period, a peristaltic pump operated continuously to transfer the urine

from the collecting containers along vinyl tubing and into storage vials containing aliquots of

boric acid. A fraction collector was programmed for collection of hourly samples from 1900

hrs to 0900 hrs (Fig. a-1). Samples were frozen at -20"C the following morning and were later

weighed and analysed by RIA for 6-sulphatoxymelatonin (aMT.6S) (Arendt et al, 1985;

Aldhous and Arendt, 1988) (Appendix 1). All samples from each tube were analysed in the

same assay. Validation of this assay for measurement of rat urine is presented elsewhere

(Kennaway, 1993). The concentration of aMT.6S was multiplied by the volume of urine

excreted to give hourly outputs, which could then be added to give total output over one night

and stage of the oestrous cycle. Nightly urine collections were classified as the oestrous cycle

stage corresponding to the smear taken the previous morning (Fig a-D.

Statistical analysis was achieved through repeated measures ANOVA using Statistical Analysis

Systems.

Experiment 4-2: Melatonin production in individuals rats when intact, ovariectomised

and ovariectomised and administered oestrogen implants

Excretion rates of aMT.6S were measured in individual rats when intact (INT), ovariectomised

(OVX) and after subsequent oestrogen replacement (OVX+OE). Twelve adult 3 month old

female albino Wistar laboratory rats of mean * SEM body weight 322 t ll.7 g were placed in

Techniplast metabolism cages on liquid diet (Osmolite HN) and water in a 14L:10D

photoperiod (lights on 0500, lights off 1900). Vaginal smears were obtained daily at 0900hrs
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Fig. 4-1: Equipment used for the automated collection of hourly urine samples from rats in a

non-lnvaslve manner
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Fig. 4-22 Total urinary aMT.6S production (pmol) (mean t SEM) throughout the night from

adult female laboratory rats at different stages of the oestrous cycle. Data are from repeated

observations of all stages from 7 individuals. Mean output was significantly greater at

proestrus than at oestrus (P < 0.001), metoestrus (p< 0.01) or dioestrus (p <0.05).
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to ensure that all animals were cycling and to determine the stage of the oestrous cycle on the

day of collection. On the fourth night hourly urine samples were obtained throughout the night

in rat 1-10 and a further total collection was obtained from rats 11 and 12.

All rats were then ovariectomised under Avertin induced general anaesthesia. The sides of the

body were clipped and swabbed with iodine and a lcm lateral incision running ventral to dorsal

was made through skin and muscle near the hip. Blunt probing through the internal fat located

the ovary. The bursa was burst and a loop of suture placed over the ovary to isolate it. The

ovary was cut off and the wound was swabbed and carefully inspected to ensure no ovarian

tissue remained. One silk suture was placed through the muscle wall and 2 Michel wound clips

were used to seal the skin incision. Animals were placed under a lamp until consciousness was

regained. Two rats, #3 and #10, died during this procedure.

After 19 days to recovery from surgery and regain initial liveweights, housed in individual

cages on sawdust with access to ad libitum water and rat chow, rats were replaced in

metabolism cages on liquid diet and an hourly sample collection was taken on the fourth night

as before. All rats were then administered subcutaneous intrascapular oestrogen implants

under halothane anaesthesia. Implants consisted of 0.003 (n=3), 0.01(n=4) or 0.03 (n=3)

mmig bodyweight of crystalline oestradiol packed into silastic tubing (Dow Corning 602-285)

sealed at both ends with 5mm of silastic adhesive. Implants were made to measure for the

exact bodyweight of individual animals. Implant design was adopted from Legan et al (1975).

The medium dose in this experiment was calculated to achieve normal physiological levels from

data presented by these authors.

Rats were weighed at intervals throughout the experiment. Blood samples were obtained by

cardiac puncture at the conclusion of the experiment and oestrogen levels were determined by

RIA using a kit (Diagnostic Systems Laboratories Inc., Texas) (Appendix 2). Urine samples

were weighed and analysed by RIA as described previously to determine hourly aMT.6S

production.

RESULTS

Experiment 4-L

The results from 3 rats (#1, 4 and 9) were excluded due to the blockage of collecting tubing on

at least one night. Of the remainder, 4 rats exhibited 4 day oestrous cycles and 3 rats exhibited

5 day cycles.

Total aMT.6S production was significantly higher on the night of proesffus than oestrus

(p<0.001), metoestrus (p < 0.01) or dioestrus (p < 0.05) because of a greater overall mean

hourly output (Fig. a-lJ. There was no significant difference in the time of onset or the
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J+.4
Fig. l: Excretion rates (pmol/trour) (mean + SEM) from repeated sampling of 7 aútIt

female laboratory rats at different stages of the oestrous cycle. The timing of excretion did not

differ significantly.
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+.5
Fig.lÍ The relationship between plasma oestradiol concentrations (pM) and total overnight

urinary aMT.6S output (pmol) of 10 adult laboratory rats which had been ovariectomised and

treated with oestradiol implants..
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fig. â* Total urinary aMT.6S production (pmol) (mean + SEM) of female laboratory rats

when intact (INT), ovariectomised (OVX) and administered replacement oestradiol by

implants. Data are derived from repeated observations of 10 individuals. Production was

signifîcantly decreased by ovariectomy (p <

administration of oestradiol (p < 0.05).
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duration of excretion between oestrous cycle stages (Fig 4-4). However, there was a trend to

ea¡lier peak of excretion in animals at proestms.

Experiment 4-2

Bodyweight increased slightly over the experiment from a mean * SEM value at urine

collection from INT animals of 322 + IZE to 348 + 9g at the collection after ovariectomy and

400 t I4g at the collection after oestrogen replacement. Bodyweight at the time of the

collection after ovariectomy was not lower than at the other times, negating changes as being a

resuit of liveweight alterations. No decrease in bodyweight was seen during the periods for

urine collection, indicating that rats were not under nutritional stress when on liquid diet'

Classification of vaginal smears revealed that ali intact animals cycled normally. At the time of

urine collection from intact animals, rats exhibited a variety of oestrous cycle stages so the

collection was not biased by any one stage.

Implants achieved oestrogen blood concentrations of up to 7 fold physiological levels in vivo

with great individual variation such that the mean + SEM levels of oestrogen were not

significantly different between low, med.ium and high dose OVX+OE animals (2264 t 1189,

I7g5 +620 and,2752t 1533 pmol respectively).

The variability in action of oestrogen implants meant that a dose dependent effect of oestrogen

on aMT.6S production in OVX+OE rats could not be established. There was no significant

difference in the mean * SEM total overnight productions of aMT.6S between ovariectomised

rats treated with d.ifferent doses of oestrogen (843 + 93, 938 + 156 and772 !27 pmol for rats

administered putative low, medium and high dose implants respectively). For the statistical

comparisôn of samples from INT, OVX and OVX+OE stages, results from rats given different

doses of oestrogen were therefore combined. Furthermore, there was no significant

correlation between plasma oestrogen concentration and aMT.6S excretion rate in individual

. OVX+OE rats (Fig. 4-5).

Total mean t SEM overnight aMT.6S production was significantly reduced in OVX animals

relative to the INT state (p < 0.05) and production was significantly restored by administration

of oestrogen implants (p < 0.05) (Fig. a-6). This decrease appeared to be due to altered

amplitude of production rather than to an alteration in the phase of production (Fig. 4-7) nd

was not due to alarge change in only one or two animals (Fig. a-8).
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4.7
Fig. I Excretion rates (pmol/hour) (mean I SEM) of aMT.6S from 10 adult female

laboratory rats when intact (INT), ovariectomised (OVX) and administered replacement

oestradiol (OVX + OE).
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+.1
Fig. f: Individual total urinary aMT.6S production (pmol) of female laboratory rats when

intact (INT), ovariectomised (OVX) and administered replacement oestradiol by implants

(OVX +OE). Mean production was significantly decreased by ovariectomy (p < 0.05) and

significantly restored by the administration of oestradiol (p < 0.05) because of a slight decrease

in output by all animals at ovariectomy..
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¡i.¡ì
Fig. I: Excretion rates (pmol/trour) (mean + SEM) of aMT.6S from ovariectomised,

oestradiol implanted adult female laboratory rats in a long day photoperiod (14L:10D) after 2

weeks on good nutrition (GN: rat cubes) or on poor nutrition (PN: protein restricted Rice

Bubble diet) (n=5). Total output was significantly suppressed from rats on poor nutrition (p <

0.0s).
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DISCUSSION

These studies clearly demonstrated the value of this method of assessing the relationships

between pineal function and reproduction in the rat in a non invasive manner. The use of a
urinary metabolite to monitor secretion of a hormone permits characterisation of

endocrinological patterns and interactions previously unidentified. Such techniques do,

however, have their limitations. Firstly, the rate of excretion of the metabolite should

accurately reflect the rate of secretion of the hormone of interest. This requires investigation

of a metabolite derived from a regular metabolism of the hormone. The metabolite should also

be one of the major metabolites of that hormone. For example, only 2Vo of circulating

melatonin is excreted in the urine as melatonin. Small errors in the measurment of excreted

melatoni magnify the errors of interpretation of circulating levels. In rodents, approximately

SOVo of the circulating melatonin is excreted as aMT.6S and measurement of this metabolite

thus provides a robust estimation of circulating melatonin (Kopin et al, 1961).

The lag time between secretion and excretion is affected by the clearance rate of the circulating

hormone and the urine flow, which in turn is affected by the drinking pattern of the animal and

the capacity of its bladder. This lag time is particularly important in the estimation of the

secretion of a hormone like melatonin for which the phase of excretion is more important than

the total output. The duration of this lag phase is probably quite short; the half life of

melatonin is approximately 10 minutes (Reiter, I99la) and in the case of a small rat on a liquid

diet with a small bladder, metabolites are likely to be excreted soon after formation. The

secretion of melatonin is therefore likely to be reflected by the excretion of metabolites within

the hour. Problems may arise in the interpretation of excretion rates when urine flow is not

established until after the onset of melatonin sedcrtion. This may have occurred in some of the

urine collections in this study where bush rats were reluctant to consume large quantities of

liquid diet.

Alterations in urine flow may affect the dynamics of a radioimmunoassay. Concentrated urine

may contain factors capable of interfering with hormone-receptor binding. Urine samples in

this assay were not extracted before assay but extremely low volumes were required for assay.

In addition, the difference in total aMT.6S output of samples collected from individual bush

rats on solid and liquid diets (Chapter 5) was not significant. The antibody used in this

radioimmunoassay was specific and did not cross react with other metabolites likely to
interfere with results.

Laboratory rats produced a clear rhythm of output of the melatonin metabolite in relation to

the lighldark cycle. The first experiment showed maximum total production of the principal

melatonin metabolite of the laboratory rat, aMT.6S at the proestrous stage of the oestrous

cycle. This is the time of maximal oestrogen secretion just prior to the LH surge (Freeman,

1988). Subsequently it was demonstrated that ovariectomy decreases the production of this
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metabolite and that oestrogen replacement could restore production to the level of intact rats.

This clearly indicates that the rise in aMT.6S at proestrus relates to the increased levels of

oestrogen at that time. This study therefore provides strong evidence of a functional and

positive relationship between oestrogen and melatonin during the oestrous cycle of the rat as

proposed by others (Cardinali et al, l9l4; I98l;'Wallen and Yochim,l974b: Yochim and
'Wallen, 1974b).

The differences between this and the other studies which found a negative relationship between

oestrogen and melatonin (Ozaki et al, 1978; Yuwiler, 1989) and which suggested that

minimum melatonin secretion occurred at proestrus (Johnson et al, 1982; Ozaki et al, 1978)

are difficult to reconcile, but may relate to differences in the methodological approach.

Johnson et al (1982) measured pineal melatonin which does not always reflect melatonin

secretion and Ozaki et al (1978) measured urinary melatonin which accounts for only l-2%o of

circulating melatonin is excreted as melatonin (Kopin et al, 1961). The major metabolite in the

rat, aMT.6S, accounts for 807o of metabolic production and arguably provides a better

indicator of melatonin production. In addition, Ozaki et al, (1978) measured melatonin

excretion under a l2L:12D photoperiod whereas this study was conducted under 14L:10D and

it is known that the amount of melatonin secreted changes with the duration of the dark period

(Kennaway et al, 1983) and the regularity of cyclicity of the laboratory rat is dependent upon

photoperiod (Hoffman, 1968). This allows for the possibility that the relationship between

melatonin and oestrogen may change under different photoperiodic conditions, and this fact

may underlie the mechanism by which feedback effects of oestrogen on the hypothalamus

change in different photoperiods in reproductively photoresponsive animals.

The physiological meaning of the increases in aMT.6S at proestrus remain obscure. Melatonin

may be instrumental in initiating the positive feedback system which causes increases in

oestrogen secretion and promotes the LH surge. This could occur via interaction with the

mechanism through which oestrogen sensitises GnRH releasing neurons to circadian signals

from the SCN. If this is the case, then these experiments provide further insight into the

mechanism of action of melatonin on reproduction, and support, although cannot indubitably

confirm the hypothesis that melatonin is involved in the changes in sensitivity to steroid

feedback which occur during the reproductive cycle of the female and in the control of the

breeding season.

One of the attractive aspects of this hypothesis is that it provides a mechanism whereby

melatonin may have different effects on reproduction in different species and at different times.

If melatonin is not considered simply as an 'anti-gonadotrope', but rather is understood to act

on reproductive processes indirectly through a system such as the actions of steroids at the

hypothalamus, which can produce positive and negative effects, then discrepancies in the

literature are more easily reconciled. In addition, the delay in identification of a classical

receptor and hormonal mechanism may be because of this putative indirect action of melatonin.
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Such indirect systems may include the circadian timing mechanism, which in turn may act

through endogenous opioid peptides and neurotransmitter links. However, if the role of
melatonin is to reset the biological clock to alter circadian control of the hypothalamus, it
would be expected that changes in the phase of melatonin would be more imporatant than the

amplitude of secretion, which was not found in this study. These results therefore perhaps

argue for a role of melatonin excluding the SCN, although a timing role may also exist. Further

investigation of this topic is required.

We propose that the changes in aMT.6S observed in this study are due to specific functional

actions of oestrogen. Since an increase in aMT.6S was identified during a normal oestrous

cycle, which is under strict feedback and circadian control, it is perhaps unlikely that the higher

melatonin levels under conditions of high oestrogen levels may be merely a reflection of
general stimulation of protein synthesis, non specific adrenergic stimulation by oestrogen, or

differential SCN metabolism and feedback. Observed changes in aMT.6S excretion are

unlikely to be a result of some time effect such as increasing age because melatonin levels

decrease with increasing age (eg Trentini et al, 1991). It is possible, however, that oestrogen

could have a non specific effect on circulating melatonin and alter the pattern of metabolism by

the liver, diverting more through the bilary route or through excretion as melatonin. It remains

to be confirmed that these results are due to alteration of production rather than metabolism of
melatonin by oestrogen.

This study was unsuccessful in attempts to establish a dose dependent effect of oestrogen on

the pineal. The type of implant employed failed to produce targetted levels of blood oestrogen

concentrations. It would be interesting to investigate the dose response to different levels of
oestrogen using a more reliable implant design. However, the lack of correlation between the

plasma oestrogen concentrations and aMT.6S production does not support there being a dose

dependent effect over the range of oestrogen levels achieved in this experiment. Dose

dependence may exist over a narrow range of physiological levels which may have been missed

as a result of the low number of animals or dosages used. Alternatively, there may be merely a

threshold effect of oestrogen on the production of melatonin, whereby oestrogen levels higher

than a minimum threshold can stimulate melatonin release.

It is interesting that the increase in aMT.6S was seen at proestrus regardless of whether the rat

had a 4 day or a 5 day oestrous cycle. The length of the cycle is partly dependent on strain

(Hoffman, 1969) and on photoperiod, with an increasing number of rats exhibiting 5 day cycles

in longer photoperiods (Hoffman, 1968). The difference between 4 and 5 day cycles appears

to be due to a prolonged secretion of progesterone in 5 day cycles. The rise in oestrogen

occurs at the same time of the cycle in both cases although ovulation occurs a little earlier in 5

day cycles (Nequin et al, 1979). In rats in this experiment, a higher aMT.6S production at

proestrus was associated with similar levels of gonadal steroids.
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Care must be taken with the extrapolation of these results to other species. The varying effects

of melatonin on reproduction in different species and the conflicting literature indicate that

interactions between oestrogen and melatonin may not be the same in all species at all times.

In conclusion, the pattern of aMT.6S production throughout the oestrous cycle of the

laboratory rat has been accurately determined for the first time. The total nightly output of

aMT.6S was significantly higher at proestrus than at any other stage of the oestrous cycle

which was interpreted as supporting the proposal that there is a positive relationship between

melatonin and oestrogen production in the rat.

SECTION II
6.SULPHATOXYMELATONIN PRODUCTION BY OVARIECTOMISED

LABORATORY RATS AND BUSH RATS ON GOOD OR POOR NUTRITION WITH
AND WITHOUT OESTROGEN REPLACEMENT

The previous studies showed that oestrogen had an effect on urinary aMT.6S production in

laboratory rats, resulting in increased production at the proestrous stage of the oestrous cycle.

These findings were interpreted as providing support for the hypothesis that melatonin is

involved in the control of reproduction during the oestrous cycle through mechanisms causing

changes in sensitivity of the hypothalamus to the feedback effects of steroids. The exact role

of melatonin in the steroid feedback control by environmental factors remained to be

elucidated.

The mediation of melatonin in the effects of photoperiod on steroid feedback mechanisms has

already been established (Glass and Lynch, 1988). Nutrition is another environmental factor

known to affect reproduction partly by a similar steroid dependent pathway (Howland and

Ibrahim, 1973; Howland and Skinner, 1973; Pirke and Spyra, 1981; Corbet et al, 1982; Piacsek

1985) and as there is evidence that nutritional status can also alter melatonin secretion (Herbert

and Reiter, 1981; Chik et a7, 1987a) we speculated as to whether melatonin might play a role in

the effects of nutrition on steroid feedback pathways.

To investigate this proposal we used the ovariectomised, oestradiol implanted rat as a model

because effects of nutrition could be monitored without the interference of cyclical or

nutritionally induced changes in endogenous oestrogen levels. The aims of these experiments

were to establish the effects of nutrition on melatonin secretion in the rat, and to then explore

the possible participation of melatonin in the steroid dependent mechanism of action of
nutrition on reproduction. Three experiments were completed to explore this aspect of the

topic. In the first experiment, aMT.6S production was measured in ovariectomised, oestradiol

implanted female laboratory rats on good and poor nutritional regimes to determine whether
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under conditions of constant oestrogen, changes in melatonin secretion were induced by

nutrition. In the second experiment, aMT.6S production from ovariectomised laboratory rats

with and without oestrogen implants was assessed to determine whether or not changes in

aMT.6S production were steroid dependent or not. The third experiment was essentially a

repeat of the first experiment except that the seasonal breeder, the bush rat (Rattus fuscipes
greyi) and not the laboratory rat was utilised in anticipation that it might respond differently to

an environmental stimulus.

MATERIALS AND METHODS

Experiment 4-3

Twelve adult 3 month old female Albino Wistar laboratory rats were obtained from the Central

Animal House of the University of Adelaide, where they had been bred in a l2L:l2D
photoperiod. They were removed to an animal holding room at the Medical School Animal

House and placed on a 14L:10D photoperiod (lights on 0500, lights off 1900 CST). After 4

days acclimation to the new photoperiod, animals were ovariectomised and implanted with

oestrogen implants under Avertin anaesthesia. Implants consisted of 3mm of crystalline 17B

oestradiol packed into 13mm lengths of silastic tubing (Dow Corning 602-285: 0.062" i.d.,

0.125" o.d.) sealed at either end with 5mm silastic adhesive and soaked in buffer at 37" C for

24 hours before insertion after Legan et al (1975).

After one week for recovery from surgery, animals were assigned to either a poor nutrition

(PN) low protein (3.67o) diet comprising 5509 Rice Bubbles (Kellogs):1lml cod liver oil: 11g

glucodin: 5.5g dicalcium phosphate, or to a good nutrition high protein (I6Vo) diet (GN) of

laboratory rat cubes (Milling Industries, joint stock ration, Appendix 9). This low protein diet

had been successfully used in previous studies to demonstrate interactions between level of

nutrition and the reproductive axis in both Rattus fuscipes (hby et al, 1984) and laboratory rats

(Kennaway et al, 1988). It was prepared every 2-3 days by crushing the Rice Bubbles in a

food processor, carefully adding the other ingredients and blending until a homogenous

mixture was achieved. After two weeks on this diet animals were placed in metabolism cages.

Animals on GN were fed liquid diet (Osmolite HN) and those on PN were offered a diluted

257o solution of the same diet so that the differences in protein quantity were maintained.

Samples of total overnight urine production were collected for 2 nights and on the third night

an hourly urine collection was obtained as descibed previously. After completion of this

collection, animals were sacrificed with 1 ml Lethobarb i.p., 3rnl of blood were obtained by

cardiac puncture and implants were removed. Throughout the experiment, animals were

weighed weekly.

Urine samples were analysed for aMT.6S and plasma samples for oestrogen by RIA as

described previously. Statistical analysis was achieved by ANOVA's and t-tests.
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Experiment 4-4

This experiment was a repeat of the previous experiment with the following differences.

Twenty adult female Albino'Wistar rats were purchased as before but at the age of 2 months

and bodyweight 259 + 4 g and were allowed to acclimate to the l4L:10D photoperiod for

three weeks before ovariectomy. At surgery, under Brietal:Nembutal anaesthetic, 10 animals

were implanted with oestrogen implants and l0 animals were implanted with blank implants.

In order to account for the lower bodyweight of these animals compared to those of the

previous experiment, oestrogen implants contained only 2.5 mm B oestradiol packed into

lZmm of silastic tubing sealed at either end with 5mm silastic adhesive as described in

experiment 4-3.

After 8d-17d, depending on the date of ovariectomy, animals were assigned by oestrogen

treatment, weight and date of ovariectomy to a PN or GN diet as in experiment 4-3. The diet

was administered to the animals in 2 batches staggered 4 days apart because of limiting

numbers of metabolism cages. After 2 weeks on the diet, animals were placed in metabolism

cages and administered a measured amount of l00Vo or 25Vo liquid diet for 3 nights (Batchl)

or 2 nights (Batch 2) until urine production was deemed sufficient for an hourly urine

collection. On the night of urine collection, rats were fed approximately every three hours to

ensure a constant feed intake and rhythm of urine excretion. Urine and blood samples were

collected and analysed as described previously.

Experiment 4-5

The effects of nutrition on animals with a constant steroid background were also examined in

bush rats. The same experimental design was employed as in Experiment 4-4 with the

following modifications. Adult female bush rats of mean + SEM age 7.I + 1.1 months and

average bodyweight 95 + 69 were obtained from the Central Animal House on 714/93 where,

unlike the laboratory rats, they had been maintained on a natural photoperiod which at this time

of the year was approximately |2L:I2D. They were placed in the 14L:10D photoperiod.

Under Avertin induced anaesthesia, all animals were ovariectomised and implanted with 1lmm

oestrogen implants containing approximately 0.8mm oestrogen (weight of oestrogen per

implant was 0.95mg + 0.03mg). The 9 animals which survived surgery were allowed at least

12 days to recover from ovariectomy before being assigned by weight, age and date of

ovariectomy to either a PN or a GN diet. After 14 days on this diet, animals were placed in

metabolism cages on IOO%o (GN) or 257o (PN) liquid diet and total overnight urines were

collected for 3 nights before an overnight hourly collection was obtained. On the night of the

hourly collection, animals were fed every 3-4 hours.
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RESULTS

Experiment 4-3

Oestrogen implants achieved physiological levels of oestrogen, and the metabolism of this

oestrogen did not appear to be altered by nutritional status. Mean + SEM plasma

concentrations of oestrogen were 1968 + 268 and 2034 + 242 pM in rats on good and poor

nutrition respectively. These values did not differ significantly from each other nor from

normal levels of 1564 + 162 pM as determined in control laboratory rats in expt 14.

Bodyweight of rats on good nutrition did not change throughout the experiment, but rats on

poor nutrition lost a significant amount of weight (p < 0.01) (Table 4-1). Consumption of

liquid diet was not measured. However, bodyweights before and after the 4 day period in

metabolism cages were269 + l3E and254 + 138 for GN rats and 240 + l7g and234 + 15g for

PN rats respectively, so there was no significant weight loss in either group when on liquid

diet.

Nutritional status significantly altered aMT.6S excretion rates. Mean + SEM total overnight

production of aMT.6S was significantly reduced in rats on poor nutrition relative to rats on

good nutrition from 978 + 120 to 362 + 78 pmol (p < 0.05) . This was due to an overall

dampening of amplitude (Fig. a-9). The rhythm of excretion was almost totally suppressed in

rats on poor nutritrion, with levels above threshold levels attained only at the time of peak

excretion from 0300 to 0400 hr.

Experiment 4-4

The imposition of a poor diet for 2 weeks failed to significantly affect bodyweight in this

experiment (Table 4-1). In fact, animals on poor nutrition actually weighed more than animals

on good nutrition at the end of the experiment. During urine collections, feed consumption

was significantly higher in GN rats. Mean t SEM volume of 1007o diet consumed on the

night of the hourly collection was 70 + 15ml and 23 + 0.25m1 for GN and PN rats respectively

in Batch 1, and 66 + 10.4m1and 19 + 1.8m1for GN and PN rats in Batch2.

Plasma oestrogen concentrations were significantly higher overall in ovariectomised rats

treated with implants than in untreated ovariectomised animals (p <0.05; mean t SEM 334 +

18 pM and 120 + 14 pM for OE and NO respectively). There v/ere treatment differences in

the response to oestrogen implants. There \Mas no direct effect of nutritional status on

oestrogen levels, and ovariectomised rats on good nutrition had similar levels to those treated

with oestrogen implants. This appeared to be due to low levels in GNOE rats rather than high

levels in GNNO rats.
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4..1o
Fig. D: Total urinary aMT.6S production (pmol) (mean + SEM) of adult female laboratory

rats in a long day photoperiod (14L:10D) after 2 weeks on good nutrition (GN: rat cubes) or

on poor nutrition (PN: protein restricted Rice Bubble diet) with the administration of

oestrogen implants (GNOE and PNOE) or without oestrogen replacement (GNNO and

PNNO) (n=5). There was no significant effect of treatment on aMT.6S output.
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Implants achieved close to physiological levels as measured by comparison with the

endogenous levels of control animals in expt 14 (mean 1564 + 162 pmol). In OVX rats on both

good and poor nutrition, levels were significantly reduced relative to this physiological levels

(p < 0.01), thus OVX did lower oestrogen concentrations below those normally experienced

by these rats. However, oestrogen levels of GNOE rats were also lower than physiological

levels (p < 0.05).

Neither nutritional treatment nor oestrogen treatment significantly affected the total excretion

of aMT.6S. Mean + SEM total outputs were 712 +79 and 750 + 73 pmol for rats on good and

poor nutrition respectively, and 708 + 79 and 159 +70 for rats with and without oestrogen

implants. There was no difference in mean total overnight production of aMT.6S between

treatment groups (Fig.a-10) . Phase of excretion rate was likewise unaffected (Fig.a-11).

Experiment 4-5

Animals on poor nutrition lost a significant amount of weight over the course of the

experiment (p < 0.05). Over the entire period in metabolism cages, the mean consumption of

liquid diet was higher in bush rats on GN. However, GN animals consumed progressively less

over that period so that there was no significant difference between feed consumed by GN and

PN animals on the last night in metabolism cages, the night of the hourly urine collection.

Table: 4-2 Mean + SEM amount of liquid diet (converted to 100Vo concentration) consumed

by each bush rat each day in metabolism cages

Dav 1 2 Ĵ 4

GN 55+9 6t+16 25+tO 22+l
PN 15+2 22+2 20+I 2l+4

There was no significant difference between treatments in the levels of oestrogen achieved by

oestrogen implants. Mean + SEM plasma oestrogen concentrations were 430 + 43 and 424 +

29 pM for animals on GN and PN respectively. Also, these levels did not differ significantly

from the mean * SEM endogenous level of control female bush rats in expt 14 (378 + 104

pM), thus implants achieved physiological levels of oestrogen.

There was a non significant reduction in total aMT.6S production in bush rats on poor

nutrition. Mean + SEM total outputs \üere 89 + 15 and 81 + 12 pmol for animals on good and

poor nutrition respectively) and phase of excretion was not affected by nutritional status (Fig.

4-1 1).
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4"¡l
Fig. G Excretion rates (pmol/trour) (mean + SEM) of aMT.6S of from adult female

laboratory rats in a long day photoperiod (14L:10D) after 2 weeks on good nutrition (GN: rat

cubes) or on poor nutrition (PN: protein restricted Rice Bubble diet) with the administration

of oestrogen implants (GNOE and PNOE) or without oestrogen replacement (GNNO and

PNNO) (n=5). There was no significant effect of treatment on aMT.6S output.
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Fig. I: Excretion rates (pmol/trour) (mean + SEM) of aMT.6S from ovariectomised,

oestradiol implanted adult female bush rats (Røttus fuscì.pes greyi) in a long day photoperiod

(L4L10D) after 2 weeks on good nutrition (GN: rat cubes) or on poor nutrition (PN: protein

restricted Rice Bubble diet) (n=5). There was no significant effect of treatment on aMT.6S

output. Note the ten fold lower excretion rates compared to laboratory rats (Fig. 4-10).
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Combined results

The results of these experiments differed in that only experiment 4-3 successfully demonstrated

a significant effect of nutrition on aMT.6S production. In order to explore possible differences

in the effects of nutrition, or in type of animals, some relevant parameters v¡ere calculated

regarding initial bodyweights and changes in bodyrrveight throughout the experiments.

Table 4-1: Comparisons of mean bodl'weights and bodyweight changes in experiments 4-3,4-
4 and4-5.

Expt 4-3 Expt 4-4 Expt 4-5

GN PN GN PN GN PN

Bodyweight at

OVX(e)

292 309 265 262 93 96

Bodyweight at start

diet(e)

254 272 260 266 92 90

Bodyweight at end

diet(e)

270 240 256 270 87 77

Bodyweight change

from ovx(To)

-7.5 _2) ? -3.4 +3.1 -6.2 -25.6

Bodyweight change

from start diet(%)

+6.3 -11.8 -1.5 +1.5 -5.7 -20.7

Significant diet

effect on aMT.6S

Yes No No (trend)

DISCUSSION

Effects of nutritrion and bodyweight on aMT.6S production

In these experiments, an effect of nutrition on aMT.6S production was identified. Laboratory

rats suffering significant bodyweight loss after being fed a low protein diet for two weeks

greatly reduced their overnight production of this melatonin metabolite. This trend was

repeated in the bush rat.

The second experiment failed to repeat this phenomenon. It is proposed that a significant

weight loss is required for the effects of poor nutrition on melatonin production to be apparent.

Laboratory rats in experiment 4-3 lost weight over the two weeks of dietary restriction, but

rats in experiment 4-4 did not lose weight. If this proposal was sound, bush rats on poor

nutrition would also have been expected to show some change in aMT.6S excretion, as they

too lost weight. However, the control bush rats on good nutrition also lost weight during the

98



experiment, negating any effect of nutrition between good and poor nutrition groups. Other

reasons for the lack of significance in the bush rat may include the natr¡ral heterogeneous

response of these animals to any experimental manipulation, a higher level of stress induced by

the surgical procedures in both groups, or the fact that on the night of collection, intake of

liquid diet by GN bush rats was not greater than that of PN bush rats.

The failure of laboratory rats in experiment 4-4 to lose weight may have been because new

feed dishes were used in this experiment to accomodate the higher number of rats in the study.

These dishes held less feed and were topped up more frequently, thus perhaps stimulating

increased consumption of the diet. In none of the experiments were animals permitted to run

out of feed, or left with dirry feed, but in experiment 4-3 feed may have become stale or

contaminated with urine after 24 hours, causing decreased consumption. It is also possible that

rats in experiment 4-4 had a leaner body composition associated with their stightly lower

weight and younger age, so that weight was not lost as easily in this group.

If the experimental differences were indeed due to differences in the amount of weight lost,

there a¡e important implications for the type of poor nutrition that affects melatonin

production. Rats on poor nutrition were fed a low protein diet. Unfortunately, it was not

feasible to acflrately measure food consumption and so exact calculation of energy and

protein intakes cannot be made. However, anìmals consuming larger amounts of the low

protein diet as in experiment 4-4 could probably have met energy but not protein requirements.

In experiment4-3, the bodyweight loss shows that dietary energy intake was insufficient to

meet maintenarice requirements and protein intake would be even lower than in experiment 4-

4. Experiment 4-3 can therefore be described as imposition of undernutrition of a poor quality

diet, whilst experiment 4-4 was reflective of matnutrition. It can thus be tentatively proposed

that undernutrition severe enough to cause weight loss is required for a nutritional effect on

aMT.6S excretion to be exhibited, and that a decrease in the protein quality of the diet is

insufficient to demonstrate this effect.

Melatonin precurror availability

It is unlikely that the decrease was caused by limiting availability of specific precursors such as

tryptophan as rats in experiment 4-4 were subjected to protein restriction and showed no

decline in aMT.6S excretion relative to controls. However, rats in experiment 4-3 presumably

had a lower protein intake still and there may be a threshold limit of tryptophan intake which

lies between the intake of animals in experiments 4-3 and 4-4 below which melatonin secretion

is sacrificed. Melatonin production in the labortatory rat has been shown to respond to the

level of tryptophan consumption (Young and Anderson, 1982).

The observation of different effecß of nutrition on melatonin production may arise because of

the mechanism of synthesis of melatonin from its precursors. The levels of circulating

tryptophan are dependent on the amount of tryptophan consumed and on the lysis of
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intracellular proteins (Wurtman, 1976) and insulin levels. The amount of carbohydrate in the

diet can also alter the amount of circulating tryptophan by changing the flux of amino acids

into muscle or other intracellular components. The uptake of brain tryptophan is dependent on

the competition of tryptophan with other neutral amino acids (Fernstrom et al, 1973).

Serotonin synthesis and subsequent melatonin synthesis are then controlled by mechanisms

other than brain concentrations of tryptophan, although the laboratory rat is sensitive to the

level of consumption of tryptophan (Young and Anderson, 1982). There is therefore potential

for inter study variation in the effects of nutrition on melatonin to arise because of differences

in bodyweight loss, the extent of protein lysis, and carbohydrate content and protein

composition of the treatment diet. Possibly the diet utilised by Chik et al (1987a) contained a

higher level of tryptophan and / or a higher ratio of tryptophan to other neutral amino acids

than the protien restricted diet utilised in our studies.

Physiological significance of alterations in aMT.6S production

Regardless of whether or not the change in aMT.6S production was caused by changes in

precursor availability, there is potential for a functional effect of this phenomenon. However,

the physiological significance of the decrease in aMT.6S is unclear. As discussed previously,

the duration of secretion is believed to be more important than the amplitude of secretion, but

only a change in amplitude was identified here. In humans there is some evidence for changes

in the magnitude of the nocturnal peak, but in other species there are as yet few experimental

data either supporting or discounting the importance of the melatonin amplitude (Reiter,

l99Ia). This study provides support for an amplitude hypothesis.

There may have been slight phase shifts between treatment groups which were missed because

measurement of a urinary metabolite is dependent upon the time of urination. The system of

urine collection employed in all experiments in this section was designed for young male rats

which have a small bladder and the need to urinate frequently. The larger animals used in these

experiments could hold urine for longer periods of time and hence the urinary excretion rates

do not reflect the times of production as accurately. In some collections there appeared to be

almost a biphasic rþthm of excretion in which excretion was measured before lights on,

decreased and rose again after lights on. This is likely to be an artefact of sampling in which

the initial urine to be excreted may have been retained metabolite from the preceding night or

concentrated urine from that day that was not secreted until the initiation of the normal

drinking rhythm of those rats.

Previous studies supporting the existence of a functional role in the control of reproduction for

alterations in pineal activity induced by changes in nutrition have identified an altered response

of the pineal to adrenergic stimulation (Chik et al, 1987b), changes in melatonin binding site

number (Cardinali and Vacas, 1981) and the pineal mediation of the sensitisation effects of

undernutrition to the inhibitory effects of short daylengths in the rat (Blask et al, 1980). There
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is also evidence of a steroid dependent inhibition of gonadotropin secretion by the pineal

(Walker and Frawley, 1977).

Few studies have been undertaken on the effects of nutrition on melatonin secretion. In the

laboratory rat an increase in serum melatonin concentrations (Chik et al,l98Ja), and decreased

pineal melatonin (Chik et al,1987a; Herbert and Reiter, 1981) were found in animals on poor

nutrition. As discussed previously, a decrease in bodyweight would reduce the blood volume

and increase the circulating concentration of a given production level of melatonin. In those

experiments, melatonin production thus perhaps did not change. In some cases production

may be a better measure than concentration of the biological activity of a hormone, when the

confounding influences of binding proteins are unaltered. Bodyweights decreased over the

course of experiment 5-3. If pineal production and clearance rate of melatonin were not

altered over this period, the circulating concentration of melatonin would have increased. In

the case of a hormone which acts on a target organ far from the gland of production, small

changes in the circulating concentration may lead to low receptor occupation and reduced

effect. However, in the case of a hormone like melatonin which probably acts close to the place

of secretion, in the brain, changes in circulating serum concentrations may be of less

consequence and production a better measure of activity. Both measurements of the total

amount secreted (production) and circulating concentrations of melatonin indicate the

biological activity of the hormone better than the measurement of pineal melatonin. The latter

parameter measures the synthesis and storage of the hormone but not the secretion, which

determines the biological activity of that hormone. Synthesis and secretion do not always

correlate; decreased pineal melatonin can be associated with increased serum melatonin in

animals of constant weight (eg Ozaki et al, 1978). Melatonin release usually occurs soon after

synthesis, however, due to its structure as a small lipophilic molecule, although some short

term storage in the pineal may occur (Morton and Reiter, 1991)

Steroid effects on aMT.6S production

Attempts to determine whether the decrease in aMT.6S excretion was steroid dependent were

unsuccessful because rats in experiment 5-4 failed to exhibit the anticipated decline in aMT.6S.

Ovariectomised lab rats without oestrogen implants apparently still had low levels of oestrogen

in this experiment. Oestrogen is known to be synthesised in areas other than the ovary, but

production is generally assumed to be minimal in comparison. During ovariectomy in these

experiments, care \ilas taken to ensure that both ovaries and oviducts were removed,

precluding an ovarian origin. It is likely that the measurement of oestrogen in these animals is

at least partly due to a problem which was subsequently identified with the lowest standards in

the oestrogen RIA (4. Gilmore, personal communication).

The decrease in aMT.6S production identified in experiment 5-2 was not repeated in this study

between rats on good nutrition with and without oestrogen replacement. This may be because

detectable levels of oestrogen were observed in ovariectomised rats on good nutritrion or
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because levels of intact rats on good nutrition were inexplicably less than physiological levels.

There was thus insufficient difference in oestrogen levels for a difference in aMT.6S to be

apparent. The previously reported difference in the plasma concentrations of oestrogen of
oestrogen implanted rats on good and poor nutrition (Bronson, 1988) was not observed in this

study.

Disadvantages of using the ovariectomised, oestradiol implanted animal as a model are that

under conditions of poor nutrition, steroid levels would normally decrease (Campbell et al,

1977) and model rats are therefore exposed to a higher than normal level of oestrogen. In

addition, the replacement of gonadal steroids does not include progesterone, and the absence

of the normal cyclical variations in steroid levels may disrupt the intricate circadian regulation

of hypothalamic events. Nevertheless, with the recognition of these limitations, this model can

provide useful information on possible endocrinological relationships.

Indications for future research

The effect of nutrition on reproductive hormones in this study was not measured. If
gonadotropin levels were significantly decreased in experiment 5-3 but not 5-4 then the

significant alteration of aMT.6S production would correlate with a significant inhibition of

reproduction, caused at least in part by an increase in sensitivity to the negative feedback of

steroids. This would strengthen the support for a role of melatonin in the conveyance of

nutritional information to the reproductive axis via this pathway.

As in all experiments measuring the production of a metabolite, the possibility cannot be ruled

out that changes in levels of the metabolite reflect alteration of melatonin metabolism and

clearance due to different diets. The metabolism of melatonin under different nutritional

regimes requires investigation. Unfortunately, lack of time precluded the successful cannulation

and concurrent measurement of blood melatonin concentrations and urinary aMT.6S

production in feed restricted animals relative to those on good nutrition and in rats

administered different levels of oestrogen.

CONCLUSIONS

These results suggest that melatonin may transduce the effects of nutritional as well as

photoperiodic information to the reproductive axis. The identification of a positive relationship

between melatonin and oestrogen provides further evidence for a role of melatonin in the

control of reproduction. This control occurs both at the regulation of the oestrous cycle and in

the response to environmental factors. It is suggested that melatonin plays a role in the

mediation of changes in sensitivity to steroids, which participate in the control of gonadotropin

release at these times. The measurement of urinary 6-sulphatoxymelatonin excretion rates was

established as a useful method for the non invasive investigation of the role of the pineal in the

control of seasonal breeding.
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CHAPTER 5

LABORATORY MANIPULATIONS Oß RATTUS FUSCIPES GREYI: EF.FECTS ON

REPRODUCTION AND PINEAL ACTIVITY
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INTRODUCTION

Seasonality of reproduction in the bush rat
The South Australian bush rat (Rattus fuscipes greyi) is a seasonal breeder which produces

litters of multiple young. It has a short gestation period of approximately 22 days and young

are weaned about 4 weeks after birth (Taylor and Horner, 1972). In order to match the time of
peak energy demand at peak lactation, appropriate signals to breed should therefore indicate

the availability of sufficient energy sources 5-6 weeks after mating. The bush rat could be

classifed as an r type species and would thus be expected to breed opportunistically. However,

annual weather changes in South Australia are quite predictable relative to other areas of
Australia such as the arid lands which cover lOVo of the country and the reported breeding

season of native rats is shorter and better defined in the south than in the north of Australia

(Press, l98l).It was therefore possible that they might also respond to predictable cues such

as photoperiod.

Investigation of different sub species of bush rats has previously suggested that environmental

cues to breed may be photoperiod augmented by temperature (Kem et al, 1980); photoperiod,

temperature and nutrition; or have suggested that the duration of the breeding season may be

controlled by decreasing autumnal temperatures (Robinson, 1987). One major laboratory

study on the factors controlling seasonality of reproduction in Rattus fuscipes assimilis (Irby et

al 1984) concluded that photoperiod had no effect, photoperiod and temperature together

produced some but not total reproductive regression, and that poor nutrition could reduce

testes size, but a combination of all inhibitory treatments was required to induce reproductive

regression to the extent seen in the wild in the non breeding season.

In the Mount Lofty Ranges of South Australia we found that the bush rat successfully in the

wild during the long days of spring and summer from October to February (Chapter 2). The

cue for the initiation of reproductive activity for males was in June and for females was around

July, thus males appeared to initiate reproductive growth sooner than females. Some

individuals appeared capable of mating throughout the year but successful mating ceased in

February. Environmental cues identified possibly initiating reproductive activity in the wild
population included photoperiod, nutrition, temperature, and specific vegetative components.

However, in our captive colony, breeding occurred throughout the year in animals exposed to

natural changes in photoperiod and temperature, indicating that nutritional cues may be of
primary importance in the control of reproduction in this population (Chapter 3). Some

species which have been bred in captivity for a number of generations and which no longer

show seasonality of breeding maintain their photosensitivity (eg Microtus agrestis, vole'.

Spears and Clarke, 1987 a). It was thus considered necessary to investigate the effects of other

environmental factors such as photoperiod on reproduction.
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Assessment of reproductive activity

Ultimately, a potential stimulatory effect of a given environmental stimulus to reproduction

should be assessed by increases in number born and raised. However, the small numbers of
animals in our colony and the failure of many individuals to breed excluded such extensive

studies.

There ane a number of alternative methods of assessing reproductive end points in small

mammals. For example, the measurement of changes in testicular size provides an easy and

accurate assessment of fertility in the male with the descent of abdominal testes to the scrotum

signifying the onset of reproductive activity and the length of the external testes provides an

index of fertility (Warneke, l97l). However, there is the potential complication that whilst a

stimulatory environmental signal to a young animal will cause the descent of testes which are

initially small, inhibitory signals can cause the regression of testes of an adult to a similar size.

Measurement of reproductive activity in live male animals in this study therefore need to

include a calculation of a testicular index relating testicular size to body size.

This measurement can be supported by additional assessment of reproduction in males made by

dissecting and weighing testes, seminal vesicles and ventral prostates at the end of each

experiment to provide a direct comparison between treatment groups. Again weights need to

be calculated relative to bodyweight to allow for age and size variations. Assessment of

accessory sex organs provides a sensitive indicator of changes in testosterone than

measurement of testicular size or volume the testes and thus provides a sensitive indicator of

changes in testosterone. This is important as inhibition of reproduction is often mediated by an

increased negative feedback of testosterone on the hypothalamus, resulting in a decreases in

the release of gonadotropins and thus a decrease in the amount of testosterone produced.

The measurement of reproductive activity in females is more difficult than in males because

there is no comparative method to the external repeated measurements of testicular parameters

in males. Oestrous cyclicity can be readily monitored in captivity by vaginal smears but with

wild animals the very act of handling the animal may impose a stress sufficient to disrupt

cyclicity and vaginal stimulation associated with the collection of smears may induce

pseudopregnancy. Furthermore, examination of cyclicity may identify abnormalities in

oestrous cycling but does not provide a quantitative measurement of the effects of a given

factor on reproduction. The use of cyclicity as a reproductive response of the female to a

stimulus can thus be used only sparingly and judiciously in the field.

In the female, as in the male, the relative weights of reproductive organs can provide a measure

of reproductive activity. However, when using small numbers of animals, this parameter is

clouded by the effects of oestrous cycle stage such that females in proestrus or oestrus on the

day of sacrifice have heavier uterus weights than those in metoestrus or dieoestrus. This

problem can be overcome by synchronisation using artificial hormonal treatment such as GnRH
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so that all animals are killed at the same stage of the oestrous cycle. The obvious disadvantage

with this approach is that the administration of exogenous hormones could mask the effects of
an environmental factor on the reproductive axis. Alternatively, sacrifice may be delayed in all

individuals until they are at a given oestrous stage; this approach can be useful only in

reasonably long term studies and only when all animals are cycling regularly. More intensive

techniques such as castration with steroid replacement to study the effects of a constant level

of steroids on the hypothalamo-pituitary-gonadal axis can be utilised in the laboratory but are

of limited use in the wild.

The potential use of urinary measurement as the basis for non invasive assays for the

measurement of steroid metabolites has been described (Chapter 4). In both males and

females, reproductive activity can be assessed by hormonal levels, particularly levels of gonadal

steroids and gonadotropins. However, gonadotropins are released in a pulsatile manner and

the accurate measurement of such hormones requires frequent sampling. In domesticated

small mammals, repeated measure blood sampling is difficult but not impossible, but in wild

animals, the procedure of taking blood samples is more difficult because the stress of handling

and sampling itself can alter endocrinological parameters (MacDonald et al, 1988), although

reproductive hormone changes have been noted in the bush rat in single sacrifice samples (kby

et al, 1984).

Investigation of pineal activity

The collection of urine and subsequent measurement of urinary metabolites of reproductive

hormones provide a non-invasive way of accurately assessing hormonal activity in small

mammals. The availability of an assay suited to the measurement of urinary 6-

sulphatoxymelatonin in rats as a measure of pineal activity provided a novel means of

examining the role of the pineal in the transduction of environmental signals to the

reproductive axis. Previous estimates of pineal function in small mammals have largely been

based on synthetic hormone activity and on pineal content of melatonin at sacrifice and

repeated measurements of melatonin production in small r type seasonal breeders had not been

plausible.

The validation of this technique for use in laboratory rats has previously been described

(Kennaway et al, 1989; Yie etal, 1992;Kenna\ryay, 1993) and its use in studies of the functional

relationships between pineal activity and the reproductive axis was established in the laboratory

rat (Chapter 4).

The aims of this study were to further investigate the environmental signals controlled the

breeding season of the South Australian bush rat with particular emphasis on the ability of the

pineal to act as a mediator in the translation of environmental information under controlled

conditions in the laboratory. Effects of temperature were investigated by monitoring a
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proportion of the colony animals in an aviary where they were subjected to natural changes in

photoperiod and temperature and with some freedom to express social preferences,butwith ad

libitum good nutrition which would not normally be experienced in the wild (Chapter 3).

Effects of photoperiod and nutritrion and the interactions between these signals and the

influences of secondary plant compounds on reproductive capacity were examined, and the

effects of these stimuli on the pineal were determined by measurement of urinary 6-

sulphatoxymelatonin excretion rates. In addition, the effects on reproduction of direct

administration of melatonin were examined.

Due to the irregular pattern of breeding in the colony when this study was initiated, only

limited numbers of animals were available for each experiment. Opportunism in small

mammalian species such as the bush rat is more likely to be mediated via the female than the

male because of the greater energetic investment of this sex in reproduction and the shorter lag

time to sexual activity in response to a stimulatory signal (Bronson, 1989) whereas the male

would be more likely to show a predictive response. Effects of photoperiod and nutrition and

melatonin administration were examined principally in adult male bush rats. Because the adult

males available in our colony had large descended testes at all times, it was necessary to design

the study to focus on factors which terminated rather than initiated the breeding season,

including short day photoperiods, protein restriction and melatonin administration. Studies on

the effects of secondary plant compounds were carried out principally with females because of

the likelihood of them of them responding more readily than males to the effects of these

compounds (Berger et al, 1987). The effects of melatonin administration via implants were

described in female bush rats.

GENERAL MATERIALS AND METHODS

Laboratory conditions

For laboratory manipulations, bush rats were obtained from the captive colony at the Waite

Institute and were placed on sawdust bedding in cages in groups of 2-3 in lightboxes under a

long day (LD) photoperiod (14L:10D, lights on 0600h, lights off 2000h in the experiment

testing effects of melatonin on males; lights on 0500h, lights off 1900h in experiments

investigating the effects of photoperiod and nutrition) or short day (SD) photoperiod

(10L:14D, lights on 0800h, lights off 1800h) at a constant temperature of 23"C. The normal

diet of animals on good nutrition was ad libitum seed, rat cubes and water with weekly slices

of apple. Animals were allowed to habituate to the new environment for at least one week

before initiation of the experiment and then assigned to treatments by bodyweight and age and,

in the case of males, testicular parameters.
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Measurement of reproductive regression in male bush rats

Effects of environmental factors on reproduction in male bush rats were assessed throughout

experiments by the measurement of testicular parameters and bodyweight at weekly or

fortnightly intervals. Testes width and length from the penis to the caudal epidydimis were

measured using calipers and testicular indices were calculated using the formula:

Testicular Index = Testes length x Testes width (mm)

Bodyweight (g)

These measurements, whilst subjective, have been shown to be correlated to final testes

weight, with values ranging from 1 to 6. At the completion of each experiment, testes,

seminal vesicles and ventral prostate glands were dissected and weighed and reproductive

organ weights relative to bodyweight were calculated. These parameters were compared

between treatment groups within an experiment and also with the parameters obtained from 3

wild bush rats trapped and sacrificed immediately during the non breeding season in June 1991,

as a measure of the reproductive regression that occurs under ecological conditions.

Measurement of reproductive activity in female bush rats

In some experiments, reproduction was monitored throughout the experiment or for a part of
the experiment by collection of vaginal smears and classification of smears into stages of the

oestrous cycle by identification of cell types. In addition, a final effect was determined by

dissection of uterus and ovaries at sacrifice and the reproductive organ weight expressed

relative to bodyweight.

Measurement of pineal activity

Near the conclusion of an experiment, animals were placed in individual metabolism cages. In

experiments involving investigation of nutritional factors, urine was collected overnight whilst

animals were fed the solid diet to which they were accustomed. Total overnight collections

were then obtained, usually for 3 nights, while animals were fed a liquid diet to increase urine

flow. An hourly urine collection was obtained on the final night with the use of a peristaltic

pump to continuously remove urine from collection tubes connected to the metabolism cages

and to transfer urine to hourly sample vials via a fraction collector. Urine samples were frozen

at -20" C until radioimmunoas s ay for 6-su lphatoxymelatonin (aMT. 65 ).

Statistical analysis

To allow for variation in bodyweight, relative organ weights (mg tissue / 1009 bodyweight)

were calculated. Treatment effects on relative reproductive organ weight and total overnight 6

sulphatoxymelatonin production and (in males) comparisons with reproductive parameters of

wild bush rats in the non breeding season were assessed by statistical analysis by one way

ANOVA's and hourly 6 sulphatoxymelatonin data by two way ANOVA's (Statistical Analysis
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Systems) (a = 0.05). In females the effects of treatment and oestrous cycle stage on relative

reproductive organ weights \ryere assessed by two way ANOVA's.

SECTION I
EFFECTS OF PHOTOPERIOD AND NUTRITION ON REPRODUCTION

Introduction
The effects of photoperiod and nutrition on reproduction were examined in male bush rats in

this study in an attempt to confirm and extend upon the findings of Irby et al (1984). These

authors found that niether a protein restricted diet nor a short day photoperiod caused

complete testicular regression in male Rattus fuscipes assimilis. The present study proposed

to repeat these experiments in male Rattus fuscipes greyi and also to monitor testicular indices

throughout the experiments, to record effects on relative rather than absolute reproductive

organ weights, and to investigate pineal activity by measurement of aMT.6S excretion. Irby et

al (1984) elegantly demonstrated that a combination of photoperiodic, nutritional and

temperature signals were required to induce testicular regression in their population, and

showed that this was not due to an effect of photoperiod and temperature together but they

failed to exclude the possibility that it might be due only to the combined effects of
photoperiod and nutrition. We therefore proposed to also determine the combined effects of
inhibitory photoperiod and nutritional cues on reproduction in the male bush rat.

Effe c t s of p r o t e in r e s trictio n o n r e p r o duc tio n

Adult male bush rats on LD were assigned to good nutrition (GN) or poor nutrition (PN)

treatments (n = 5). GN animals were fed the normal diet of ad libitum seed and cubes with a

weekly addition of apple and animals on PN were fed ad libitum a protein restricted diet (3.6Vo

protein) consisting of 6009 crushed Rice Bubbles,I2g Glucodin, 69 dicalcium phosphate and

l2ml cod liver oil (Irby et al, 1984) mixed as described in Chapter 4. Treatment was

continued for 12 weeks.

Effects of photoperiod and protein restrictíon on reproduction

Fifteen adult male bush rats were assigned to one of three treatments; a long day photoperiod

with ad libitum normal good nutrition (LDGN); or a short day photoperiod with ad libitum

good nutrition (SDGN); or with ad libitum poor nutrition (SDPN) (n=5). Animals on good

nutrition were fed seed and cubes with apple once weekly, and those on poor nutrition were

fed the same protein restricted Rice Bubble diet as in experiment 2. Treatment was maintained

for 11 weeks.

109



Near the conclusion of the experiments, animals were placed in individual metabolism cages for

the measurement of aMT.6S rhythms. In the first experiment, after 11 weeks of treatment

animals were placed in individual metabolism cages and fed the treatment solid diet whilst total

overnight urine collections were obtained for 3 nights, then fed liquid diet at l00Vo (GN) or

diluted to 207o (PN) for three nights and total outputs were again measured. In the second

experiment, daily urine volumes were measured and sampled on the appropriate solid diet for 3

days. The diet was then changed to I00Eo liquid diet (GN) or 20Vo liquid diet diluted with

water (PN) for 2-3 days and an overnight hourly urine collection was undertaken. At the end

of the experiment animals were sacrificed by decapitation, trunk blood was collected and

centrifuged and serum was stored frozen at -20 oC.

Results

Wild bush rats during the non breeding season

Testes of wild animals during the non breeding season were small but appeared normal in form,

seminal vesicles were tiny and empty of secretions and prostate glands were so minute that

they could not be distinguished from fat tissue over the base of the bladder without a

microscope (Fig. 5-1).

Effe cts of p rotein re stríctio n on rep ro ductio n

Animals on the protein restricted diet were significantly lighter at the end of the 13 week

treatment period (p<0.01). These animals lost l6.5Vo of their bodyweight over 13 weeks

whereas animals on good nutrition experienced no significant weight change (Fig. 5-2).

Testicular indices were not significantly different between treatment groups (Fig. 5-3). There

was no effect of protein restriction on the relative weights of the androgen sensitive organs, the

seminal vesicles and the ventral prostate glands (Fig. 5-a). Thus, a diet which reduced

bodyweight reduced seminal vesicle and prostate weights in the same proportion. However,

the protein restricted diet actually increased the weights of the testes relative to bodyweight

(p<0.05), indicating a sparing of the testes in the overall weight loss.

A comparison of these results with data obtained from wild animals revealed that although the

protein restricted diet reduced mean bodyweight to a value similar to that seen in wild animals

during the non-breeding season, reduced relative testes weight was also seen in wild animals,

whereas in animals merely subject to protein restriction, these organs were spared. In addition,

seminal vesicle and prostate weights were significantly lower in wild animals during the non-

breeding season than in laboratory animals on a poor diet (p<0.01).

Effects of photoperiod and proteín restriction on reproductíon
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Fig. 5-L: Weights of reproductive organs relative to bodyweight (mg/100g bodyweight) of

wild male bush rats caught during the non breeding season in June 1991 (n=3).
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Fig. 5-2: (Top) Bodyweight changes (mean + SEM) over the duration of the experiment in

male Rattus fuscipes greyi maintained in a long day photoperiod (14L:10D) on good nutrition

(LDGN: seed, rat cubes and occasional apple) or on poor nutrition (LDPN: protein restricted

Rice Bubble diet) (n=5). Animals on poor nutrition lost a significant amount of weight (p <

0.01).

Fig. 5-3: (Bottom) Mean.t SEM changes in testicular index over the duration of the

experiment of male Rattus fuscipes greyi in a long day photoperiod (14L:10D) on good

nutrition (LDGN: seed, rat cubes and occasional apple) or on poor nutrition (LDPN: protein

restricted Rice Bubble diet) (n=5). Testicular indices did not differ significantly between

treatment groups.
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Fig. 5-4: V/eights of reproductive organs relative to bodyweight (mg/100g bodyweight)

(mean + SEM) of male Rattus fuscipes greyi in a long day photoperiod (14L:10D) on good

nutrition (LDGN: seed, rat cubes and occasional apple) or on poor nutrition (LDPN: protein

restricted Rice Bubble diet) (n=5). Relative testes weight was significantly increased in animals

on poor nutrition, indicating a sparing effect on testes. There was no significant effect of

treatment on relative weights of seminal vesicles or prostate glands. Treatment failed to

achieve reproductive regression to the extent observed in wild bush rats during the non

breeding season (Fig. 5-1).
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Protein restriction again caused a significant reduction in bodyweight (p<0.01), and there was

no effect of photoperiod on bodyweight of animals on good nutrition (Fig. 5-5). Animals on

poor nutrition had almost no subcutaneous fat whereas animals on good nutrition had

subcutaneous fat and substantial fat deposits within the abdomen and around the kidneys.

There was no significant difference between testicular indices of different groups although that

of males on good nutrition and in a short day photoperiod was highest. This indicates that

although in that group absolute testes size was reduced, it tended to be greater relative to

bodyweight (Fig. 5-6). There was neither a significant sparing effect nor a regression of the

testes relative to bodyweight but absolute testicular weight was greater in animals on good

nutrition than animals on poor nutrition. The relative seminal vesicle weight was significantly

reduced in males on poor nutrition in a short day photoperiod compared to animals on good

nutrition in a long day photoperiod (p<0.05) but not compared to animals on good nutrition in

a short day photoperiod (Fig. 5-7). Seminal vesicles of animals on good nutrition were packed

with viscous white seminal fluid but those of animals on poor nutrition were flaccid and

contained only a little watery fluid. Also, prostate weights were significantly lower in bush rats

on poor nutrition in a short day photoperiod than those on good nutrition in a long day

photoperiod or on good nutrition in a short day photoperiod (p<0.01).

This experiment showed that there was no difference in reproductive parameters relative to

bodyweight between animals on good nutrition in short and long day photoperiods, but the

combination of a short day photoperiod and protein restriction significantly reduced relative

weights of seminal vesicles and ventral prostate glands (Fig. 5-7).

DISCUSSION

Effects of photoperiod on reproduction of male bush rats

Exposure of male Rattus fuscipes greyi to a short day photoperiod failed to induce

reproductive regression. These results confirm the findings of studies on a different sub

species, Rattusfuscipes assimilis (Irby et al, 1984) and suggest that reproductive seasonality in

the bush rat is not simply controlled by photoperiod.

The short day photoperiod tested here was not extreme; many studies on short day effects

utilise 6L:18D instead of 10L:14D, including that of Irby et al (1984). In South Australia, the

photoperiod varies from a minimum of t hours and 48 minutes on June 21st to a maximum of
14 hours and 31 minutes on December 21st. Investigation of the reproductive ecology of this

species has indicated that there is a non breeding season when males have regressed testes from

March to the end of July, under a short day photoperiod (Chapter 2). If photoperiod cued
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Fig. 5-5: .(Top) Bodyweight (mean + SEM) changes over the duration of the experiment of

male Rattus fuscipes greyi in a long day photoperiod (14L:10D) on good nutrition (LDGN:

seed, rat cubes and occasional apple) or in a short day photoperiod (10L:14D) on good

nutrition (SDGN) or on poor nutrition (SDPN: protein restricted Rice Bubble diet) (n=5).

Animals on poor nutrition lost a significant amount of weight (p < 0.01).

Fig. 5-6: (Bottom) Testicular indices (mean + SEM) over the duration of the experiment of

male Rattus fuscipes greyi in a long day photoperiod (14L:10D) on good nutrition (LDGN:

seed, rat cubes and occasional apple) or in a short day photoperiod (10L:14D) on good

nutrition (SDGN) or on poor nutrition (SDPN: protein restricted Rice Bubble diet) (n=5).

Testicular indices did not differ significantly between treatment groups.



T
es

tic
ul

ar
 ln

de
x

B
od

yw
ei

gh
t 

(g
)

JJ
ru

Þ
ct

¡c
þo

N
)

oo
oo

oo
o

1\
) 

C
¡)

 
Þ

 
(J

l 
O

) 
\¡

JJ
J Þ
o)

@
oo

o
o

o
o

=(D (D F

É (D (D -

l\t Þ o) @

¡\
) È ct
,

@ J o
o

N
)

J Þ

t\) è

I I I I I

+
-'l

--
-1

I I I
l_

_-
lH I I I I

r-
rH I I

*+
--

r- Þ I =

È
--

-r
--

--
1

I

I I
F

J-
-

\ I I I

I I I I

l- Þ ! =
/ *)
-'

I

\

t\ Þ c, =

I /

l.-
..+

l-{

I I I I
F

+
(-

{



Fig. 5-7: Weights of reproductive organs relative to bodyweight (mg/100g bodyweight)

(mean + SEM) of male Rattus fuscipes greyi in a long day photoperiod (14L:10D) on good

nutrition (LDGN: seed, rat cubes and occasional apple) or in a short day photoperiod

(10L:14D) on good nutrition (SDGN) or on poor nutrition (SDPN: protein restricted Rice

Bubble diet) (n=5). Relative testes weight was not significantly altered by treatment but

relative seminal vesicle weight was significantly reduced in SDPN males relative to LDGN

males (* : p < 0.05) and relative prostate weight was significantly reduced in SDPN males

relative to LDGN males and also relative to SDGN males (# : p < 0.01). Treatment failed to

achieve reproductive regression to the extent observed in wild bush rats during the non

breeding season (Fig. 5-1).
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reproductive regression in this species, bush rats kept in a 10L:14D photoperiod should

experience this regression. The short and long day photoperiods to which bush rats were

exposed therefore represent nearly the extremes of the range experienced by this population of
wild bush rats and are physiologically and ecologically meaningful.

It may be that the initiation and cessation of the breeding season are controlled by different

environmental factors. Investigation of factors initiating reproductive activity could not be

carried out in male bush rats from our colony because all adult males exhibited large descended

testes at all times. It is possible that changes in photoperiod may cue initiation of reproductive

activity in males because reproductive growth in the wild appears to start shortly after

daylength starts to increase from June 21st.

Nutritional effects on reproduction of male bush rats

In bush rats maintained in LD on a protein restricted diet, a reduction in bodyweight occurred

to a bodyweight similar to that seen in wild animals during the non breeding season. However,

in wild animals, a reduced relative testes weight was also seen, whereas in captive animals

subjected to protein restriction, these organs were spared. In addition, although seminal

vesicle and prostate weights were significantly reduced in the laboratory by the poor diet, they

were still significantly greater than in bush rats during the non breeding season. Thus a protein

restricted diet alone inhibits steroidogenesis but not gameteogenesis, and cannot cause the

cessation of reproductive activity seen in the field.

kby et al (1984) indicated that testes size decreased significantly after administration of the

same protein restricted diet. However, testicular size relative to bodyweight is a more

relevant indicator of reproductive ability than absolute testes size. Bodyweights of their

animals in that trial were not given, but assuming a reduction in bodyweight from 170 to 1059

as in the other feed restricted trial, testes size as a percentage of bodyweight would actually

have increasedfrom 3.65Voto 4.86Vo. Thus, despite areduction in testicular size, testes were

actually spared in the overall weight loss relative to the average organ in their study as well as

this study. This effect has also been observed in the laboratory rat using the same low protein

diet (Kennaway et al, 1988).

The protein restricted animals in the second experiment lost a lot of weight over the course of

the experiment despite the continuous availability of feed. Bush rats do not find this diet

palatable and this treatment may thus be viewed more as undernutrition rather than just protein

restriction. In most species, undernutrition and malnutrition are inhibitory to reproduction

through deficiencies of energy, protein, vitamins, essential amino acids or other specific

factors. Undernutrition has also been proposed to inhibit reproduction either by reducing

bodyweight below an important threshold weight (Foster and Ryan, I9l9) or by reducing the

percentage of fat ('Warren, 1983). It was not determined what aspect of the poor nutrition
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(protein restriction or a specific amino acid deficiency or general undernutrition) contributed to

inhibition of reproduction in this study.

Observations of the breeding in our captive colony suggested that some aspect of nutrition was

a likely candidate for the factor causing seasonality of reproduction in this species. Others

have suggested that a lack of protein in the diet of wild bush rats may prevent breeding, and

that supplementation of the diet with high protein components such as insects during the

summer may stimulate reproduction (Cheal, 1987). However, this study showed that nutrition

alone does not control reproduction in the bush rat. Similarly, supplementation of wild bush

rats with high quality feed did not induce winter breeding, but only reduced winter mortality of

males ('Wheeler, I9l0).

Interactions between photoperiod and nutrition
The combination of short day photoperiod and protein restriction induced partial but not total

reproductive regression in male bush rats. Significant reductions in seminal vesicle and prostate

weights were observed in protein restricted animals in a short day photoperiod relative to

animals on good nutrition in a long day photoperiod but not to animals on good nutrition in a

short day photoperiod. The combined imposition of poor nutrition and a short day

photoperiod thus caused a significant reduction in steroidogenesis but not gametogenesis in a

manner previously observed by the effects of nutrition on small mammals. This effect is

comparable to the sensitisation of the laboratory rat to inhibitory effects of short daylengths by

undernutrition and suggests that this interaction is not an artefact of the artificial selection of

the laboratory rat but rather is a functional endocrinological mechanism retained despite

laboratory conditions. Perhaps the combination of undernutrition and a short day photoperiod

signals to a small mammal in a temperate environment that the feed supply is not likely to

improve for some time, whereas the effects of photoperiod alone are overuidden by immediate

feed supply and undernutrition alone may be interpreted as a short term shortage; hence

causing testes sparing to permit the male to initiate breeding as soon as the feed situation

improves.

The magnitide of the weight loss resulting from the protein restriction was similar between

animals in long days (16.5Vo) and animals in short days (2IVo) but in experiment 7 animals on

good nutrition did not change in weight whereas in experiment 9 animals on that nutritional

regime gained 167o (under a long day photoperiod) or I9Vo (under a short day photoperiod).

It is therefore possible that at the start of experiment 9, animals were in poor condition and

that the weight loss had a more severe effect, perhaps bringing them further below a critical

threshold weight. However, it is also possible that the significant reduction in relative seminal

vesicle and prostate weights observed was caused partly by inhibitory photoperiod since it
occurred only in animals in short days. Notably, even this potential photoperiod nutrition

interaction on reproduction failed to cause total regression of reproductive organs relative to

wild animals.
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Irby et al (1984) showed that changes in feed quality, photoperiod and temperature were

required to produce reproductive regression in Rattus fuscipes assimilis but they did not test

the effects of poor feed quality and changes in photoperiod alone. This study shows that

protein restriction or short day photoperiod alone are not sufficient to prevent reproduction

and that other cues, possibly including low temperatures, are also required. Effects of
temperature could not be tested easily in our facilities. The effects of a short day photoperiod,

protein restriction and low temperatures together were not investigated in this population.

However, males kept in an aviary subject to natural changes in temperature and light did not

exhibit reproductive regression. It therefore appears that temperature plays a minor part in

the control of seasonal reproduction in our population of bush rats and it appears unlikely that

total regression would be observed. It is possible that a combination of environmental signals

together would have a synergistic effect rather than merely an additive effect which could

signify a threshold rather than gradual effect on stages of reproduction.

SECTION II
EFFECTS OF SECONDARY PLANT COMPOUNDS ON REPRODUCTION

Effects of 6MBOA on reproduction in bush rats and lnborøtory rats

Introduction
Specific plant compounds have been shown to alter reproduction in a number of species

(Microtus montanus'. Sanders et al, I98l; Microtus townsendii: Korn and Taitt, 1987:

laboratory rat: Vaughan et al, 1988a; Dipodomys ordii: Rowsemitt and O'Connor, 1989). The

compound best known for this effect is 6 methoxybenzoxazolinone (6MBOA), which is
produced by young plants and is though to directly cue the initiation of the breeding season in

Microtus montanus by signalling feed availability (Berger et al, 1981). The stimulatory effects

of 6MBOA are primarily mediated through the female and include increases in uterine growth,

ovarian weight, ovulation rate, pregnancy rates, offspring born and earlier maturation of
females. Interestingly, 6MBOA shares structural similarities with melatonin and can stimulate

NAT activity and melatonin synthesis in pineal glands in vitro (Yuwiler and 'Winters, 
1985;

Daya et al, 1990). It had been hypothesised that antigonadal effects of 6MBOA seen at high

doses may be mediated by increases in melatonin secretion (Gower and Berger, 1990).

However, the effects of this compound on the production of melatonin in vivo had not been

investigated.

Three experiments were conducted to examine the effects of 6MBOA in bush rats. The

preliminary experiment examined the response in terms of relative reproductive organ response

to the compound; the second experiment monitored the effects on reproductive organs and
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excretion of a melatonin metabolite, aMT.6S, on bush rats synchronised with a GnRH agonist;

and the third experiment investigated further effects on reproductive organs of both bush rats

and laboratory rats synchronised with a GnRH agonist.

6MBOA was administered via s.c. injection because data was available on the effects of
injection, doses could be accurately measured and only small amounts of the compound were

required for administration in this manner. The stimulatory effects of 6MBOA are rapidly

exhibited and significant responses had previously been observed, primarily on uterine weights,

after 3 days of treatment by this method . All experiments were undertaken with adult female

bush rats obtained from the Waite colony and placed within lightboxes under a long day (LD)

or short day (SD) photoperiod. LD photoperiod was 14L:10D (lights on 0500h, lights off
1900h) and SD photoperiod was 10L:14D (lights on 0800h, lights off 1800h).

Effects of 6MBOA on reproduction : A

Materials and Methods

Ten female adult bush rats aged 2-3 months were selected from the Waite colony and placed

in cages on the LD photoperiod. Treatment bush rats (n=5) were injected with 6MBOA at

1700 hrs on 3 consecutive days. 6MBOA was dissolved in warm propylene glycol and diluted

to 5Vo with saline to a concentration of 500ug/ml then was administered s.c. at a dose of 100ug

per animal. This dose was selected to produce the maximum stimulatory effect on

reproduction and still be physiologically meaningful. Control animals were injected with

vehicle.

On the fourth day all animals were sacrificed by decapitation and reproductive organs were

dissected, weighed and placed in lOVo buffered formalin. Effects of treatment on relative uterus

and ovary weights were analysed by t tests.

Results

There was a trend to increased relative and absolute weights of uteri and ovaries in animals

treated with 6MBOA (Fig. 5-8). However, these differences were not significant. The

individual variation in response prompted us to repeat the experiment with synchronisation of

animals and to take vaginal smears to determine oestrous cycle stage.

Effects of 6MBOA on reproduction : B

Materials and Methods

Ten female adult bush rats 8-9 months old of mean * SEM bodyweight 96.1 + 5.6 g were

selected from the Waite colony and placed in individual metabolism cages on liquid diet

(Osmolite HN) under a l4L:10D photoperiod (lights on 0500, lights off 1900). On the

morning of Day 1 all animals were injected i.p. with 0.3 rnl Sigma superagonist GnRH
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Fig. 5-8: Uterine and ovarian weights (mgl100g bodyweight) (mean + SEM) of adult female

Rattus fuscipes greyi which had been injected with 100pg 6-methoxybenzoxazolinone

(6MBOA) or vehicle (Control) at 1700h on 3 consecutive days (n=5) in experiment A.

Treatment did not significantly affect these parameters,
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X'ig. 5-9: Uterine and ovarian weights (mg/100g bodyweight) (mean + SEM) of adult female

bush rats (Rattus fuscipes greyi) which had been injected with 100pg/100g bodyweight of 6-

methoxybenzoxazolinone (6MBOA) or vehicle (Control) at 1700h on 3 consecutive days and

injected with GnRH 6 days prior to sacrifice in experiment B (n=5). Treatment with 6MBOA

significantly increased relative uterine but not ovarian weights (p < 0.05).
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(100ug/100m1 saline). This protocol is well established (Vickery and McRae, 1980). In adult

female laboratory rats in our laboratory the injection of 0.4 ml induces all animals to dioestrus

by Day 4, proestrus on Day 5 and oestrus by Day 6.

Treatment bush rats (n = 5) were injected with 6MBOA at 1500 hrs on Days 3, 4 and 5.

6MBOA was dissolved in warm propylene glycol and diluted to 5Vo with saline to a

concentration of 500ug/ml then was administered s.c. at a dose of 100ug/100g bodyweight,

calculated individually for each animal. This dose was similar to that used in the previous

experiment. Control animals were injected with vehicle in a similar manner.

Vaginal smears were taken daily and hourly urine samples were taken every hour from 1400hrs

on Day 3 until 1400hrs on Day 6. All animals were sacrificed by decapitation at 1400hrs on

Day 6, trunk blood samples were collected, bodyweights were measured and reproductive

organs were dissected out, weighed and placed in IÙVo buffered formalin. Urine samples were

weighed and stored at -2OoC until required for radioimmunoassay of aMT.6S content.

Results

Uterus weights relative to bodyweights and absolute uterus weights were significantly

increased by treatment with 6MBOA (p < 0.05) (Fig.5-9). There was a trend to increased

uterus weight in animals that were in oestrus (p = 0.OSS). There was no significant interaction

effect of treatment and oestrous cycle stage, indicating that the increase in uterus weight

caused by 6MBOA was not due to an exacerbation of the tendency of animals in oestrus to

have heavier uteri ie a potentiation of the stimulatory effects of oestrogen. Ovary weights

relative to bodyweight were not significantly affected by either treatment or oestrous cycle

stage.

It was difficult to attribute the increased uterus weight directly to the 6MBOA treatment.

GnRH failed to synchronise all bush rats and more animals were in oestrus in the 6MBOA

group than the control group (4 versus 1 respectively). The higher uterus weight of 6MBOA

animals may thus have been paftly due to the tendency for higher uterus weights in animals on

oestrus. It was unclear whether the higher number of oestrous animals in the 6MBOA group

were the result of chance or due to a tendency of 6MBOA to improve the response to GnRH

treatment. Such results were tantalisingly ambiguous and it was decided to repeat the

experiment and also to compare the effects of 6MBOA and GnRH treatment in bush rats and

laboratory rats.
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EXPT 10

Treatment i.d. Day

I 2 3 4 5 6

6MBOA 1 P o M D P o
2 o M D M M M
a
J D D M D o o
4 o M D o o o
5 M D D P o o

Control 6 D M M M M M
7 o M M M M M
8 o M D D M M

9 P P o o o M

10 D D D D o o

Table 5-L: Oestrous cycle stages of bush rats and lab rats during where O = oestrus, M =
metoestrus, D = dioestrus and p = proestrus as determined by cell types in vaginal smears.

Effects of 6MBOA on reproduction : C

Materials and Methods

This experiment was similar to the previous experiment. Ten bush rats aged 8-gmonths with a

mean + SEM bodyweight of 98.4 + LIg and ten albino 'Wistar rats aged 14 weeks with a

mean + SEM bodyweight of 296.7 + 5.69 were obtained. Animals were maintained in cages

in groups of 2 or 3 and no urine was collected. All animals were injected with GnRH and

6MBOA using the same protocol as in experiment 4-7, and were sacrificed by i.p lethobarb on

Day 6.

Results

There was no significant effect of 6MBOA treatment on uterus or ovary weights in either bush

rats or laboratory rats (Fig. 5-10). The GnRH administration successfully induced oestrus as

predicted in the lab rats but most of the bush rats again failed to respond. There was no

tendency of 6MBOA to increase the number of bush rats responding to GnRH. There was a

non significant trend to increased uterus weight in animals in oestrus. The results of this

experiment suggested that 6MBOA did not increase greatly uterine weight in bush rats nor

increase the response of bush rats to a GnRH agonist.
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Fig. 5-L0: Uterine and ovarian weights (mg/100g bodyweight) (mean + SEM) of adult

female bush rats (Rattus fuscipes greyi) which had been injected with 100pg/100g bodyweight

of 6-methoxybenzoxazolinone (6MBOA) or vehicle (Control) at 1700h on 3 consecutive days

and injected with GnRH 6 days prior to sacrifice in experiment B (n=5). Treatment with

6MBOA significantly increased relative uterine but not ovarian weights (p < 0.05).
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Table 5-2: Oestrous cycle stages of bush rats and lab rats during experiment C where O =
oestrus, M = metoestrus, D = dioestrus and p = proestrus as determined by cell types in

vaginal smears.

Treatment Species /
i.d.

Day 5 Day 6 Species /
i.d.

Day 5 Day 6

6MBOA Bush rat 1 M D Lab ratl o o
2 M M 2 o o
J P o 3 o o
4 M M 4 o o
5 M M 5 o o

Control 6 D o 6 o o
7 o o l o o
8 o D 8 o o
9 M M 9 o o
10 P o 10 o o

Table 5-3: Number of bush rats at each stage of the oestrous cycle at sacrifice

Effects of 6MBOA on reproduction : A, B and C combined

Given the similarity in treatments between the previous 3 experiments, the data for all 3

experiments was then pooled and analysed together. There were no significant effects of
6MBOA on relative uterus or ovary weights when all the data was combined (Fig. 5-11). In
experiments B and C, oestrous cycle stage was monitored and this factor tended to have a

greater effect on relative uterus and ovary weights than treatment with 6MBOA (p=0.0176;

p=0.0641 respectively) (Fig. 5-12). There was no interaction between treatment and oestrous

stage.

Treatment oestrus metoestrus diestrus

6MBOA

Control

1

a
J

J

1

I

1
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Fig. 5-L1,: Individual relative uterus weights of adult female bush rats (Rattus fuscipes greyi)

which had been injected with 100pg 6-methoxybenzoxazolinone (6MBOA) or vehicle

(Control) at 1700h on 3 consecutive days and injected with GnRH 6 days prior to sacrifice

(n=10) in experiments A, B and C (total n=15). The horizontal bars represent the means.

There was no significant effect of treatment on relative organ weights in these combined data.
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Fig. 5-12: Uterine and ovarian weights (mg/100g bodyweight) (mean + SEM) of adult female

bush rats (Rattus fuscipes greyi) exhibiting oestrous (n=10), metoestrous (n=8) or dioestrous

(n=2) smears on the day of sacrifice. The effect of oestrous cycle stage was not significant.
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Dose response of bush rats to GuRH

Problems encountered with the synchronisation of oestrous cycles of female bush rats were

investigated by the administration of different doses of GnRH to determine whether these

animals are in fact much more sensitive to this agonist than lab rats. In our laboratory, young

adult laboratory rats respond to a dose of 0.4m1 i.p. on day 1 by synchronising to dioestrus on

day 4, proestrus on day 5 and oestrus on day 6.

Materials and Methods

Twenty five adult female bush rats with a mean * SEM age of approximately 16 * 0.2 months

were assigned by age, weight and litter to one of 5 doses of a GnRH agonist (0, 5, 10, 30 or 60

ug ) admistered i.p. in a solution of 100ug/ml at 1130 hrs on Day 1. The drug was prepared by

dissolving 5mg of des-Gly10,[D-Ala 6 1-Luteinizing Hormone Releasing Hormone ethylamide

(Sigma L-4513 Lot 12OH58251) in 50 ml of saline to give a concentration of O.lmg/ml,

freezing the solution in aliquots of 1ml and thawing just before use. The aliquots used in this

experiment were freshly prepared. Animals were maintained in their original cages and

environment (23 "C, l4L:10D) to avoid the stress of mixing unknown animals or altering

environment and treatments were randomised within each cage. Vaginal smears were taken on

Days 4, 5 and 6 after treatment and on the anticipated day of oestrus, Day 6, all animals were

killed by carbon dioxide and ovaries and uteri were dissected, weighed, examined for the

presence of CL and follicles and placed in IOVo buffered formalin for histological analysis.

Results

Vaginal smears

None of the doses tested caused all animals to be in oestrus as anticipated on Day6. A few

animals dispersed amongst treatment doses exhibited metoestrous smears although no oestrus

had been observed.

Table 5-4: Number of bush rats in oestrus after treatment with GnRH

Treatment Number in oestrus

Day 5 not Day 6

Number in
oestrus Day 6

Control

0.0s

0.1

0.3

0.6

0

I
1

0

0

I

1

I
0

1

Reproductive organs

All animals had active ovaries but there \üas no significant effect of dose of GnRH on the

number of corpora lutea. There was no significant effect of treatment on ovary or uterus
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Fig. 5-13: Uterine and ovarian weights (mg/100g bodyweight) (mean + SEM) of adult female

bush rats (Rattus fuscipes greyi.) at sacrifice 6 days after administration of different doses of a

GnRH agonist at 0.lmg/ml (n=5). There was no effect of dose.
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weight (Fig. 5-13). Animals in oestrus had uteri which were large, pink and fluid filled as

though stimulated by oestrogen but these animals were scattered between doses.

Table 5-5: Mean + SEM numbers of most recent corpora lutea of adult bush rats administered

different doses of GnRH agonist.

Treatment Aee(months) Bodyweisht(e) # fresh CL

Control I4 113r9 5+0.6

0.05 t6 13513 6.4 t0.7
0.1 20 t24 !3 4.8 ! 1.2

0.3 18 t29 !8 7.2+2.5

0.6 T9 130 + 14 4.25 + 1.3

Effects of ínhibitory plnnt compounds on reproductíon

Introduction
Inhibitory secondary plant compounds have also been identified, although they have not

provoked as much interest and investigation as stimulatory compounds. In voles, 4mglg diet

of p-coumaric acid (pCA: 4-hydroxycinnamic acid) or ferulic acid (FA: 4 hydroxy 3

methoxycinnamic acid) reduced number of litters born, Vo animals breeding, uterine weights

and number of follicles 250-350 um, after 12 days of oral administration to 17-18 day old

female voles, with pCA having a slightly greater inhibitory effect (Berger et al, 1977).

The aim of this experiment was to observe the effects of pCA and FA on the reproductive

organ weights and aMT.6S excretion rates in female bush rats in order to identify a possible

role for secondary plant compounds in signalling the end of the breeding season.

Materials and Methods

Fifteen young adult females of mean * SEM age 16 + 1.1 weeks and bodyweight 66 + 2.9g

were selected from the colony and placed in cages with paper towel for bedding in constant

temperature (23"C) and under a SD photoperiod (10L:14D; lights on 0800, lights off 1800).

Five animals were assigned to each of 3 treatments: control, pCA and FA. pCA and FA were

dissolved in ethanol and mixed into weighed ground rat chow at arate of 10ml ethanol / 1009

feed to give a concentration of 4 mg compound / gram diet. This is approximately the

concentration at which pCA naturally occurs. Ethanol was evaporated off and each cage was

fed up to 1009 / day as required so that excess feed was always available. Control animals

were fed only ground rat chow from which ethanol had been evaporated. It was estimated that

animals would on average consume 20g feed / day each, equivalent to 80mg of the compound.

The amounts of feed administered and remaining were weighed every two days to give an

accurate measure of feed consumption. This treatment was continued for 2 weeks.
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Vaginal smears were taken daily throughout the experiment. Classification of smears was

difficult because they did not follow the expected 4-5 day oestrous cycle pattern and smears

were classified as described in Appendix 7. Each smear was assessed independently of
preceding and subsequent smears.

The percentage of proestrous and oestrous smears (VoP/O) and metoestrous and dioestrous

smears (VoMlD) were calculated for each animal. In a normally cycling animal each should be

approximately 5OVo and so the deviation from 50Vo of VoP|O smears was calculated. The

overall pattern of cyclicity was also classified because if an animal had a block of oestrous

smears followed by a block of dioestrous smears she was obviously not cycling normally yet

the percentage would be 50Vo.

After 2 weeks of treatment in cages, bush rats were placed in individual metabolism cages and

fed a measured quantitity of the appropriately treated feed each day for 3 days while total24
hour urine collections were undertaken. The volume produced over 24 hours was measured

and a sample retained and frozen at -2Oo C until assayed. Hourly collections were not

attempted because it was felt that placing animals on liquid diet would cause a change in the

amount and quality of feed consumed and would not give a correct estimate of the urinary

excretion of melatonin metabolites during the experimental feeding.

It had been planned to kill all animals at the first oestrus after the collection, but the smears

indicated that animals \üere not cycling regularly and some animals were not exhibiting

oestrous smears at all, so all animals were sacrificed by decapitation immediately after the total

urine collections. Bodyweights were measured, trunk blood samples were collected and

reproductive organs were dissected out, weighed and placed in lOVo buffered formalin.

Urine samples were assayed for aMT.6S as described previously. Data were analysed by 2

way ANOVA to determine effects of treatment and oestrous cycle stage on relative

reproductive organ weights.

Results

Feed consumption

Measurements of feed consumed are underestimates of approximately Sglday/treatment group

because of uneaten feed sticking to the cage floor and resisting collection. An accurate

measure of the standard deviation is not available because in some cases feed consumption was

averaged over 2 days. For the purposes of analysis, the total feed consumed over a 2 day

period was dividedby 2 to obtain an estimate of daily consumption. The variance of this data

was thus underestimated. However, analysis of this adjusted data by ANOVA suggested that

there were significant differences in the average total feed consumed daily per group, largely

because of a higher feed consumption by control animals in SD than in LD or than animals in

SD fed pCA (p < 0.001). These results indicate that feed consumption of bush rats is greater in
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SD than in LD. The differences were not, however, large enough to cause differences in

bodyweights which did not differ significantly between groups.

Table 5-6: Feed consumption and effective individual daily dose

Tleatment Total

feed/animal G)

Feed/dayianimal
(e)

Dose/day/añimal

(me)

Control 206 10.8

PCA 766 8.7 35

FA 202 10.6 42

Vaginal smears

None of the bush rats exhibited regular oestrous cycles. Control females showed intermittent

cyclicity often with periods of prolonged oestrus. Some animals in the treatment groups

showed a tendency to drift into periods of dioestrous smears. There was no distinct pattern in

the change of smear types over the period of treatment, although in both of the pCA treated

animals and one of the FA animals exhibiting IO the periods of prolonged oestrus occurred in

the latter half of treatment. Only one animal, in the FA group, did not show any cyclicity at all.

The percentage of smears classified as oestrous or proestrous did not differ significantly

between treatments.

Table 5-7: Classification of vaginal smears

ID = intermittent cyclicify with periods of prolonged dioestrus

IO = intermittent cyclicity v/ith periods of prolonged oestrus

IM = intermittent cyclicity with periods of prolonged metoestrus

I = intermittent cyclicity

POS = persistent oestrous syndrome

PDS = persistent dioestrous syndrome

Treatment ToPlO VoMID Vodeviation

from expected

50Vo

Individual

classification

overall

Control 47 + 5.2 59 + 5.2 1,9.4 + 5.0 I,IO,I,IO, I

PCA 35 + 5.9 65 + 5.9 22+ 7.9 IO, PDS,IO, I,ID

FA 40 + 5.4 59 + 5.2 18.8 + 7.0 ID,IO,PDS then POS,

ID,IO
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There was a tendency for pCA and FA treatments to decrease uterine weights but these

differences were not statistically significant (p = 0.09) (Fig. 5-1a). Variation in uterine weight

was not due to different numbers of animals in each treatment group being in oestrus. There

was no effect of treatment on ovarian weight. There was no effect of treatment on bodyweight

over time. The stage of the oestrous cycle at the time of sacrifice did significantly affect both

the relative uterus weight (p < 0.01) and the relative ovarian weight (p < 0.05) and there was

no interaction between treatment and oestrous cycle stage.

Table 5-8: Effects of oestrous cycle stage at the time of sacrifice on the relative uterus and

ovaries weights. Relative uterus and ovary weights were significantly higher at oestrus (p <

0.01 and < 0.05

Effects of photoperiod and short termfeeding of pCA and FA on male bush rats

Materials and Methods

The effects of putative inhibitory compounds in the male bush rat were also investigated.

Twenty adult male bush rats with a mean * SEM age and weight of 14.6 + 0.6 months and

163 + 7.8g respectively were assigned to treatments by age and weight. Treatment consisted

of the ad libitum oral administration to animals of p coumaric acid (pCA) or ferulic acid (FA)

dissolved in alcohol and mixed into ground chow at a concentration of 4 mglg feed or the

administration of ground feed with alcohol alone to controls. Animals administered pCA or FA

and one control group were maintained in a lightproof cupboard under a SD photoperiod and a

further control group was maintained under a LD photoperiod giving a total of 4 groups (n=5

bushrats / group). Feed was offered daily and feed consumption was not measured. Treatment

was continued for 3 weeks. Urine was not collected from animals in this experiment. Animals

in this experiment were sacrificed by i.p injection of lethobarb.

Results

There was no significant effect of feeding putative inhibitory secondary plant compounds on

bodyweights, testicular indices, or relative testes, seminal vesicle or prostate weights of male

bush rats (Fig. 5-15).

Staee n Uterus Ovaries

Dioestrus Ĵ 38 + 11.9 34.3 + 4.6

Metostrus 4 51.8 + 14.8 31 + 2.8

Oestrus 8 118.6 + 14.9 64+ 18.7
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Fig. 5-14: Uterine and ovarian weights (mg/100g bodyweight) (mean + SEM) of adult female

bush rats (Rattus fuscipes greyi) which had been fed ground rat chow (Control) or ground rat

chow with the addition of p-coumaric acid (pCA) or ferulic acid (FA) at 4mg/g diet (n=5).

Treatment did not significantly affect reproductive parameters.
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Fig. 5-15: Weights of reproductive organs relative to bodyweight (mg/100g bodyweight)

(mean + SEM) of male Rattus fuscipes greyi which had been fed ground rat chow (Control) or

ground rat chow with the addition of p-coumaric acid (pCA) or ferulic acid (FA) at 4mglg diet

(n=5). Treatment did not significantly affect reproductive parameters and thus failed to achieve

reproductive regression to the extent observed in wild bush rats during the non breeding

season (Fig. 5-1).
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DISCUSSION

Effects of secondary plant compounds on reproduction

There was a trend for increased uterine weight in bush rats after adminisfation of 6MBOA in

only one out of three experiments. The effects of 6MBOA on bush rats were not clearly

determined because of methodological problems associated with the srnall numbers and

heterogeneity of animals available. Within the sequence of experiments conducted, animals

were not always successfully synchronised and as a consequence results were confounded by

the effects of oestrous cycle stage. Had zufficient animals been available from the colony, the

effects in prepubertal animals would have been monitored. However, these results suggest that

secondary plant compounds may possibly play a role in the control of reproduction in the

female bush rat. In laboratory rats administered this treatment protocol there was no effect of

6MBOA on reproductive organ weights.

There are a number of possible reasons why the administration of 6MBOA in this study did not

significantly increase uterine weight. The elusive effects of 6MBOA in previous studies were

observed to be dose dependent and the dose utilised in this study may not have been optimal

for stimulation of reproduction. Stimulatory effects of 6MBOA are believed to be mediated

via an increase in FSH concentrations and potentiation of the effects of FSH (Butterstein et al,

1985; Butterstein and Schadler, 1988; Schadler et al, 1988). The failure of many ânimals in the

colony to breed may thus indicate the presence of hormonal deficiencies in those animals under

captive conditions, which may have altered their response to 6MBOA. Administratioh of

GnRH may have altered the response. There may be differences in the response to fed or

injected 6MBOA.

The ecological role proposed for this compound in the control of the breeding season of

certain small mammals requires consumption of this compound in freshly growing young

greens (Negus and Berger , 7977). Its metabolism may differ in gut and circulation, but

administration by injection has previously induced an effect on reproduction. Effects of doses

producing plasma levels higher than those induced by consumption of greeris may be

considered pharmacological and of little interest in the definition of the reproductive stràtegy

of an animal.

It is possible that 6MBOA does not control reproduction in the wild bush rat. It has been

proposed that 6MBOA is a more suitable stimulatory cue for the initiation of reproduction in

small mammals dependent on a diet dominated by monocotyledons than those which suryive on

a diet incorporating a variety of high quality dicotyledonous plants (Negus and Berger,1987).

If this proposal is correct then Rattus fuscipes with its omnivorous diet incoqporating insects,

fungt, seeds, roots and grasses (Finlayson, 1960; Wheeler, !9701' Watts, t977; Cheal, 1987;

Carron et al, 1990) is perhaps less likely to require a specific cue signalling the onset of fresh

green growth than a species ltke Rattus lutreolus, the Australian swamp rat, which exists on a

7U



diet principally composed of sedges. This eventuality does not preclude the existence of other

secondary plant compounds. This exciting possibility requires further investigation and is

perhaps more likely to occur in Australia because of the distinctive flora, fauna and climate of
the country. These considerations may have led to the evolution of a different interactive

strategy between plants and animals. These possibilities require the analysis of the sedges and

grasses native to Australia to measure concentrations of 6MBOA or other likely compounds.

The slight similarity between the molecular structures of 6MBOA and melatonin remains

intriguing. This observation suggests a possible mechanism of action of the compound, but

neither 6MBOA nor melatonin had distinct effects on reproduction in the bush rat.

Effects of pCA and FA on reproduction of female bush rats

The administration of putative inhibitory plant compounds in feed did not significantly alter

relative uterus and ovary weights, but there was a strong trend for reduction in those weights,

particularly after treatment with ferulic acid. This trend for reduced reproductive organ weight

in female bush rats treated with pCA or FA was not due to more animals in those treatment

groups being in oestrus at the time of sacrifice. The actual dose consumed was less than the

planned dose and if there are dose effects it may be that higher doses are required to

significantly alter reproductive organ weights. The investigation of other doses, and the use of
larger numbers of animals to overcome statistical difficulties caused by the large variations

between individuals would be interesting tactics to pursue this suggestion of an effect.

It had been planned to sacrifice all animals at the first oestrus after treatment in order to reduce

the variation between individuals. However, the vaginal smears indicated that even control

animals were not cycling normally. The uterus and ovary weights of animals identified as in in

oestrus probably secreted higher levels of endogenous oestrogen because of those animals

were significantly heavier than those of animals in dioestrus or metoestrus.

The administration of pCA and FA in feed for 3 weeks had no effect on the reproduction of
adult male bush rats. It appears that male bush rats do not respond to this environmental cue.

Since it is a short term cue, signalling the senescence of grasses and thus the decline in a feed

soure, it might be anticipated that the value of this signal were of more value to the female.

Perhaps in the Southern Hemisphere this signal would be of less use than in the northern

hemisphere. In Australia, grasses senesce in summer because of the heat and lack of water,

when temperatures are high and there are seeds and insects to provide a feed source for bush

rats. In the species in which these compounds were identified as inhibitory, grasses senesce at

the beginning of winter and signal a time of reduced feed availability and climatic stress.

It may be that a different dose is required to alter reproduction. Alternatively, these males may

have been old and less responsive to environmental cues. Adults of 15 months would rarely
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survive a winter in the field and would probably have died in the subsequent winter of the

severe weather or stress of parasite loading. A response may also not have been observed

because of the short time of exposure to the compounds, although early laboratory studies on

hamsters in which seasonality is more regular than in the bush rat demonstrated significant

testicular regression in 4 weeks (Reiter, I99la)

Response of female bush rats to a GnRH agonist

One interesting observation from these experiments was that bush rats do not respond to
GnRH in the same way that laboratory rats do. The high number of animals whose smears

were classified as metoestrous was unexpected. These animals all had large numbers of
leucocytes in their smears. It is possible that that this leucocyte infiltration was a reaction to

the action of smearing, but it is not clear why this was seen in only some individuals. Similar

observations of metoestrous smears not preceded by oestrous smears were made in wild bush

rats (Chapter 2) indicating that this was not an artefact of laboratory conditions.

'When 
a range of doses was tested, the administration of a GnRH agonist had no effect on the

reproductive cycles of adult bush rats. This lack of effect may have been due to the age of the

bush rats tested. In the wild adult bush rats are not believed to breed in more than one season

and this may be because of a lack of sensitivity of the hypothalamo-pituitary axis to
stimulation. In this experiment animals may therefore not have been capable of responding.

However, all animals had evidence of some fresh corpora lutea which suggests that the

reproductive system had not completely failed. The process of reproductive senescence is not

well understood but it seems that there is a decline in reproductive prowess which is associated

with a decline in melatonin levels and which may be mediated via the opioidergic system

(Trentini et al,I99l).

It is possible that bush rats are extremely sensitive to this GnRH agonist and require even

smaller doses. Alternatively, bush rats may not respond to this form of agonist at all and may

respond only to native GnRH. If this is the case, it demonstrates an interesting difference

between rats and bush rats in the molecular structure of the GnRH receptor. Such differences

would probably be slight, because in a different sub species of bush rat, a single injection of
LHRH (Hoechst, Australia) was able to stimulate LH and FSH levels (Irby et al, 1984).

Examination of the difference in structure between the receptors of the two species would

provide information on the active sites involved in the action of GnRH in the bush rat, and

could add to our knowledge of the evolution of this receptor molecule in the Rattus genus.
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SECTION III
THE ROLE OF THE PINEAL IN INFORMATION TRANSFER

EFFECTS OF MELATONIN ADMINISTRATION ON REPRODUCTION

Introduction
One aim of this study was to determine the role of the pineal in the control of reproductive

seasonality of the bush rat. Effects of photoperiod are believed to be mediated via melatonin

secretion from the pineal (Goldman and Darrow, 1983). There is also evidence that

undernutrition can alter melatonin production in laboratory rats (Herbert and Reiter, 1981;

Chik et al, I987a; 1987b; 1989) and in the human (Brambilla et al, 1988; Ferrari et al, 1989;

Tortosa et al, 1989). It was possible that melatonin secretion might transduce environmental

signals from factors other than just photoperiod into hormonal information to control the

reproductive axis. Melatonin injections administered in the late afternoon inhibit reproduction

in the hamster (Tamarkin et al, 1985) but administration of melatonin by implant in the hamster

produces effects similar to pinealectomy (Reiter, I99la). The effects of melatonin treatment

by both of these routes of administration were investigated in the male bush rat. Effects of
melatonin implants were investigated in female bush rats and laboratory rats in order to

determine effects of melatonin on female reproduction and to identify possible differences in

the response of bush rats and laboratory rats to melatonin.

Effects of melatonin injections and melatonin implants on reproduction of male bush rats

Materials and Methods

Bush rats maintained in LD were allocated to melatonin injection, melatonin implant or control

treatments (n = 6 animals / treatment). For injection melatonin was dissolved in 1:9 l00Vo

ethanol:O.9Vo saline and injected subcutaneously daily at 1600 hrs at 100ug / l00g bodyweight,

with individual doses calculated weekly for each animal based on the most recent weekly

weight. Melatonin implants consisted of Regulin implants (18mg melatonin in a slow release

coating) encased in 1.6 cm of silastic tubing (Dow-Corning 602-205,0.040'i.d. and 0.085 '
o.d.) sealed at both ends with silastic glue. Such implants release approximately 2.8 ug/day rn

vitro. Implants were soaked overnight in O.9Vo saline at 37" C then were inserted in the

intrascapular region under Avertin anaesthesia. All animals \ /ere handled daily at 1600 hrs for
two weeks before the initiation of the experiment and during the experiment.

After 4 weeks of treatment, animals were placed in metabolism cages and liquid diet was fed at

IOO%o for 3 days and an hourly collection was then undertaken over 24 hours. Melatonin

injected animals were then sacrificed but melatonin implanted and control males were

monitored for a longer period of time and sacrificed after 24 weeks. This was to ascertain

whether a longer treatment time was required to induce testicular regression, and whether
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control males would become refractory to the LD photoperiod or melatonin treatment and

spontaneously exhibit testicular regression.

Results

Melatonin treatment did not affect bodyweight of bush rats (Fig. 5-16). Testicular indices of
all treatments were compared after 4 weeks and at the end of the experiment and relative

reproductive organ weights were compared after the conclusion of each treatment. These final

parameters reflect 4 weeks of treatment by injection and 24 weeks of treatment by implant.

Melatonin injections reduced the testicular index of bush rats compared to controls at 4 weeks,

but this difference was not significant (Fig. 5-17). Neither melatonin injections nor melatonin

implants significantly reduced the average relative weights of testes, seminal vesicles or
prostate glands below those of controls (Fig. 5-18). The lower value for the melatonin injected

animals was due to the small testes in one individual (0.a38g) but this animal had a lower TI at

the beginning of the experiment and the regression cannot be attributed just to the melatonin

treatment.

When these results were compared to parameters obtained from wild bush rats, it was apparent

that melatonin treatment had not caused regression of reproductive organs to the extent that

regression occurs in the wild in the non-breeding season. Bodyweight, relative seminal vesicle

and prostate weights were significantly greater in melatonin treated and control captive

animals than in wild animals (p<0.001). In addition, relative testes weights were still

significantly greater than in wild animals (p<0.01).

Effects of melatonin implants on the reproduction of female bush rats and laboratory rats

The aims of this experiment were to determine the effects of long term melatonin

administration on reproductive organ weights and oestrogen secretion in adult female bush rats

and to compare the responses of bush rats and lab rats.

Materials and Methods

Twelve adult female albino Wistar laboratory rats aged 3 months and with a mean + SEM

bodyweight of 310 + 6.99 were acquired from the Central Animal House and placed in a
photoperiod of 14L:10D in a temperature controlled room for 2 weeks to allow acclimation to
the environment. Twelve adult female bush rats 13.3 + 1.2 months and 9l.l + 3.1 g were

selected from the colony. All animals were placed in groups of 3 in cages on sawdust with a

handful of hay with access to ad libitum water, seed mixture and rat chow and occasional

apple in a temperature and light controlled room at 23"C and 14L:10D and were allowed to

acclimate to the environment for 2 weeks before initiation of the experiment.
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Fig. 5-16: .(Top) Bodyweight (mean + SEM) changes over the duration of the experiment of

male Rattus fuscipes greyi in control rats and after the administration of daily melatonin

injections (100 pgl100g bodyweight), or administration of implants (n=6). Treatment did not

significantly affect bodyweight. Note that organ weights were measured after 4 weeks of

treatment in injected animals and after 24 weeks in the others.

Fig. 5-17: (Bottom) Changes in testicular index (mean.* SEM) over the duration of the

experiment of male Rattus fuscipes greyi in control rats and after the administration of daily

melatonin injections (100 pg/100g bodyweight), or administration of implants (n=6).

Testicular indices did not differ significantly between treatment groups.
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Fig. 5-18: V/eights of reproductive organs relative to bodyweight (mg/100g bodyweight)

(mean + SEM) of male Rattus fuscipes greyi after the administration of daily melatonin

injections (100 pgl100g bodyweight), or administration of implants and of control animals

(n=6). Treatment did not significantly affect reproductive parameters and thus failed to

achieve reproductive regression to the extent observed in wild bush rats during the non

breeding season (Fig. 5-l).
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Six bush rats and 6 lab rats were then implanted subcutaneously in the intrascapular region

with melatonin implants under halothane anaesthesia. Implants consisted of two Regulin

implants enclosed within a double sleeve of silastic tubing (0.04 by 0.05" and 0.132 by 0.183"

tubing,Dow-Corning 602-205 and 601-335 respectively) with the ends unsealed. These

implants give physiological levels of melatonin in young rats. Mean + SEM ages and weights

of groups at implantation were 12 +I.6 months and 96 + 5.7 g and 14 + 1.6 months and 98 f
5.3g for the implant and control bush rat groups respectively.

Animals were weighed and the presence of implants checked fortnightly for 16 weeks.

Animals were then placed in individual metabolism cages and fed liquid diet (Osmolite HN) for
three days. Urine was then collected hourly for 24 hours. Vaginal smears were taken daily

from all animals for the length of one oestrous cycle (5 days) to determine if animals were

cycling. All animals were killed at the time of the last smear via i.p. injection of Lethobarb,

implants were retrieved and ovaries and uteri were dissected out, weighed and fixed in I\Vo

formalin. Blood samples were collected by cardiac puncture at the time of sacrifice.

Relative weights of uteri and ovaries rù/ere analysed by two way analysis of variance to
determine the effects of treatment and oestrous cycle stage on the day of sacrifice. Effects of
treatment on bodyweight were analysed by a one way analysis of variance. Differences in

oestrogen concentrations between treatment groups were analysed by t-test.

Results

Bodyweights

One of the melatonin treated bush rats died after 10 weeks and one of the control bush rats

after 14 weeks. Another control animal developed a mammary tumour halfway through the

experiment but remained active and otherwise appeared quite healthy. Mean bodyweights of
bush rats did not vary much but the laboratory rats continued to increase in bodyweight

throughout the experiment. There was no significant effect of treatment on bodyweight within

either bush rats or laboratory rats.

Vaginal smears

The smears taken over one oestrous cycle suggested that some animals were exhibiting

prolonged oestrus, sometimes with intermittent cycling, and that there was a tendency for more

of the melatonin implanted lab rats to exhibit this persistent oestrus syndrome (POS). None of
the animals demonstrated persistent dioestrus syndrome (PDS).
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Table 5-9: Number of females with vaginal smears taken over one oestrous cycle indicating
presence or absence of a normal cycle

Reproductive organs

Abnormalities noted at dissection included large fluid filled cysts on the ovaries of one of the

melatonin treated bush rats, which were burst before weighing. Melatonin implants did not
significantly alter the relative uterus and ovary weights of bush rats (Fig. 5-19) or laboratory

rats (Fig. 5-20), although in both species the relative uterus weights were higher in melatonin

treated animals.

On the day of dissection, bush rats in different treatment groups had similar patterns of
oestrous cycle stages. However, the laboratory rats administered melatonin all had oestrous or
proestrous smears in contrast to control laboratory rats which tended to exhibit more

dioestrous and metoestrous smears. The stage of the oestrous cycle on the day of sacrifice did

not significantly alter the relative uterus weight or relative ovary weight of bush rats or of
laboratory rats. In laboratory rats more melatonin treated animals were in oestrus on the day

of sacrifice, but this interaction between treatment and oestrous cycle stage was not significant
(p = 0.055).

Table 5-10: Stage of the oestrous cycle of bush rats and laboratory rats with and without
melatonin implants. There were no significant effects of treatment or oestrous cycle stage

within species.

Species Treatment n Proestrus Oestrus Dioestrus Metoestrus

Bush rat melatonin 5 0 2 2 1

control 5 1 2 2 0

Laboratory rat melatonin 6 1 5 0 0

control 6 1 1 3 1

Oestrogen

Mean + SEM plasma oestrogen concentrations ,were 426 + 43 pM in the lab rat controls and

554 + 81pM in the melatonin treated rats. These values were not significantly different.

POS#

1

I

3

I

Species Treatment # cvcling

Bush rat Melatonin 4

Control 4

Laboratory rat Melatonin õ
J

Control 5
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Fig. 5-19:(Top) Uterine and ovarian weights (mg/100g bodyweight) (mean + SEM) of adult

female bush rats (Rattus fuscipes greyi) after the administration of melatonin implants for 16

weeks (n=5). There was no significant effect of treatment on relative organ weights.

Fig. 5-20: (Bottom) Uterine and ovarian weights (mg/100g bodyweight) (mean + SEM) of

adult female laboratory rats (Rattus norvegicus) after the administration of melatonin implants

for 16 weeks (n=5). There was no significant effect of treatment on relative organ weights..
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Unfortunately the melatonin treated bush rat samples were unavailable for assay; control bush

rats had levels of 378 + 57pM.

6.SULPHATOXYMELATONIN RHYTHMS AS A MEASURE OF PINEAL
ACTIVITY IN TI{E BUSH RAT

Introduction

New methodological technologies allowed us to collect hourly urine samples from bush rats

under different conditions, to analyse aMT.6S content and thus to calculate aMT.6S excretion

rates. The pineal activity of a wild seasonal Rattus species could therefore be accurately

characterised for the first time. Samples were collected in the experiments previously

described in this chapter, from male bush rats exposed to short and long day photoperiods, and

on good and protein restricted nutrition, and from female bush rats administered 6MBOA,
pCA and FA. Samples were also collected from male bush rats after administration of
melatonin by implant and injection and from female bush rats and laboratory rats after

implantation of melatonin. Analysis of excretion rates of aMT.6S under these conditions

demonstrated the natural phase of excretion under different photoperiods, the response of the

pineal to photoperiodic and nutritional stimuli, differences between males and females in

excretion, some effects of age on excretion rates, and effects of exogenous melatonin

administration on endogenous excretion.

Effects of meløtonin administration on 6 sulphatoxymelatonin excretion

In male bush rats, melatonin injection and implants significantly increased the levels of
excretion of aMT.6S. An estimate of the levels achieved was determined by analyisis of urine

samples from 3 control males, 2 implanted males and 3 injected males. Mean + SEM total

aMT.6S productions over a 24 hour period were 361 + 19, 3603 + 254 and 206,595 + II4359
pmol for control, implanted and injection animals respectively. Implants therefore increased

excretion by approximately tenfold and injections dramatically increased excretion by

approximately 500 fold. It was difficult to determine the time of onset in injected animals;

injections were administered at 1600 hr and maximum output was observed from 1800 to
1900h, suggesting a lag phase of approximately 2 hours from the time of secretion of
melatonin until the time of excretion of the metabolite (Fig. 5-21). This period may however

be an overestimate since urine flow was poor between the time of injection and the time of
maximal excretion. Injection appeared to increase excretion rates over the entire 24 hotn
period but it is possible that metabolism cages became contaminated by the high outputs

immediately after injection, and subsequent urine was contaminated in the collection funnel.
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X'ig. 5-2L: Excretion rates (pmol/hour) (mean + SEM) of 6-sulphatoxymelatonin of male

Rattus fuscipes greyi control animals and after the administration of daily melatonin injections

(100 pgl100g bodyweight), or administration of implants (n=6).
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In female bush rats, melatonin implants increased excretion rates of aMT.6S approximately 20

fold in bush rats and 4.4 fold in laboratory rats. This increase was highly significant in both

species (p < 0.001) (Fig. 5-22). In bush rats, the mean * SEM total productions of control and

melatonin implanted animals were73*I2.6 and 1553 + 155 pmol and the overall means + SEM

were 4.73 + 0.68 and 107 t 9.4 pmol respectively. Total productions of laboratory rats were

550 + 120 and2420 + 258 pmol and means were 37 + 5.9 and 164 + 13.9 pmol for control and

melatonin implanted animals respectively. Melatonin implants therefore increased mean total

excretion of aMT.6S by 1480 and by 1870 pmol, and increased the mean hourly excretion rate

by lO2 and 121 pmol in bush rats (Fig. 5-23) and laboratory rats (Fig. 5-2Ð respectively. The

rhythm of aMT.6S was difficult to distinguish in bush rats with melatonin implants because of

the small magnitude of the endogenous nocturnal rise compared to the constant excretion rates

induced by the implants and is shown to a larger scale in Fig.5-25.

Effects of photoperíod and nutrition

There was no significant effect of protein restriction on mean total output of aMT.6S of male

bush rats in a long day photoperiod with mean * SEM total outputs of 193 + 17 and 213 + 20

pmol for bush rats on good and poor nutrition respectively, nor was there any difference

between outputs when animals were on solid and liquid diets (mean +SEM 198 + 27 and 188 +

22 pmol respectively. Bush rats on different nutritional regimes did not respond differently to

the change from solid to liquid diet.

The second experiment showed no effect of photoperiod or nutrition on total aMT.6S output

in single overnight samples collected over 3 days of solid diet and 4 days of liquid diet. (Mean

+SEM 180 + 31,220 + 25 and 195 + 19 pmol for male bush rats in a long day photoperiod

on good nutrition, in a short day photoperiod on good nutrition, or on protein restriction

respectively). However, when the rhythm was examined more closely by an hourly overnight

collection, a significant interactive effect of nutrition and photoperiod on total aMT.6S

production was apparent. Bush rats in a short day photoperiod on a protein restricted diet had

a significantly lower mean aMT.6S excretion rate than bush rats on good nutrition in either a

short or long day photoperiod (mean + SEM total outputs were 107 + 23,1721 + 420 and 359

+ 103 for bush rats on poor nutrition in SD, on good nutrition in SD and on good nutrition in

LD (p < 0.01). In addition, output was less in animals on good nutrition in a long day

photoperiod than in a short day photoperiod (p<0.01) because of a greater overall amplitude

and not a difference in the time of onset and offset of excretion. The pattern of excretion did

not differ between treatment groups; in all cases, there was a rhythm with higher levels during

the time of lights out (Fig. 5-21). Duration of excretion therefore did not differ between nights

of 10 hours and 14 hours.
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Fig. 5-22: Total nightly outputs (mean + SEM) of 6-sulphatoxymelatonin in control (top

panel) and melatonin implanted (bottom panel) female bush rats (Rattus fuscipes greyi) (n=5)

and laboratory rats (Rattus norvegicus) (n=6).
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Fig. 5-23: Excretion rates (pmol/hour) (mean t SEM) of 6-sulphatoxymelatonin of control and

melatonin implanted female bush rats (Rattus fuscipes greyi) (n=5).
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Fig.5-24: Excretion rates (pmol/hour) (mean + SEM) of 6-sulphatoxymelatonin of control and

melatonin implanted female laboratory rats (Rattus norvegicus) (n=6). Note the similar scales

for both species.
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Fig. 5-25: Excretion rates (pmol/trour) (mean + SEM) of 6-sulphatoxymelatonin of control

female bush rats (Rattus fuscipes greyi) (n=5) to a larger scale than shown previously.
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tr'ig. 5-26: Excretion rates (pmol/trour) (mean + SEM) of 6-sulphatoxymelatonin of male

Rattus fuscipes greyi in a long day photoperiod (14L:10D) on good nutrition (LDGN: seed,

rat cubes and occasional apple) or in a short day photoperiod (10L:14D) on good nutrition

(SDGN) or on poor nutrition (SDPN: protein restricted Rice Bubble diet) (n=5).
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In summary, there was no effect of nutrition on excretion of aMT.6S in a long day

photoperiod, nor was there a difference in total output between a long and short day

photoperiod. However, the administration of a protein restricted diet in a short day

photoperiod significantly decreased excretion of aMT.6S. There was thus an interaction

between photoperiodic and nutitrional cues on pineal activity as measured by aMT.6S.

Effects of secondary plnnt compounds

Administration of 6MBOA did not alter excretion rates of aMT.6S in female bush rats. In all

animals a rhythm of excretion was apparent, with most of the production occurring during the

dark period. The total amount produced over the 3 day period was not significantly different

between 6MBOA and control animals, nor did the phase of excretion differ. The average total

nightly production was 74pmol for control and 8Opmol for 6MBOA treated bush rats (Fig. 5-

28).

The mean overnight total aMT.6S excretion rates were not significantly different between

treatment groups of female bush rats administered inhibitory plant compounds, pCA and FA,

andcontrol animals (meantSEM 182+22, I42 + 16 and 168 + 27 pmol forcontrol, pCA

treated and FA treated animals respectively).

DISCUSSION

Effects of melatonin administration on reproduction

The effects of photoperiod on reproduction are believed to be mediated via the secretion of

melatonin from the pineal gland. The administration of melatonin by high dose implants or 4

weeks of injections did not produce significant reproductive regression in male bush rats,

although there was a slight decrease in testicular index after injections. These results confirm

the general failure of photoperiodically induced changes in melatonin alone to cause

reproductive regression. The lack of effect of melatonin injections supports our conclusion that

melatonin did not alter reproduction.

One out of six males had regressed testes after the administration of melatonin injections and in

the field there is disparity in reproductive activity between adult male bush rats exposed to

apparently similar environmental cues (Chapter 2). Other authors have observed genetic

polymorphism in response to photoperiod in other small mammalian species (Heideman and

Bronson, l99O; Blank and Freeman, I99l; Puchalski and Lynch, 1991) and it may be that

some individuals within a population are sensitive to melatonin and photoperiod whilst others

are not. When working with inbred laboratory rats, this population variation is absent.
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Fig. 5-27: Excretion rates (pmol/hour) (mean + SEM) of 6-sulphatoxymelatonin of adult

female bush rats (Rattus fuscipes greyi) which had been injected with 100pg/100g bodyweight

of 6-methoxybenzoxazolinone (6MBOA) or vehicle (Control) at 1700h on 3 consecutive days

and injected with GnRH 3 days prior to initiation of sampling in experiment B (n=5).
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Melatonin injections in the late afternoon are perceived as a short day signal in both short day

breeders (Nett and Niswender 1982) and in long day breeders (Turek et al, 1975). The

injection regime imposed here was probably read as a short day with the duration of increased

melatonin from 1600h, thus was effectively similarto a 10L:14D photoperiod. The mode of
action of melatonin implants on reproduction is not known since the duration of melatonin

secretion is considered to be important and endogenous rhythmicity is maintained by animals

with implants. In sheep, implants are read as a SD signal (Kennaway et al, 1982b) but in
hamsters they may act as functional pinealectomy and even have counterantigonadotropic

effects (Reiter, l99Ia). The melatonin levels in implanted animals in this study were above

physiological levels and thus may have had a pharmacological effect.

It is unlikely that some inadequacy of the method of administration of melatonin to bush rats

was the reason for the lack of response of bush rats to melatonin because the imposition of a
putative inhibitory photoperiod also had little effect on reproduction. It would have been

interesting to administer melatonin to bush rats on a protein restricted diet. In laboratory rats,

which are not normally responsive to melatonin either, such treatment causes sensitisation to
the effects of melatonin on reproduction (Blask et al, 1980). Other potential methods of
sensitisation include steroid treatment ('Wallen, 1981) and olfactory bulbectomy (Reiter et al,

1980).

The administration of melatonin did not alter relative uterus or ovary weights in either female

bush rats or female laboratory rats. Melatonin is believed to be the hormone by which

photoperiodic effects on reproduction are mediated (Kennaway and Seamark, 1980; Goldman

and Darrow , 1983; Tamarkin et al, 1985). These results suggest that reproductive seasonality

in the female bush rat is not controlled merely by photoperiod, and that the reproduction of
female bush rats does not respond to melatonin.

It may be that photoperiodic information in this species is conveyed by other mechanisms but

this is unlikely. Administration by other means and doses would confirm that females do not

respond to melatonin with a decline in uterine weight.

Evidence for the lack of an endogenous rhythm of breeding which is timed by photoperiod

comes from the observation that bush rats do not experience photorefractoriness. They appear

to require inhibitory environmental signals to cue the cessation of reproductive activity. Some

species experience photorefractoriness to a photoperiod after approximately 11 weeks of
exposure to that light regime (Robinson et al, 1985) but even after 24 weeks of monitoring

bush rats in LD there was no refractoriness to either LD photoperiod or melatonin implants.

This observation further supports the classification of the bush rat as an opportunistic r type

breeder in which reproductive seasonality is under very different control from that of the

hamster, in which an endogenous circannual rhythm is cued by photoperiod.
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Laboratory rats responded similarly to bush rats, with no decrease in uterine weight. Some

studies have observed a direct effect of melatonin on reproduction (eg Vriend et al, 1987).

However, laboratory rats usually require sensitisation to the inhibitory effects of melatonin by

undernutrition (Blask et al, 1980), olfactory bulbectomy (Reiter et al, 1930) or steroid

administration (Wallen et al, l98J). When making a direct comparison between the responses

ofbush rats and laboratory rats it should be noted that each species received a different dose of
melatonin because they received the same type of implant but had different bodyweights. Also,

laboratory rats were exposed to a decreasing dose over time as their mean bodyweight

increased throughout the experiment.

Pineal activity in the bush rat as measured by 6 sulphatoxymelatonin excretion

The excretion rates of 6 sulphatoxymelatonin in the native Australian bush rat under different

environmental conditions were established in this study. It is assumed that the differences in

excretion rates reflect different levels of circulating melatonin and output by the pineal but it is
possible that there were differences in the metabolism of melatonin. In adult bush rats the onset

of excretion was sometimes difficult to determine because of the circadian rhythm of drinking

which meant urine flow did not start in some animals until after lights out. However, there was

sufficient data to demonstrate that in the bush rat the pattern of excretion of aMT.6S was

similar to that described for the laboratory rat. There was minimal excretion during the day

and a rise in output approximately one hour after lights out. Higher levels were maintained

throughout the night and declined at lights on. The total output of aMT.6S was not different

in bush rats maintained in a SD and LD photoperiod.

Differences between experimental protocols made it difficult to extrapolate comparisons

between animals of different ages across experiments. Previously in the laboratory rat it has

been shown that excretion rates varied with age, largely as a function of body weight (Yie et al,

1992). Higher levels of aMT.6S were excreted by males than females with peak levels of
approximately 50-200pmol for males and l5pmol for females in this study, confirming earlier

observations in the laboratory rat (Yie et al, 1992). Output levels of aMT.6S were extremely

low in bush rats relative to laboratory rats of a similar bodyweight.

In males and females, melatonin implants did not appear to reduce the nocturnal rise in
aMT.6S, nor to alter the pattern of excretion. These findings agree with observations in other

species (Kennaway et al, 1982b; Lincoln and Ebling, 1985) and confirm the lack of existence of
a negative feedback control of melatonin on its own secretion. The effects of melatonin

implants on female bush rats and laboratory rats was remarkably consistent despite the

different bodyweights of these two species. Laboratory rats weighed approximately three

times more than bush rats. Given a similar and constant release of melatonin from the implants
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and a blood volume proportional to bodpveight, one would expect the increase in melatonin

excretion resulting from the implants to be the same in both species but an increase in blood

concentrations above those on the laboratory rat to occur in the bush rat. The sirnilarity in

excretion was confirmed and indicates that metabolism of melatonin to 6-sulphatoxymelatonin

is similar in both species despite differences in body size.

Effects of environmental variables on aMT.6S excretion

The effect of photoperiod on the pattern of excretion of aMT.6S has been described separately

since the secretion of melatonin is believed to be controlled by light (Axelrod,1974; Iægan and
'Winans, 1981). Undernutrition did not alter total overnight outputs of aMT.6S by male bush

rats kept in a long day nor in a short day photoperiod. However, there was a dramatic dectine

in excretion by animals in a short day photoperiod on poor nutrition as measured in samples

taken houriy overnight. It was not clear why this change was apparent only in the hourly

overnight collection. There may have been some change on the night in question or some

artefact of urine volume which was not detected. It is possible that the reliablility of the assay

at low concentrations was not great enough to identify differences between groups when the

total output was determined by multiplication of one concentration value by a large volume

figure. AJso, it was not clear why there was an increase in output of aMT.óS from animals on

good nutrition as well as the decrease in output from animals on poor nutrition in a short day

photoperiod. The latter significant result is believed to be real because the output was actually

overestimated slightly;'since urine from these animals had concentrations of aMT.6S below

the detection limit of the assay, and after dilution and reassay, these samples were awarded the

concentration value of the sensitivity of the assay. This experiment demonstrates the necessity

of monitoring output in detail to detect changes and confirms our obsen¡ations of nutritional

effects on the pineal in the laboratory rat (Chapter 4). It seems that in the bush rat, an

inhibitory photoperiod is required for the response of the pineal to undernutrition, but in the

laboratory rat, it can be induced in a long day photoperiod.

These results do not agree with the increase in melatonin concentrations previously observed in

rats on undernutrition (Chik et al 1987a). The higher melatonin concentrations seen in that

study may reflect a concentrating effect of the reduced blood volume after undernutrition

rather than an alteration of pineal production. Assuming that there is no change in the

metabolism of melatonin, the effect observed in this study is more difficult to disregard. A

possible explanation for the discrepancies between these studies relates to the diets imposed on

the animals and the derivation of melatonin from its precursors. In the rat, the secietion of the

melatonin precursor, serotonin (Fernstrom and Wurtman, 1,971), and of melatonin itself

(Young and A¡derson, 1982) are potentially affected by circulating and brain levels of

tryptophan, which in turn are influenced by the protein composition of the diet consumed. It
is possible that the diet administered to laboratory rats by Chik et al (I987a) had a higher

concentration of tryptophan, a higher ratio of tryptophan to other neutral amino acids, or a
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different carbohydrate concentration. These parameters alter brain levels of tryptophan þ
altering the dynamics of uptake by the brain (Fernstrom et al, 1973).

The ability of undernutrition to alter the secretion of melatonin through variation in precursor

availability does not preclude a role for the alterations of melatonin in the inhibition of
reproduction by that undernutrition. However, when the effects of undernutrition potentially

affect the pineal by either increasing or decreasing melatonin secretion, it is more difficult to

envisage a ftmctional roie for altered pineal activity. The measurement of excretion rates in

this study provides a measure of total production of a hormone. 'Whether changes in

concentration or production are more physiologically meaningful is dependent partly upon the

receptor kinetics of the hormone, which are not yet fully defined for melatonin.

Administration of secondary plant compounds failed to alter the excretion rates or output of

aMT.6S. The similarities between the structures of melatonin and 6MBOA have led to the

proposal that some of the effects of this compound may be mediated through interactions with

pineal function. Interactions between 6MBOA and melatonin have been observed both tn

vtno (Yuu¡iler and Winters, 1985; Sweat and Berger, 1988; Daya et al, 1990) and in vívo

(Vaughan et al, 1988b; Gower and Berger, 1990), and it has been proposed that inhibitory

effects of 6MBOA seen at high doses may be mediated via increases in melatonin secretion

(Gower and Berger, 1990). This study has measured the response of melatonin to 6MBOA for

the first time, and we found that at the dose administered in this study, 6MBOA does not

appear to be mediated through alterations of melatonin. Any increase in melatonin observed at

higher doses is likely to be a result of non specific pharmacological effects. There is stilt

potential for the compound to affect reproduction in some species through participation in the

binding dynamics of melatonin. The failure of inhibitory plant compounds to alter excretion of

aMT.6S suggests that such compounds do not act via alterations of pineal function. These

compounds have been little investigated and further research is required to define alternative

mechanisms of action.

Experimentation on wild species

Successful experimentation on wild animals requires special cornideration of some aspects of

technique. An interesting aspect of this study included the failure to identify normal cyclicity in

many of the females even under control conditions. Several reasons are offered for this

phenomenon, including the intractability of this species, stress and effects of vaginal stimulation

or the possibility that animals may have been in anoestrus or not in breeding status due to some

behavioural or environmental deficiency. Disturbed cyclicity may indicate a possible

disfunction of reproduction in these animals and hence alters the ability of the experiments

performed to conectly identify treatment effects on reproduction. In some cases a pattern was

observed with prolonged periods of oestrus and in some cases of dioestrous. The former

pattern is observed under conditions of consta¡rt light and the latter is indicative of anoestrus

(Breed, 1978). Control of the oestrous cycle by exogenous hormone administration presents

some problems in that those hormones may mask the effects of the compound of interest, or
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may exaggerate the effects of that compound, depending upon its mode of action. However, it

is possible that in the laboratory rat, the regular 4 ot 5 day oestrous cycles observed are not

typical of this genus. Wild bush rats do not appear to present a regular 4 üy cycle (Chapter 2)

and it may be normal for the wild rat to exhibit frequent periods of dioestrus or oestrus if she is

not exposed to natwal conditions. In her natural habitat a typical female bush rat would

probably undergo sexual maturation, be exposed to males, undergo one or two cycles with the

exhibition of oestms, be mated, conceive or undergo pseudopregnancy, give birth, have one

post partum oestrus, lactate, give birth, lactate and be lucþ to suwive the following winter.

The exhibition of regular oestrous cyclicity in wild rodents may be abnormal rather than

normal.

Methods which could be employed in future studies include the measu¡ement of hormones in

the blood after experimental manipulation and closer histological observation of treatment

induced changes in reproductive organs. Both methods would provide additional information

to the gross effects of treatment on relative organ weight. Hormone measurements were not

taken largely because of the difficulty of extracting repeated samples from these animals

without the stress of sampling overcoming an effect of treatment but with the estabüshment of

clear pineal /reproduction interaction effects, this promises to be an interesting area for future

study. Time limitations forbade morphological analysis of collected reproductive organs.

It is conceivable that some of the captive colony animals were incapable of responding to

inhibitory cues. Within a population of wild animals there is often genetic variation in response

to environmental cues which permits that population to adjust to environmental changes.

When the colony was initiated, most of the offspring were derived from a few pairs which bred

prolifically in colony conditions. There was thus unintentional selection for animals which

perhaps were less sensitive to subtle social, nutritional or physical cues than their counterparts.

The genetic variability in response to photoperiod within a population has been well

documented in small mammals (Lynch et a1, 1981; Nelson, 1985; Desjardins et al, 1986; Blank

and Freeman, 1991; Heideman and Bronson, 1991) and genetic selection for

photoresponsiveness can produce significant results in only two generations (Desjardins et al,

1986) Were these experiments to be repeated on a large number of wild bushrats acquired

during the breeding season, this suspicion could be discarded or verified. However, the

removal of a population of native animals to confirm this could not be justified.

The d.ifficulties in handling and the stresses imposed by manipulations are typical of sfudies

involving wild animals. The risk of a false result in animals recently derived from the wild is

one of the reasons why the effects of a treatment should always be considered in the light of

the reproductive strategy of that animal, and the requirement for concurrent ecological and

laboratory studies to be undertaken. Additional problems faced with the study of wild animals

are the limited numbers of animals available for experimentation at any one time and the

extreme heterogeneity of the a¡rimals - which in turn dictates the necessity for use of higher

numbers of animals to obtain statistical significance of effects'
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Control of reproductive seasonality in Røttus fuscípes greyi

This study demonstrated that neither photoperiod nor nutrition nor secondary plant compounds

alone cause the seasonality of reproduction of the Australian bush rat. Interactions between

photoperiod and nutritional cues caused partial reproductive regression in males and secondary

plant compounds tended to affect reproduction of females. The observations from our colony

suggest that even combined changes in photoperiod, nutrition and temperature observed

effective by Irby et al (1984) would not inhibit reproduction in this population of Rattus

fuscipes greyi although the possibility of synergism cannot be excluded.

Differences in reproductive strategy between males and females could not be easily identified

because insufficient numbers of bush rats were available to test effects of the same

environmental factors in both sexes. Neither male nor female bush rats responded to melatonin

administration with inhibition of reproduction. It seems that in the male, a combination of
environmental variables is required to control reproduction. Possibly the effects of individual

factors are synergistic and not merely additive; in the wild there may be a threshold response

giving an 'all or none'effect on reproduction. There was a trend for plant compounds to alter

relative uterus weights in the bush rat but these effects were confounded by oestrous stage and

the lack of response to GnRH. The reproductive response of females could be more subtle

than a decrease in notmal uterine weight. The original studies on effects of 6MBOA on

Microtus species used large numbers of animals in each treatment group (eg 80) but this was

not possible in this study because of the limiting number of bush rats.

These laboratory observations combined with observations from wild animals and the captive

colony suggest that nutrition plays a primary role in the control of seasonal reproduction in the

bush rat but that nutritional level alone cannot control reproductive activity and must be

combined with other inhibitory signals. Photoperiod was identified as a potentiating factor to

inhibitory effects of nutrition, and temperature may act in this manner in the wild. Social and

activity patterns appear to strongly influence reproduction in some animals and there appears

to be a genetic component to the response to a given environmental signal.

The pineal may be implicated in this control of reproduction by environmental factors,

particularly in the interaction between photoperiod and nutrition, and it was clearly established

that the role of melatonin in this species is not as an 'anti-gonadotrope' but rather appears to be

associated positively with the reproductive axis in the rat.

CONCLUSIONS

Of the factors tested for their capacity to induce testicular regression in the male, none was

effective. The only reproductive effect seen was due to a combination of short day
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photoperiod and protein restriction which caused a significant reduction in relative seminal

vesicle and prostate gland weights. Natural temperature and photoperiod changes did not

induce testicular regression in animals in the captive colony, and administration of putative

inhibitory secondary plant compounds, pCA and FA, did not affect reproductive parameters.

The end of the breeding season in the male bush rat therefore appears to be signalled by a
combination of photoperiod and feed quality and additional factors.

Methodological limitations permitted fewer observations in the female. Reproductive

seasonality in this sex appeared to be influenced by secondary plant compounds. Non

significant increases in relative uterus weights were induced by administration of 6MBOA and

trends to decreases in reproductive organ weights were observed after administration of p
coumaric acid and ferulic acid. It is possible that genetic selection for lack of response to

environmental cues had occurred within the colony prior to the initiation of experiments.

The bush rat has a robust rhythm of excretion of urinary aMT.6S similar to that of the

laboratory rat but of a lower amplitude. This excretion was not affected by moderate changes

in photoperiod, or administration of secondary plant compounds but was altered by a

combination of protein restriction and short day photoperiod. The pineal was thus responsive

to environmental cues which affected reproduction significantly, and may play a role in the

conveyance of environmental information to the reproductive axis of the bush rat. However,

the failure of administration of melatonin to alter reproduction suggest that this role may not be

the major factor controlling reproduction in this species.

To summarise, factors controlling seasonality of reproduction in this population of Rattus

fuscipes greyi include a combination of nutrition, photoperiod, possibly plant compounds with

genetic variation in response to environmental stimuli. There is evidence that melatonin

secretion responds to environmental signals regarding both nutrition and photoperiod.
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CIIAPTER 6

EF'F'ECTS OF NUTRITION ON REPRODUCTION AND MELATONIN SECRETION

IN THE OVARIECTOMISED E\ryE WITH AND \ryITHOUT OESTRADIOL
REPLACEMENT
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INTRODUCTION

The sheep is a convenient model in which to examine the environmental control of
reproduction. It is known to respond to changes in photoperiod to melatonin treatment, and its

size and domesticity permit ease of repeated blood sampling and surgery. Because of its
widespread use in agriculture and responsiveness to melatonin, an extensive literature exists

documenting the effects on reproduction of manipulations of photoperiod and melatonin

treatment by injections, feeding, sponges, implants and infusions (Nett and Niswender;1982;

Luhman and Slyter, 1986; Nowak and Rodway, 1987). The alterations in gonadotropin

secretion which occur under both photoperiodic and nutritional regimes have also been studied

in depth. The sheep was thus selected as a model in which to further explore aspects of the

effects of nutritional cues on melatonin secretion and reproduction which were identified in the

previous studies on the investigation of seasonal breeding in the bush rat and in the role of the

pineal in nutritrional effects on reproduction in the laboratory rat.

Reproduction in the sheep is seasonal. This seasonality is most pronounced in primitive breeds

such as the Soay sheep from the island of St Kilda off the west coast of Scotland (Lincoln,

1992) but is still evident, to a lesser extent, in breeds such as the Merino of Australia (Fletcher

and Geytenbeek, 1970). Sheep subjected to decreasing or increasing daylengths have their

periods of breeding or anoestrus respectively advanced. The magnitude of the advance

depends upon the time of year at which the change was applied relative to the onset of the

breeding season and upon the abruptness and speed of photoperiodic change (Ducker and

Bowman, 1970a; b; Ducker etal, 1970). The same absolute stimulus can be stimulatory if it
occurs during decreasing daylength and inhibitory if it is experienced during increasing

daylength (Robinson and Karsch, 1987). The response to a given photoperiod thus depends

upon photoperiodic history.

The pineal is well established as a neuroendocrine transducer of photoperiodic information to

the reproductive tract (Axelrod, 1914). This information is believed to be relayed by the pineal

indoleamine, melatonin (Goldman and Darrow, 1983; Kennaway et al, 1982a;'b). Effects of
photoperiod on the reproductive system are mediated in part by a change in sensitivity to the

negative feedback of steroids (Legan and Karsch, 1979; Goodman et al, 1982). There is also

variation in gonadotropin secretion which is independent of the steroids (Arendt et al, 1985;

Meyer and Goodman, 1986).

It has been proposed that these two pathways in the ewe are mediated by different

neurotransmitter systems (Meyer and Goodman, 1986). The steroid dependent pathway

appeared to be mediated through the action of oestrogen sensitive neurons which inhibit the

release of GnRH (dopamine and adrenalin) (Meyer and Goodman, 1986; Howern et al, 1991)

whereas steroid independent actions were mediated through serotonergic neurons (Meyer and

Goodman, 1986;Whisnant and Goodman, 1990). The change in sensitivity to steroid feedback,
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was a more acute effect which acted rapidly at the beginning and end of the breeding season.

Effects of the steroid independent pathway were more gradual and more closely linked to

changes in photoperiod. It is t.rnclear whether changes in melatonin are responsibie for one or

both of these pathways.

Undernutrition has similar effects on reproduction to inhibitory photoperiod. An increased

sensitivity to the negative feedback of steroids is observed (Foster and Olster, 1985), although

some effects a¡e also steroid independent (McShane and Keisler, 1991). Given the similarities

in the mechanisms by which photoperiod and nutrition alter reproductive endocrinology, it

could be speculated that melatonin be implicated in the trarìsfer of nutritional as well as

photoperiodic information to the reproductive axis'

Indeed, there is now evidence in other species to support this hypothesis. We previously

identified decreases in the excretion rates of 6-sulphatoxymelatonin, a rnelatonin metabolite, in

the protein restricted bush rat in SD (Chapter 5) and in the underfed laboratory rat in LD

(Chapter 4). Decreased pineal melatonin has been observed in protein reslricted laboratory

rats (Reiter, 1981). lncreased melatonin secretion (Chik et al, 1987a) and altered response of

the pineal to a p agonist (Cirit et al, 1987b) have also been documented in underfed rats, and

changes in brain melatonin have been observed in feed deprived mice (Bubenik et aL, 1992).

Pinealectomy of intact male rats can protect the pineal from some but not ail of the suppression

induced by undernutrition (Chik et al, 1989). In addition abnormal melatonin rhythms have

been observed in women with hypothalamic amenorrhoea typical of anorexia nervosa, a

psychonutritional disorder with geatly reduced feed intake (Brambilla et al, 1988; Ferr¿¡i et al,

1989; Tortosa et al 1989).

This study further explored the role of the pineal in the inhibition of gonadotropin secretion by

undernutrition. Three experiments were conducted to examine melatonin steroid interactions in

undernutrition during the breeding season of the ewe. An initial study proposed to establish

whether the changes in melatonin secretion and 6-sulphatorymelatonin excretion seen in

undernutrition in the rat also occurred in the sheep, and to determine whether the putative

changes were mediated by steroids. The second study was undertaken to determine the extent

of undernutrition required to alter melatonin secretion and to more closely monitor the

relationship with gonadotropin secretion. A third study aimed to determine whether the

observed decrease in melatonin secretion mediated the suppression of gonadotropin secretion

caused by undernutrition.

Our model was the ovariectomised ewe implanted with oestrogen implants designed to

produce physiological levels of oestrogen. As previously discussed, the sheep is a seasonal

breeder known to be sensitive to the effects of melatonin on reproduction. Ovariectomy and

implantation of oestradiol provide an optional constant steroidal background againS which
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gonadotropin secretion can be investigated and alterations in sensitivity to the feedback of
oestrogen on the hypothalamus investigated.

MATERIALS AND METHODS

Three experiments were conducted with 6 year old adult Merino ewes during autumn in the

natural breeding season of the sheep. Ewes were acquired from Martindale Farm, University

of Adelaide, South Australia and ovariectomised under general anaesthesia 8 weeks

(experiment 6-1),5 weeks (experiment6-2) or 3 weeks (experiment 6-3) before the initiation

of the experiment. In experiments 6-2 and 6-3, ewes were treated at ovariectomy with

subcutaneous implants placed behind a foreleg and made from 3 and 4 cm silastic tubing

respectively, packed with crystalline oestradiol (Sigma), sealed at both ends with silastic

adhesive and soaked in saline at 37oC for 24 hours before insertion according to the method of
Karsch etal(1977). In experiment 6-1, identical 4 cm oestradiol implants were inserted into

selected ewes during the experiment.

During the experiments, ewes were housed in individual pens in a shed lit by natural daylength

and were therefore exposed to natural daylight changes. Adelaide, South Australia, is at a
latitude of 35o S and 139" E and times of sunrise and sunset were at approximately 0700 and

1700h respectively in experiment 6-1 (May-June l99I), and 0700 and 1900h respectively in

experiment 6-2 (March 1992) and 0600 and 1800h in experiment 6-3 (February-March 1993)

(differences were due to daylight saving).

At the initiation of each experiment, ewes were fed a maintenance diet of l.2kg wheaten hay

per sheep daily for one week. This maintenance level was calculated to provide maintenance

energy requirements and contained only microbial maintenance protein. Different treatments

were then applied in each experiment. Feeding was carried out at approximately 0800 in all

experiments.

At each sampling session, blood samples were obtained via jugular catheters for a period of 24

hours starting at 0900h (Experiments 6-1 and 6-3) or 1000h (Experiment 6-2). In addition,

frequent 15 minute samples were obtained for a period of 6 hours in experiment 6-2 (2200-

0300hr) and experiment 6-3 (1000-1600h). During darkness, blood samples were taken under

dim red light. In Experiments 6- 1 and 6-2, blood samples were left overnight at 4"C and then

centrifuged and serum was stored at -20"C until assay. In Experiment 6-3, blood was

collected into heparinised tubes which were centrifuged immediately and plasma was stored as

in previous experiments.

Experiment 6-L

This experiment was conducted to determine the effects of undernutrition on melatonin

secretion in the sheep and the dependence of such a phenomenon on the presence of steroids.
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Twenty ewes were either feed restricted to half maintenance requirements of wheaten hay or

were fed a daily supplement additional to maintenance of 5009 lupins. After a further two
weeks half of the ewes within each nutritional treatment group were implanted with oestradiol

implants. There were thus 4 treatment groups (n=5 ewes/group) designated as poor or good

nutrition (PN vs GN) with or without oestradiol (OE vs NO).

Hourly blood samples were taken 8 days after the start of the nutritional treatment (Bleed 1)

and again 2 weeks later, one week after insertion of oestradiol implants (Bleed 2). Additional

daily blood samples were taken for one week following insertion of oestradiol implants.

Experiment 6-2

This experiment was undertaken to determine whether the alteration of melatonin secretion

was a gradual or threshold effect, to more closely monitor the effects of undernutrition on

gonadotropin secretion and to determine the effects of refeeding on gonadotropin and

melatonin secretion. Twenty four ovariectomised, oestradiol implanted ewes were assigned to

one of 3 nutritional treatments: poor nutrition (PN), 0.6 kg of wheaten hay daily, calculated to

provide half maintenance requirements; maintenance nutrition (MN), a continuation of the

starting diet; or good nutrition (GN), 1.2 kg of wheaten hay supplemented with 5009 of lupins

(the amount of supplement being gradually increased to 5009 over a period of 3 days) (n=8

ewes per treatment). These diets were applied for one week and all ewes were then refed to

maintenance requirements for the final week.

Blood sampling was undertaken before, during and after nutritional treatment; after one week

on the initial MN diet (Bleed 1), after one week on the treatment diet (Bleed 2) and again after

one week of refeeding to MN (Bleed 3). Blood was collected via jugular catheters into

heparinised tubes at hourly intervals for 24 hours from 1000-0900h with a series of 15 minute

samples for a 6 hour period between 2200 and 0300h. Samples were allowed to clot then were

centrifuged and serum was stored at -20"C until assayed.

Experiment 6-3

The aims of this experiment were to confirm the results of experiment 6-1 and to determine

whether a decrease in melatonin mediates the suppression of reproduction by undernutrition.

Fourteen out of a total of 21 ewes were fed a poor nutrition (PN) diet at half maintenance

requirements of 0.6 kg per sheep daily. The remaining 7 sheep were fed to a good nutrition

(GN) level with a daily supplement to maintenance requirements of 0.5 kg lupins per sheep.

One week after initiation of this nutritional treatment, J of the sheep on poor nutrition were

cannulated in the tarsal vein and fitted with Travenol Auto Syringe programmable insulin

infusion pumps (model AS6MP) (PN+MLT). Pumps were programmed to infuse 6.67 ug

melatonin per hour from the exact time of sunset to the time of sunrise. This infusion rate was

chosen to raise the mean night time melatonin levels to 500 pM, the level previously observed

in ewes on good nutrition, assuming that these ewes would be secreting the low levels of

t45



endogenous melatonin observed under these conditions in experiment 6-1. After a total of 3
weeks on the nutritional treatment infusion pumps were removed and all ewes were refed for

one week to maintenance requirements as before.

Hourly blood samples were taken immediately prior to the initiation of nutritional treatment

(Bleed 1), after three weeks on the nutritional treatments (Bleed 2) and after one week of
refeeding at the termination of the experiment. Additional samples were obtained every 15

minutes for a 6 hour period from 1000 -1600 hrs at each bleed.

Measurements

Bodyweights

In each experiment ewes were weighed before and after nutritional manipulations.

Gonadotropins

The effect of undernutrition on reproduction was determined by selective measurement of
gonadotropin concentrations. In experiment 6-1, luteinising hormone (LH) and follicle

stimulating hormone (FSH) levels were detetmined by radioimmunoassay in pooled samples

from each sheep taken during Bleed 2 for day (0900 - 1600h) and night (1700 - 0600h) time

periods (Appendices 5 and 6). In experiment 6-2, FSH concentrations were determined for

each ewe from hourly samples taken at the end of the period of nutritional restriction (Bleed 2)

from 220O to 0300hr (Appendix 7). In experiment 6-3, pooled hourly samples from each ewe

from Bleeds 1,2 and 3 were assayed for LH and FSH (Appendices 8 and 9). Blood samples

taken at frequent intervals in experiments 6-2 and 6-3 were not analysed for gonadotropin

concentrations because of the failure of the undernutrition treatment to induce other

physiological changes.

Melatonin

Hourly serum samples obtained from2 hours before dark until 2 hours after dark were assayed

for melatonin. Samples from experiment 6-1 and sheep 1-10 and 17 (representing all

treatments) of experiment 6-2 were analysed for melatonin by the extraction radioimmunoassay

procedure of Kennaway et al (I982a) as modified by Earl et al (1985) (Appendix 4). Samples

from the remaining sheep in experiment 6-2 from Bleed 2 only and all samples from

experiment 6-3 were analysed for melatonin by a direct radioimmunoassay. This assay was a

modification of the extraction assay. Antibody and tracer were added directly to 500 ul of
plasma in 800u1 total volume. Samples were then compared to standards containing 500u1

charcoal stripped plasma. This assay was verified by measurement of melatonin concentrations

from samples taken throughout the 24 hour period in 10 sheep from Bleed 2 of experiment 6-3

in both direct and extracted assays and calculation of mean values overall and during day and

night and the correlation between assay results. In addition, the colour of each sample was

scored on a scale of 1 (light) to 5 (dark red) and possible interference of colour with assay

result was assessed.
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There was no significant difference between values obtained from either assay, although day

time values from the direct assay tended to be higher (Fig. 6-1). Since for treatment

comparisons only night time samples were analysed, this potential difference was not

considered to be important. Mean night time melatonin values obtained from both extracted

and direct assays were significantly higher than day time values (p < 0.001; Table 6-1). The

possibility of factors interfering with binding being present in samples only from ewes on either

good or poor nutrition was assessed by comparison of results from ewes from all treatment

groups. There was no effect of the assay on experimental results. Treatment comparisons from

the different assays are shown in Figs. 6-2 and 6-3). Colour had no effect on the values

obtained, although samples from this experiment were high quality and did not often score

more than 2.5 (data not shown). The efficiency of counting was greater but not less variable

for samples from the extracted than the direct assay (mean + SD 39.5 + 4.8 Vo and329 + 3.6Vo

for samples from extracted and direct assays respectively) which did not alter the final

calculation of melatonin concentration of the sample because of the addition of stripped plasma

to the standards.

Samples from individual animals were assayed in the same assay. The interassay coefficient of

variation was 13Vo at l8l pM in the extracted assay and 107o at ll8 pM in the direct assay for

the same sample and the intraassay variation was always less than 107o. Samples recording

melatonin concentrations less than the sensitivity of the assay, 60pM, were assigned that value

for statistical purposes.

Oestradiol

Samples from each ewe obtained after insertion of implants were subjected to
radioimmunoassay for determination of oestradiol levels achieved by implants (Appendix 3).

Oestrogen concentrations of all sheep were below or around the sensitivity of the oestradiol

assay (50pM). They were thus within the normal physiological range for sheep. Oestradiol

implants were recovered from all implanted ewes at the end of each experiment.

Amino acids

Aliquots of samples obtained during the day and the night at the sampling session after the

period of feed restriction in the second experiment only were analysed for the qualification and

quantification of serum amino acid concentrations as part of a student project undertaken in

our laboratory (,\.L. Staker, personal communication). Samples were assayed on a Pico-Tag

Amino Acid Analysis Column (Millipore Corporation) using a Maxima 820 Chromatography

Workstation after the method of Cohen et al (1988). Tryptophan concentrations and the ratio

of tryptophan to neutral amino acids (tyrosine + phenylalanine + valine + isoleucine + leucine)

were calculated.
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Fig. 6-1: Plasma melatonin levels (pM, mean + SEM) obtained from extracted (-¡ ) and

direct ( - -¿- - ) radioinìmunoassay of plasma samples from ovariectomised, oestradiol

implanted ewes. Five direct and 5 corresponding extracted assays \ryere completed on

samples from 10 ewes. There was no significant effect of assay type on the values obtained.

Mean values from samples obtained during the dark phase were significantly higher than those

in the light phase (p<0.001) in results from both assays.
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Fig.6-2: (Top panel) Plasma melatonin levels (pM, mean + SEM) obtained from extracted

radioimmunoassay of plasma samples from ovariectomised, oestradiol implanted ewes after 3

weeks on a diet classified as good nutrition (GN: 1.2 kg wheaten hay and 5009 lupins daily)

(n=4) or poor nutrition (PN: 6009 wheaten hay daily) (n=4) or on poor nutrition with infusion

of melatonin during the dark period (PN+MLT) (n=2).

Fig. 6-3: (Bottom panel) Plasma melatonin levels (pM, mean + SEM) obtained from

directradioimmunoassay of plasma samples from ovariectomised, oestradiol implanted ewes

after 3 weeks on a diet classified as good nutrition (GN: 1.2 kg wheaten hay and 5009 lupins

daily) (n=4) or poor nutrition (PN: 6009 wheaten hay daily) (n=4) or on poor nutrition with

infusion of melatonin during the dark period (PN+MLT) (n=2).
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Statistical analysis

Changes in bodyweight over time in different treatment groups were analysed by two way

ANOVA with repeated measures using Statistical Analysis Systems (SAS). Effects of nutrition

and steroid replacement on reproduction were analysed using ANOVA of FSH and LH

concentrations. The area under the curve of melatonin was determined using an Apple II+

computer programme written specifically for that pu{pose, and differences in this parameter

between treatment groups were determined by ANOVA. The values of area under the curve

were assigned arbitrary units.

RESULTS

Experiment 6-L

Bodyweights

Upon initial randomisation there was no difference in bodyweight between treatment groups,

but PN ewes were significantly lighter than GN ewes immediately before as well as following

initiation of the nutritional treatment (51.4 + 0.8 vs 55.7 + 2.3 kg and 48.9 * 1.2 vs 54.9 + 2.4

kg respectively; p < 0.05). Oestradiol treatment had no effect on bodyweight. Mean + SEM

bodyweights of ewes treated and untreated with oestrogen were 53.5 +1.7 kg and 50.4 ! 2.4

kg respectively.

Gonadotropins

Overall LH and FSH levels were significantly reduced by oestradiol replacement (p<0.001)

(Table 6-2). Undernutrition also significantly reduced both LH (p < 0.001) and FSH levels (p <

0.05). This suppression was at least partly steroid dependent because ewes on poor nutrition

with oestrogen implants had significantly lower LH levels than ewes on good nutrition with

oestrogen implants (p<0.05) (Fig. 6-a). Overall LH concentrations were not significantly

different at night from day time concentrations. However, in ewes on poor nutrition night time

LH levels were significantly increased above day time levels (p < 0.05). Overall night time

levels of FSH were significantly lower than day time levels (p < 0.05), largely because most of

the oestrogen treated ewes had slightly lower FSH levels at night, which produced a

statistically significant interaction between the presence or absence of oestrogen treatment and

the time of day.

Melatonin

After one week of nutritional treatment (Bleed 1) there was no effect of level of nutrition on

mean night time melatonin levels or on the mean total amount (area under the curve) of

melatonin produced. Melatonin production increased after sunset and decreased at sunrise in

all ewes such that mean + SEM amounts of melatonin produced by ewes on poor and good
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Treatment n Melatonin (pM)

Extracted assay Direct assay

GN 4

Night

382 + 135

Day

80+7
Overall

354 + 93

Night

382 t
135

356 +

r43

848 + 50

Day

t78

39

rt4
25

288

27

Overall

+ 268+84

PN 4 333 + 132 63+2 247 +74 + 249+80

PN+MLT 2 616+8 103+7 426+3 r 598 t20

Table 6-1-: Mean + SEM values of melatonin concentrations obtained for night and day time

samples from different treatment groups (GN: good nutrition; PN: poor nutrition; PN + MLT:

poor nutrition with melatonin infusions) by extracted and direct melatonin assays.

Table 6-2: Mean + SEM pooled LH and FSH levels for day and night periods in ewes on good

or poor nutrition (GN vs PN) with or without oestradiol implants (OE vs NO) in

experiment6-I..

Treatment LH dav LH night FSH dav FSH nisht

GNOE

PNOE

GNNO

PNNO

OE

No OE

GN

PN

4.63 + 0.76

1.55 + 0.58

6.15 + t.o7

5.73 t0.34

3.09 + 0.68

5.94 + 0.53

5.39 + 0.6l
3.64 + 0.77

4.52 + 0.53

4.t3 + 0.53

2.3t+ 0.54

5.94 + 0.48

6.83 + 0.61

3.22!0.41
6.38 + 0.4

5.03 + 0.45

4.57 + 0.85

4.8 + 0.41

t0.61+ z.tl
1 .24 + t.28

19.3 !1,39
20.96!r.02

8.93 + 1.29

20.13 + 0.86

14.95 + 1.88

t4.t + 2.41

14.53 + t.49

t0.t3 + l.2l
7.73 !O.97
18.16 +2.15

18.78 + 0.87

8.93 + 0.83

t8.47 + 0.62

t4.t5 + 1.52

13.26 ! 1.94

t3.1 + t.ztOverall

r49



Fig. 6-4: LH and FSH (nglml, mean t SEM) in pooled serum samples collected hourly over

24 hours from ovariectomised ewes on poor or good nutrition (PN vs GN) with or without
oestradiol implants (OE vs NO) (n=5).

LH: a>PNOE (P<0.05); b>PNOE (p<0.001);c >GNOE(p<0.05)
FSH: no significant effect of treatments.
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nutrition were 648I + 1382 and 6759 + 146 respectively. However, after three weeks of the

nutritional regime and after administration of oestradiol implants to some ewes (Bleed 2), a

different pattern of secretion was observed. Melatonin levels increased approximately one

hour after sunset in ewes maintained on good nutrition irrespective of oestrogen replacement.

In these ewes there was no difference in the total amount of melatonin produced as assessed by

the area under the curve. The same pattern and amount of secretion was observed in ewes

maintained on poor nutrition and not treated with oestradiol. In contrast, the rhythm of

melatonin was almost abolished in ewes on poor nutrition which had been administered

oestradiol. The total area under the curve of melatonin was thus significantly lower for the

ewes on poor nutrition administered oestrogen than for either ewes on poor nutrition without

oestrogen or those on good nutrition with oestrogen (p<0.01; Fig. 6-5). This change in total

secretion of melatonin was mainly because of reduced amplitude, but there was a significant

difference in the change of melatonin levels over time between treatments (p < 0.001) (Fig. 6-

6). Mean + SEM levels were 446 + 130, 296 + 42, 133 + 53 and 440 + 118 pM for GNOE,

GNNO, PNOE and PNNO groups respectively.

Experiment 6-2

Bodyweight

There was no effect of treatment on bodyweight before or after the imposition of nutritional

regime nor after one week of refeeding.

Table 6-3: Effects of nutritional treatment on bodyweight of ewes on good, maintenance or

poor nutrition at blood sampling sessions after one week on a maintenance diet (Bleed 1), after

one week of nutritional treatment (Bleed 2) and after one week of refeeding (Bleed 3) in

experiment 6-2.

Gonadotropins

Only individual samples obtained hourly from 2200-0300h were analysed for gonadotropin

concentration, and those samples only for FSH and not LH. There was no effect of nutritional

treatment on the secretion of FSH in these animals. The mean + SEM FSH concentrations of

ewes on good nutrition, poor nutrition and maintenance level of nutrition were 6.50 + 1.49,

8.94+2.33 and7.67 + 1.67 ng/ml respectively.

Number of ewes

Bleed 1

Bleed2

Bleed 3

Good nutrition

9

57 .4 + 1.5

57.0 + 1.8

55.9 + 1.4

Maintenance nutrition

8

56.1 + 1.3

56.1 + 1.0

55.2+ t.r

Poor nutrition

l
54.2!2.8
53.6 + 2.8

54.4 + 2.9
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Fig. 6-5: Total area under the curve of melatonin (arbitrary units, mean * SEM) of
ovariectomised ewes on good nutrition (GN: 1.2 kg wheaten hay and 5009 þins daily) (n=4)

or poor nutrition (PN: 6009 wheaten hay daily) with or without oestradiol implants (n=5). The

area under the curve of ewes on poor nutrition with oestrogen replacement (PNOE) was

significantly lower than that of PNNO or GNOE ewes (p < 0.01).
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Melatonin

The values from sheep # 14 were excluded from the statistical analysis. This animal appeared

lethargic after Bleed 1 and at Bleed 2 yielded serum which was bright yellow and she was

diagnosed with jaundice and removed from the experiment. She had high levels of melatonin

at Bleed 2 (23,492pM). There was no effect of treatment on the area under the curve of

melatonin at any time throughout the experiment.

Table: 6-4: Effects of treatment on the mean + SEM area under the curve of melatonin in

ewes on good, maintenance or poor nutrition in experiment 6-2 at blood sampling sessions

after one week on a maintenance diet (Bleed 1), after one week of nutritional treatment (Bleed

2) and after one week of refeeding (Bleed 3). The number in brackets indicates the number of

sheep from which that mean was calculated.

Good nutrition

7518 + 1928 (4)

6122+ 1653 (9)

7852+ 2183 (4)

Maintenance nutrition

9631 + 1700 (4)

9639 + 1688 (8)

1676 + 1016 (4)

Poor nutrition

7438+ 1703 (3)

8145 + 1069 (6)

17lt + 1789 (3)

Bleed I

Bleed 2

Bleed 3

Amino acids

Tryptophan concentrations in pooled samples were significantly lower in ewes on poor

nutrition than in ewes on good nutrition (1.19 + 0.18 and 2.0I + 0.21 umol/100m1 respectively;

p < 0.05). There was no effect of the time period at which samples were taken; this nutritional

effect was observed during the night and day. Mean + SEM concentrations of animals on poor

and good nutrition at night were 1.13 t 0.31 and 1.95 + 0.31 umol/100m1 and during the day

were 1.25 + 0.22 and 2.06 + 0.34 umol/lOOmt respectively. The mean * SEM ratio of

tryptophan to neutral amino acids did not differ between animals on poor and good nutrition

(0.10 + 0.01 and 0.11 + 0.01 respectively).

Experiment 6-3

Bodyweight

Bodyweight of ewes in this experiment was significantly affected by nutritional treatment.

Ewes on poor nutrition had a significantly lower mean bodyweight than ewes on poor nutrition

after 3 weeks of undernutrition (p < 0.05). This effect was due to an increase in the

bodyweight of ewes on good nutrition rather than to a decrease in the bodyweight of ewes on

poor nutrition during this time! There was no effect of melatonin infusion on the bodyweight of

ewes on poor nutrition. After refeeding, bodyweights of animals which had been on poor

nutriton without melatonin infusions were no longer significantly different from those on good

nutrition.
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Fig. 6-6: Hourly serum levels of melatonin (pM, mean * SEM) of ovariectomised e\ryes on

good nutrition (GN: l.2kg wheaten hay and 5009 lupins daily) (n=4) or poor nutrition (PN:

6009 wheaten hay daily) with or without oestradiol implants (n=5). The black bar represents

the duration of the dark period. Total output was significantly suppressed in ewes on poor

nutrition with oestradiol implants (PNOE) (p < 0.01).
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F'ig. 6-7: Hourly serum levels of melatonin (pM, mean * SEM) of ovariectomised ewes with

oestrogen implants on good nutrition (GN: 1.2 kg wheaten hay and 5009 lupins daily) (n=4) or
maintenance nutrition (MN: 1.2 kg wheaten hay daily) or poor nutrition (PN: 6009 wheaten

hay daily) (n=5). The black bar represents the duration of the dark period.
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Table 6-5: Mean + SEM bodyweights of ewes on good nutrition (GN), poor nutrition (PN) or

poor nutrition with melatonin infusions (PN+MLT) at the beginning of the experiment (A),

start (B) and end (C) of nutritional treatment and end of refeeding (D) in experiment 6-3.

x indicates significantly lower bodyeight than of ewes on good nutrition.

Treatment

GN

PN

PN+MLT

A
53.4 + 2.t

53.3 + 1.6

51.2 + 1.3

B

51.1 + 1.9

50.3 + 2.1

48.4 + 1.2

C

55.3 + 2.3

50.3 + 2.0 x

48.0 + 1.3 x

D

53.6 + 2.0

49.6 + 1.8

47.9 + t.t *

Gonadotropins

There was no effect of nutritional treatment on the gonadotropin levels in pooled plasma

samples from the 24 hr sampling period for each ewe. Mean + SEM concentrations of FSH

were 5.13 + 0.79 and 5.5 + 0.59 ng/ml and of LH were 4.58 t 0.81 and 4.76 + 0.79 nglml for

ewes on good and poor nutrition respectively.

Melatonin

Only samples from the sampling session after 3 weeks of nutritional treatment and infusion

(Bleed 2) were analysed for melatonin. On the night of sampling (Bleed 2), ewes on poor

nutrition infused with melatonin had higher mean * SEM melatonin areas under the curve

(8584 t1633) than ewes on poor nutrition alone (4617 + 1126) or ewes on good nutrition

(5434 + 1194) but this difference was not significant. There was no significant effect of

nutritional status on melatonin output. Patterns of secretion of melatonin did not differe

between treatment groups (Fig. 6-8). One ewe broke her infusion lines on 5 nights during the

infusion period and her results were not included. On the night of sampling, her pump leads

were broken and her melatonin concentrations were extremely low (Fig. 6-9).

DISCUSSION

Effects of undernutrition on reproduction

In the first experiment, the imposition of 50Vo feed restriction for 3 weeks caused a significant

loss of 7Vo of bodyweight. This level of undernutrition inhibited reproduction largely by a

mechanism previously observed (Foster and Olster, 1985): an increase in sensitivity to the

negative feedback of oestradiol on LH. There were also steroid independent effects of

undernutrition on gonadotropin concentrations which confirm earlier observations (McShane

and Keisler, l99l). The levels of FSH were not altered by nutritional status. Less effect of

nutrition on FSH than on LH has been seen previously (Walker and Frawley, 1977). This
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Fig. 6-8: Hourly serum levels of melatonin (pM, mean * SEM) of ovariectomised ewes with

oestrogen implants on good nutrition (GN: 1.2 kg wheaten hay and 5009 lupins daily) (n=4) or
poor nutrition (PN: 6009 wheaten hay daily) or on poor nutrition with infusion of melatonin

during the dark period (PN+MLT) (n=7). The difference in concentrations between groups

was not significant.
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f ig. 6-9: Hourly serum levels of melatonin (pM) of one ovariectomised, oestradiol implanted

ewe (#18) on in the PN+MLT treatment group on poor nutrition (6009 wheaten hay daily)

with infusion of melatonin during the dark period, whose infusion lead had broken on the night

of blood sampling.
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study thus confirmed the dynamics of the reproductive control of the ovariectomised oestradiol

implanted ewe.

In subsequent experiments, undernutrition failed to significantly alter gonadotropin levels. This

effect was associated with a decreased metabolic impact of nutritional manipulation, with no

reduction in bodyweight resulting from the undernutrition.

Effects of undernutrition on melatonin levels

'When combined with oestradiol treatment, undernutrition almost eliminated melatonin

secretion, confirming earlier observations on the effects of undernutrition on the bush rat

(Chapter 5) and the laboratory rat (Chapter 4). They contrast with the previous findings of an

increase in serum melatonin levels in underfed rodents (Chik et al, I987a). A decrease in

bodyweight resulting from undernutrition can decrease the blood volume and consequently

increase serum levels, assuming production to be constant. The decrease in pineal melatonin

levels observed in that study may be indicative of a suppression of melatonin synthesis which

was not yet translated into a decrease in secretion in that study. Increasing duration of

melatonin during decreasing daylengths is stimulatory to reproduction in short day breeders

such as the sheep (Kennaway et al, 7982a) and inhibitory to long day breeders such as rodents

(Goldman and Darrow, 1983). It is possible that melatonin output changes resulting from

nutritional influences may also be read differently.

It was not successfully determined in the second experiment whether the inhibitory effect of

undernutrition on melatonin secretion was a gradual or threshold effect. If the effect was a

result of precursor availability changes it is likely that the secretion of melatonin would

gradually decrease with increasing severity of undernutrition. Steroid dependent effects on

reproduction have been shown to be more acute and rapid acting than effects of steroid

independent pathways (Meyer and Goodman, 1986). Since we propose the effect of

undernutrition on melatonin secretion to be an altered response to oestrogen and a

physiological phenomenon, we suggest that it is more likely to be a threshold effect. This

hypothesis awaits further experimental confirmation.

The high levels of melatonin in sheep # 14 in experiment 6-2 were interesting. This animal

appeared to be jaundiced and thus to have reduced liver function. The resulting deficiency in

metabolising ability led to circulation of high levels of melatonin. This observation confirms

previous reports of high circulating levels of melatonin in sheep with liver disease (D.J.

Kennaway, personal communication) and has interesting implications for the control of

biological rhythms in animals and humans with impaired liver function.
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Potential mechanisms for alterations in melatonin levels

Because the phase of secretion of melatonin was not altered, an effect at the level of the pineal

rather than the SCN is suggested. The SCN is the biological clock and is believed to be

involved in the timing of melatonin release (Legan and Winans, 1981). A direct effect of

oestradiol on the pineal may be mediated via alteration in sympathetic p adrenergic input or in

response to such an input. Effects of feed availability on sympathetic nervous activity and

adrenergic receptors have been discovered in the rat (Chik et al, 1987b). Alternatively,

oestradiol may change melatonin clearance rates. However, the magnitude of the change seen

here and the lack of effect of oestradiol on melatonin secretion in ewes on good nutrition lead

us to propose that the decrease in melatonin in undernutrition reflects altered pineal regulation.

Such regulation could also be mediated via altered absorption or transport of limited

precursors such as tryptophan. Future studies could investigate these possibilities.

It is unlikely that the alterations in melatonin secretion observed in the first experiment are

indicative of a dearth of precursors. Melatonin is derived from brain tryptophan via the

neurotransmitter serotonin. The feed restricted diet imposed in this experiment was calculated

to provide half of maintenance energy requirements but contained microbial protein. Analysis

of the circulating amino acids showed that sheep on poor nutrition had lower levels of

tryptophan than sheep on good nutrition. This suggests that the poor nutrition diet was in fact

deficient in protein. However, the ratio of tryptophan to neutral amino acids was unchanged,

thus the uptake of tryptophan across the blood brain baruier would not be changed (Fernstrom

and Wurtman, 1972).It is therefore unlikely that this decrease in circulating tryptophan could

have contributed to the lower levels of melatonin in these animals. Levels of tryptophan were

not the sole controlling factor of melatonin secretion because ewes on poor nutrition without

oestrogen replacement did not experience a decrease in melatonin.

Furthermore, in the sheep the amount of melatonin secreted is not directly correlated to plasma

tryptophan levels (Kennaway et al, 1978). As described in Chapter 1, the rate limiting enzyme

for the synthesis of serotonin, tryptophan hydroxylase, is saturated in the sheep at low levels of

tryptophan and therefore dietary levels have little potential to affect serotonin and subsequent

melatonin levels. Indeed, tryptophan loading in the sheep does not increase melatonin levels

(Sugden et al, 1985). This situation is in contrast with the rat, in which tryptophan

hydroxylase is not saturated and tryptophan loading can increase serotonin and melatonin

production (Young and Anderson et al, 1982).

Because the addition of tryptophan to the diet of sheep does not increase melatonin

concentrations (Kennaway et al, 1978; Sugden et al, 1985), it is unlikely that melatonin was

increased in animals fed the good nutrition lupin diet. Lupins have been shown to increase

ovulation rates in ewes via an increase in FSH secretion apparently induced by an increase in

the digestion of post ruminal protein (Nottle et al, 1988). Animals on good nutrition in these
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experiments thus had access to higher levels of protein with potential effects on reproduction.

However, nutritional effects on gonadotropin levels in this study were due to an inhibiting

effect of undernutrition rather than a stimulation by lupins because changes in gonadotropins

were associated with decreases in bodyweight and not merely protein supplementation.

Physiological signifÏcance of alterations of melatonin levels

Regardless of whether the decrease in melatonin was due to direct effects on the pineal or to

altered precursor availablity, the question still remains as to whether this decrease in amplitude

of melatonin is of functional significance. The duration rather than the amplitude of melatonin

secretion is commonly recognised to be the most important parameter of secretion in the ewe

(Rollag etal,1978; Arendtetal, 1981;Bittmanetal, 1983; 'Wayneetal, 1988). However,if

the amplitude of secretion of melatonin is of physiological significance, the steroid dependent

decrease in melatonin observed in the first experiment may mediate the steroid dependent

effects of undernutrition on reproduction. The third experiment attempted to address this

hypothesis by infusion of melatonin during the dark period in animals on poor nutrition.

However, the absence of a decrease in melatonin did not permit this hypothesis to be

satisfactorily proven or disproven. Infusion rates of melatonin achieved were slightly lower

than anticipated and it was interesting that one ewe on poor nutrition which had been infused

but broke her infusion lead on the night of sampling had very low levels of melatonin. It is

highly speculative that this is indicative of a potential negative feedback of melatonin (from

infusions on the previous on the pineal and could explain a mechanism by which the low

melatonin levels were observed in the first experiment. In the third experiment, this negative

feedback may have been observed only because of the higher infused melatonin levels because

the level of undernutritrion was not sufficiently severe to cause an effect on melatonin

secretion.

An assumption that melatonin is indeed involved in the mediation of steroid dependent effects

of undernutriton on reproduction has important implications for the role of melatonin in

reproduction and the mechanism of action of this hormone. The steroid dependent and

independent effects of photoperiod are believed to be mediated via different neurotransmitter

systems (Meyer and Goodman, 1986). ff this fact holds true for the similar effects of nutrition

on reproduction, then melatonin could be involved in the control of the hypothalamus by

dopamine and adrenalin. Perhaps melatonin mediates the differential effects of oestrogen on

the hypothalamus in different photoperiods and in different nutritional states in this manner.

Support for this hypothesis derives from the ability of melatonin to inhibit the release of

dopamine from the rat hypothalamus (Zisapel et al, 1985).

The mechanism by which feed restriction affects reproduction is not well understood. It
remains to be determined whether alterations in melatonin are triggered by changes in energy

or protein or are a reflection of chronic long term nutritional deficiencies. The lack of effect of
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one v/eek of u¡dernutrition seems to suggest that the effects on the pineal are not the result of

short term feed restriction.

This study indicates that nutrition may participate in the control of the breeding season of the

sheep via the pineal. The effects of nutrition on reproduction in the adult sheep, particularly

effects on ovulation rate, have been investigated in depth and in the Ausbalian Merino, it

appears that nutrition has more effect than photoperiod on reproduction (Fletcher, 1971;

Findlay and Cumming,7976). The interactions of nutritrion and photoperiod, particularly the

ability of changes in nutrition at either end of the breeding season to differentially affect

reproduction, have not been well documented. By establishing a dramatic effect of nutrition on

pineal function, this study has identified an a¡ea which is worthy of further investigation and

has important commercial implications.

Exp erimental differences

The dramatic decüne in melatonin levels seen in the first experiment was not repeated in the

second nor the third experiment. There are a number of possible reasons for this. Fintly; only

in the first experiment was the level of undernutrition of sufficient severity to cause a

significant bodyweight loss. In the second experiment feed restriction was imposed for only

one week and this was too short a duration for bodyweight changes to occur' In the third

experiment there was a significant difference between bodyweights of ewes on good and poor

nutrition but this was due to an increase in bodyrveight of ewes on good nutrition rather than

to a decrease in that of ewes on poor nutrition.

The extent of bodyweight loss of animals on poor nutrition appeared to be related to the effect

of undernutrition on reproduction. Only in the first experiment was the level of undernutrition

zufficient to significantly suppress gonadotropin levels, although the levels of LH were not

determined in the second experiment. There is extensive information available regarding the

effects of short term nutritrional changes on the reproduction of the ewe, and changes in

reproduction are not always associated with changes in bodyweight. The improved feeding of

ewes from a few weeks before mating so that they are in a rising body condition when they

meet the ram is termed 'flushing' and improves the reproductive performance of ewes by both

static (bodyweight at mating) and dynamic (change in bodyweight) effects (Coop, 1966).

However, the lack of effect of nutrition on gonadotropin levels in experiments 6-2 and 6-3

indicate that there were no static effects on reproduction. It is therefore tentatively proposed

that undernutrition decreases melatonin secretion in a steroid dependent manner only when the

level of undernutrition is severe enough to significantly reduce bodyweights and inhibit

reproduction. possibly this effect of undernutrition can be seen only when a reduction of diet

is followed by an increase in steroid levels at a time when the ewe is sensitive to such signals,

such as at the end of the breeding season.

Secondly, there were methodological differences between the first and last experiments. These

included the time of the breeding season at which the experiment was conducted. In European
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breeds of sheep in the northern hemisphere, the end of the breeding season is signalled by the

increasing duration of daylight in spring and accompanying decrease in melatonin secretion.

The first experiment was conducted in May-June 1991 near the end of the natural breeding

season for the Merino sheep in Australia which is signalled by a rapid decline in the percentage

of cycling ewes in July (Fletcher and Geytenbeck, 1970), whereas the second and third

experiments were conducted earlier in the breeding season when the duration of melatonin

secretion was shorter and reproductive activity would be expected to be maximal. It is

therefore possible that the pineal is sensitive to the effects of undernutrition only when the end

of the breeding season is nigh.

A further methodological difference was the timing of insertion of the oestradiol implants. In

the first experiment ewes \üere treated with oestradiol 2 months after ovariectomy, and one

group of ewes was implanted while on a feed restricted diet. There is evidence that the

hypothalamo-pituitary axis is altered if it is not exposed to the controlling effects of steroids for

some time (Joseph et al,1992). It is possible that the pineal is also altered in some conditions

in the absence of steroids, and that it was sensitised to the effects of undernutrition in the first

experiment in this way. In addition, the time from ovariectomy differed between experiments

and this has been shown to alter the ability of the reproductive axis to respond to steroidal

control (Joseph et al, 1992) although the time difference in this study was only 5 weeks and

long term effects are not apparent until a year after ovariectomy.

Other possible reasons for the difference in the effect of undernutrition on melatonin include

the source of animals and feed. In all experiments ewes were acquired from the same location

to minimise animal differences but prior to the initiation of each experiment ewes may have

been exposed to different qualities and quantities of paddock feed. Previous nutritional history

can alter the response of an animal to a given nutritional treatment (Gunn et al, 1979). In

addition, hay and lupins were purchased each year as required and there were unavoidable

difference in the quality of the hay fed. The summer of 1992 was heralded by unusually

frequent and heavy rains and as a result the hay utilised in the third experiment was of poorer

quality than desired. Ewes in different experiments were thus exposed to slight differences in

feed quality which could have altered the total amount of protein or the ratio of amino acids

available. Unfortunately a total analysis of the protein content and composition of the hay in

each year was not completed. A sample of the hay from the third experiment was sent for

analysis of nitrogen content but was too low in nitrogen to register.

Methodological considerations

In the first and second experiments serum was collected and in the third experiment plasma

was collected and analysed for melatonin. Serum contains additional proteins and there is

potential for interference in the assay using this method. Other authors have identified factors
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in the plasma of feed restricted pigs which interfere with a direct melatonin assay to give

spurious high values (Klupiec et al, 1992) and which can apparently be removed by extraction

(C. Klupiec and D.J. Kennaway, personal communication). It is unlikely, however, that this

was the case in the present study because all samples from the first experiment were analysed

using an extracted assay to ascertain the true melatonin patterns and the use of the direct assay

was carefully validated in later experiments.

This study validated the use of the melatonin assay established by Kennaway et al (1982a) and

modified by Earl et al (1985) for direct assay of sheep plasma. The ability to measure levels of

melatonin using a specific and reliable antibody without the necessity for a time consuming and

expensive extraction procedure permits the design of more complex and comprehensive studies

and will allow us to more fully establish the role of the pineal in reproduction. Caution should

be taken, however, with any direct assay and it is recommended that this assay be validated for

other species and treatments which may interfere with the binding of melatonin to prevent the

problems encountered by other authors (Klupiec et al,1992).

The use of the ovariectomised, oestradiol treated e\rye as a useful model in which to study

photoperiodic and nutritional effects on reproduction was confirmed in this study. This model,

does however, have some limitations. In the intact ewe, the hypothalamo-pituitary-gonadal

axis is an intricate mechanism which is highly responsive to environmental input, both

documented and unknown. By restricting the responsiveness of one of these variables we are

altering the ability of this axis to respond to these cues. A major difference between this model

and the normal physiological state is that in conditions of undernutrition endogenous levels of

gonadal steroids are reduced (Campbell et al, 1977). Ewes in undernutriton in this study were

thus exposed to an artificially high level of oestrogen. In addition, gonadal steroids were

replaced only with oestradiol and not with progesterone, and ewes were not exposed to

fluctuations in these hormones. Having identified this dramatic endocrinological change, it

would be interesting to repeat the first experiment in synchronised, intact ewes to overcome

some of these problems.

Recommendations for future investigation

It remains to be confirmed that the experimental differences in the effects of nutrition on

melatonin concentrations are actually due to the difference in bodyweight change, as proposed.

Further experiments could establish this and also measure other physiological markers of

reproductive and metabolic status. Prolactin is a hormone reputed to be sensitive to the effects

of nutrition, and it is known to respond to changes in melatonin, although its role in

reproduction is unknown. An examination of the levels of circulating amino acids could have

provided an indication of the availability of tryptophan, a precursor of melatonin. Levels of

glucose would partially reveal the metabolic status of the animals although this parameter is of

course more useful in the non-ruminant. Hormonal measurements of IGF and insulin could
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also provide information on the metabolic status of the animals. In addition, supplementation

of the diet with tryptophan and further investigation of the uptake and clearance rates of this

amino acid would determine whether alterations in melatonin secretion were in fact due to

precursor availability.

CONCLUSIONS

Moderate levels of undernutrition suppressed reproduction in ovariectomised, oestradiol

implanted ewes primarily via an increased sensitivity of gonadotropins to a negative feedback

control of oestrogen. Melatonin levels were dramatically reduced by this undernutrition

through a steroid dependent mechanism. This decrease appeared to be associated with a
reduction in bodyweight and significant effect on the hypothalamo-ptuitary-gonadal axis. It is
suggested that this effect is a result of direct actions on the pineal via altered responsivity to

adrenergic input rather than an alteration of clearance rates or precursor availability.

The pineal is tentatively proposed to transduce nutritional as well as photoperiodic information

into reproductive neuroendocrine output. This action may occur via steroid dependent effects

on the hypothalamus mediated by the dopaminergic and adrenalin neurotransmitter systems.
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CHAPTER 7

GENERAL DISCUSSION AND CONCLUSIONS
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Introduction

The complexity of the control of seasonal reproduction is reflected in the extensive and diverse

literature describing the ecological and physiological aspects of this topic. The reproductive

response to a given environmental factor can vary dependent on the reproductive strategy of
the target species. There has been considerable speculation concerning the neuroendocrine

mechanisms providing the link between the environment and reproductive response. Many of
the signalling mechanisms involved the pineal gland leading to speculation that the pineal has a

centrally important role as a neuroendocrine transducer of environmental input. This thesis

aimed to further explore this concept by testing the hypothesis that melatonin mediates in the

action of the pineal as a neuroendocrine transducer of multiple environmental signals, with

specific reference to those signals of special ecological significance to seasonal breeding.

Ecological considerations

The ecology and reproductive biology of the bush rat, Rattus fuscipes greyi, were described

and possible environmental factors controlling the seasonality of reproduction investigated.

In the wild, this animal appeared to be a typical r type species being opportunistic in its
breeding and showing variation in timing of the breeding season and the extent of anoestrus

between years. However, in some instances the initiation of reproductive activity occurred

before conditions appeared suitable for successful reproduction indicating that this species was

able to respond to predictive signals. This could be of local benefit in a fairly regular

environment like the Mount Lofty Ranges. Alternatively, those observations may reflect

extreme opportunism in animals prepared to risk breeding early.

During this survey the opportunity arose to compare the reproductive patterns of the bush rat

with those of the bandicoot and the yellow footed marsupial mouse which were sympatric with

the bush rat throughout the study area. The bandicoot appeared to breed at varying times but

to produce only one litter each year whereas Antechinus flavipes had a very discrete pattern of

breeding with all animals tightly synchronised to produce one litter of 7-9 young per female

within the space of a few weeks. These three species thus interpreted the environmental

signals shared in a common environment differently to exhibit different reproductive strategies.

These differences most probably reflect their different dietary habits and energetic

requirements; the bush rat and bandicoots are selective omnivorous animals able to take

advantage of many feed sources but being smaller the bush rat is highly vulnerable to increased

energetic requirements in the winter. In contrast, the female marsupial mouse is a carnivore,

would have a high energy demand for the production of large litters, thus is dependent on the

availability of a high quality feed source (eg the summer proliferation of invertebrates) to

breed.
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It was important to est¿blish the ecology of this species, and of this population, in order to

understand the líkely controls of reproduction in its natural environment before the initiation of

laboratory studies. Although animals can retain responsiveness to signals not normally used by

them in their native environment, it is more ecologically relevant to investigate the possible

cues of use first.

Colony observations

The establishment of a colony allowed for further observations on the reproductive biology of

ttris species in captivity. The data obtained provided an excellent example of tlie need to shrdy

breeding behaviour in the wild and in captivity in order to fully understand the control of

reproduction, as when there was access to high quality ad líbítum feed the bush rat failed to

express a distinct seasonal rhythm of sexual activity despite the imposition of natuial

photoperiod and temperature cycles. This was unexpected both from our observatiohs in the

field and the data from previous studies suggesting that this species must respond to :

photoperiod and/or temperature as well as nutritional cues.

This lack of reproductive seasonaliry was manifested in colony animals with the reprodirctive

failure of some animais and in the continuity of breedittg it other animals more able to adapt to .

colony conditions. Factors contributing to reproductive failure were discussed at length and.

included genetic diffelences in response, a deficiency of the environment in social, nutitional

or spacial charateristics and reproductive senescence. In native rat colonies,.a general decline 
-

in reproduction over time has been seen in caged animals (Taylor. 1961; M. Mahoney, personal

communication; this study) which was shown in this study to be preventable by maintaining

animals in small groups in large areas (in this case an aviary). The mechanism by which this

setup may benefit reproduction is not certain; it may b" by permitting cohort selection, a

reduction of a potential stress induced by restriction in small cages, the general metabolic

benefits of exercise or the opportunify to express natural foraging activity. The importancp of .

these factors had not previously been recognised in this species.

The failure of successful breeders to follow any distinct pattern of breeding was also interesting

as in these animals, environmental conditions signalling the cessation of breeding appeared to

be lacking. There was no evidence of refractoriness to enviromental cues, demonstrating that

reproduction in these animals is not controlled by an inherent rhythm which needs to be cued

by photoperiod or some other predictive signal. The reproductive potential of this species may

be greater than previously realised because the age at sexual maturation was.lower than that

previously recorded. However, maximal potential production was not achieved in captivity

and was further inhibited in the wild.

This study illustrated the problems associated with establishment of a colony in order to sludy

particular aspects of the reproductive biology of a species. A fine balance must be maintained
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between the major aim of achieving maximum production of animals for laboratory trials and

investigation of the biology of the animal through the sacrifice of breeding animals. Although

possible, it was inappropriate to focus simply on maximising breeding as the response of

animals to a laboratory environment could differ depending on previous environmental history.

Now that this study has established the basic requirements for successful breeding of this

species in captivity, it would be possible for future studies to further improve production rates.

Environmental control of reproductive seasonality in the bush rat

In the laboratory the imposition of a short day photoperiod had no effect on the reproduction

of the bush rat, and despite the suggestion from the breeding colony that nutrition was the

major factor controlling reproduction in this species, poor nutrition failed to cause

reproductive regression and actually caused a sparing of the testes. The combined imposition

of poor nutrition and a short day photoperiod caused a significant reduction in steroidogenesis

but not gametogenesis in a manner previously observed by the effects of nutrition on small

mammals. There were strong suggestions that secondary plant compounds could play a role in

altering the reproductive capacity of the female, but experimental results were inconclusive.

Perhaps if they were experienced in combination with other inhibitory factors, a more complete

response would be observed. The response to 6MBOA was of particular interest in light of the

structural similarity between this molecule and melatonin. No alteration of aMT.6S production

was observed after the administration of this compound but it is possible that this compound

may have altered the binding of melatonin to its receptor. The effects of temperature were not

pursued in light of the interesting results obtained from studies of the effects of nutritrional

aspects.

Male bush rats in the wild appeared to initiate reproduction before the onset of the spring

growth. This gender specific strategy would permit maximal utilisation of the natural

resources available, through the initiation of spermatogenesis early enough to allow mating in

response to a short term stimulatory cue at the beginningof an unpredictable season. The

nature of the female reproductive cycle allows her to respond more immediately to

environmental signals. The variation within the population in reproductive response to

environmental signals in the bush rat is typical of that found in other species and is believed to

be genetic in origin, permitting adaptation to a changing environment as well as flexibility

between years.

In the Mediterranean climate of the Adelaide region, the control of reproduction in the bush rat

appears to be controlled by a combination of environmental factors, which may act

synergistically to induce reproductive regression. Feed availability is closely linked to the

annual temperature and rainfall and photoperiod cycles, with maximal vegetative growth

occurring in the spring, but with annual variation in the timing of seasonal changes in

temperature and rainfall. It would thus be beneficial for the omnivorous bush rat to take
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advantage of extended advantageous conditions and to be able to anticipate the possibility of

poor conditions in the regular winter. The finding that the primary control of the seasonal

reproduction of the bush rat is mediated via nutritrional supply is suited to this purpose. When

nutrition is limiting, capacity to respond to photoperiodic signals is enhanced to anticipate

future improvements in the feed supply. Temperature may also play a role when nutritional

supply is limited. This basic strategy appears to be susceptible to additional input from

secondary plant compounds and to function best in a low stressenvironment when freedom to

express normal social behaviour and activity patterns is granted.

Nutritional effects on the pineal

This thesis has made use of new technology allowing measurement of pineal activity through

measurement of urinary 6-sulphatoxymelatonin. This provides an extremely useful method of

establishing endocrinological responses of an animal to its environment and was well suited to

the bush rat because of the limited numbers of bush rats available and their heterogeneity.

Using this technique data were obtained indisputably negating the perception of the action of

melatonin as an 'antigonadotrope' in the rat. The positive relationship between pineal activity

and oestrogen levels which was clearly demonstrated both during the natural oestrous cycle

and by ovariectomy and oestrogen replacement in the laboratory rat suggests a potential

stimulatory role for melatonin in reproductive processes of small animals. This role is,

however, likely to be cryptic given the failure of melatonin administration to the bush rat to

significantly stimulate reproduction. Given the conflicting conclusions in the literature

regarding the nature of the relationship betwen melatonin and oestrogen, this is an important

discovery and opens up new avenues for exploration. Pineal function was also influenced by

nutritional status of the animals, providing support for the hypothesis that the pineal may

mediate information regarding environmental signals other than photoperiod to the

reproductive axis. In the bush rat an interaction between poor nutrition and short day

photoperiod was required to demonstrate this effect but in the laboratory rat it was identified in

a long day photoperiod. Alterations of aMT.6S in laboratory rats by nutrition were evident in

LD but in the bush rat were only induced under short day photoperiods in conditions inhibitory

to reproduction. This exciting discovery too merits further investigation.

In order to further probe the interesting interaction between melatonin and the nutritional axis,

the sheep was selected as a model. This animal has a different reproductive strategy and its

large size and amenability allowed frequent sampling for gonadotropin analysis. The initial

experiment to explore this concept in the sheep essentially repeated the experimental design

employed in the laboratory rat, with ovariectomy and oestrogen replacement and

concentrations of blood measured. The same dramatic suppression of nutrition on pineal

activity was successfully proven by measurement of circulating concentrations of melatonin,

establishing that the effect observed in the rat and in the bush rat was unlikely to have been due
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to differential metabolism of melatonin leading to false results in the estimation of pineal

activity by measurement of a metabolite. In addition, this finding suggests that the result was

not simply due to altered precursor availabilty as in the sheep tryptophan loading does not

increase melatonin production. Thirdly, this effect was observed during the breeding season of

the ewe, negating the need for the combination of inhibitory photoperiod and undernutrition

whilst still allowing a specific interaction of short daylengths and nutrition. Fourthly, the

requirement of a significant decrease in bodyweight for pineal response was supported,

suggesting that the pineal responds only to a nutritional change of some severity and is

unresponsive to short term minor fluctuations in feed supply. In the sheep we were also able

to establish that the effect of nutrition on melatonin secretion was steriod dependent, and a role

of melatonin in the mediation of the changes in sensitivity of the hypothalamus to the negative

feedback of steroids was proposed.

Integration of signals

The data acquired in this study clearly show that in Rattus fuscipes environmental factors act

synergistically to affect reproduction. Given such an integrated response to all environmental

information available, it should be possible to establish an equation for each species with a

relative weighting factor for each environmental factor affecting breeding, which would

indicate a positive or negative reproductive response of a species to a given set of conditions.

The weighting factors of this equation would be expected to vary with gender, and with the

location of a population, with a range of weighting factors allowing individual variation and

expression of the genetic polymorphhism inherent in a population. For example, the bush rat

would clearly receive a high weighting for nutrition whereas the sheep would receive a higher

weighting for photoperiod.

The role of the pineal as a neuroendocrine transducer

Throughout this study decreases in the amplitude of the excretion rate of a melatonin

metabolite and of circulating concentrations of melatonin were consistently recorded in the

establishment of relationships between the pineal and the reproductive axis, and the pineal and

the interaction of the nutritional and reproductive axes. The timing of secretion of melatonin is

generally accepted to be more important than the amount secreted, but as commented in a

recent review, "There are few experimental data either supporting or detracting from the

amplitude hypothesis." (Reiter, I99la). On the basis of the data obtained in the present study,

we speculate that the integration of the amplitude and duration, i.e. the production, of

melatonin participates in the functional control of reproduction by environmental factors

including photoperiod and nutrition.

The production of a melatonin metabolite in the bush rat was found to be affected only by

environmental factors which significantly affected reproduction: the combination of a short day
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photoperiod and poor nutrition. Similarly, in the sheep, a decrease in circulating

concentrations of melatonin was observed only in a state of undernutrition sufficiently severe

to inhibit reproduction as measured by changes in gonadotropin secretion. These facts argue

for a functional role of the changes in pineal activity in the inhibition of reproduction by

undernutrition. The pineal was considered to be unlikely to play a major role in the control of

reproduction in the bush rat because the administration if melatonin did not alter reproduction.

However, our data support a role for a positive influence of the pineal on reproduction,

particularly in a positive association with levels of gonadal steroids, and is possible that

melatonin administration had no effect in these animals because reproduction was already

maximally stimulated.

The pineal appears to have the capacity to control reproduction in a seasonal breeder by two

mechanisms. Firstly, the pineal can set the circannual clock and thus alter the timing of the

breeding season in species with an inherent rhythm. Secondly, direct interactions between

melatonin and the reproductive axis can occur as demonstrated in this study and others (see

Chapter 4). Melatonin administration could be inhibitory or stimulatory by altering the

circannual rhythm of reproduction, and can be stimulatory through direct effects on the

reproductive axis.

The value of photoperiod as a cue to seasonal reproduction has been attributed to its ability to

allow the animal to predict future environmental conditions. This effect is believed to be

mediated by some aspect of the response to differences in the timing of secretion of melatonin

which may reset a circannual clock. In a small mammal like the bush rat the lack of a

circannual endogenous rhythm of reproductive activity evident in the lack of refractoriness and

the opportunism of breeding may preclude this use of melatonin to time reproduction. This

species may still be able to respond to changes in photoperiod (a predictive cue) by responding

directly to immediate changes in melatonin production in an opportunistic manner. There may

still be an important timing role for melatonin in the alteration of circadian rhythmicity in

species in which reproduction is not controlled by a circannual rhythm. Whether a species such

as the sheep which is known to respond to the predictive information inherent in the

photoperiod signal can also respond directly to melatonin in this manner remains to be

determined.

A direct reproductive response to melatonin would allow melatonin secretion to act as a

neuroendocrine transducer of multiple environmental signals, further supporting our

hypothesis. Further confirmation could be obtained by demonstration that the decrease in

melatonin actively participates in the inhibition of reproduction, and by the identification of

decreases in melatonin by other environmental factors which inhibit reproduction.
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CONCLUSIONS

This study has realised the necessity for the investigation of the ecology of a species in order to

appreciate its physiology. In the Australian bush rat, Rattus fuscipes greyi, reproductive

activity was highly seasonal and controlled primarily by the level of nutrition, with modification

by photoperiod and temperature changes in the absence of sufficient feed supply, and possible

fine tuning by secondary plant compounds. This species is thus best classified as an

opportunistic breeder which is selectively responsive to some predictive cues.

In the laboratory rat, a positive relationship between melatonin and gonadal steroid secretion

was identified during the oestrous cycle and through ovariectomy and oestrogen replacement

and the ability of undernutrition to dramatically decrease aMT.6S production was discovered.

The pineal may be involved in the stimulation and not inhibition of reproduction in the rat

through a direct effect of melatonin, because suppression of melatonin production was

observed in response to multiple environmental signals with inhibitory effects on reproduction.

In the sheep the corresponding decrease of circulating melatonin concentrations by

undernutrition was shown to be steroid dependent, and in all species investigated the pineal

response was associated with the imposition of undernutrition severe enough to cause

inhibition of reproduction and was not merely a result of minor fluctuations in feed supply.

These data are consistent with a role for the pineal in mediating information regarding both

photoperiodic and nutritrional signals and possibly other cues to the reproductive axis.

Nutrition exefts its role probably via mechanisms involving changes in the rate of production of

melatonin.
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APPENDIX 1.

Radioimmunoassay for 6'sulphatoxymelatonin

This hormone was measured in a cheap and reliable assay which has previously been

described (Arendt et al, 1985; Aldhous and Arendt, 1988). Briefly, 20-40 pl of urine were

diluted in tricine buffer to give a final assay volume of I ul per tube. Antibody and

iodinated tracer were added and incubated overnight at 4"C, then charcoal was added,

tubes were immediately centrifuged for 15 min at 4000 rpm and the supernatant was

poured off. The sensitivity of the assay was 3 fmol/tube and detection limits were

3pmoyml. Samples reading below that level were assigned that value for statistical

pu{poses. Interassay variation was 36Vo at 6 pmol/ml and I'77o at 41 pmol/ml.
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APPENDIX 2

Radioimmunoassay for oestrone sulphate

The standard used was oestrone-3-sulphate (potassium salt) containing approximately

407o TRIS CIS as stabiliser (Sigma E 3881 MW 388.5). A curve was established with

concentrations from 15.6 to 2000 fmol/ml and binding was compared of duplicate 20ul

samples to antibody at a final dilution of 1:40,000 in O.5Vo albumin buffer. Tracer was

250uCi oestrone sulphate ammonium salt (6,7-3H(N)) containing approximately

60Ci/mmol from Dupont (Cat# NET 203) used to give an optimum of circa 2,500

cpm/100u1. Tubes were incubated at 15 min at 37"C and then at least one hour at 4"C.

Free hormone was then bound with the addition of 100 ¡tl of 0.9Vo charcoal (12 min) and

tubes were centrifuged and the supernatant decanted into scintillation vials and counted.



APPENDIX 3

Radioimmunoassay for oestrogen

The oestrogen assay employed was a kit (Diagnostics Systems Laboratories Inc, Catalog

No. DSL 4400) designed to measure oestradiol in serum or plasma. Briefly, 20, 50,250,

750, 1500 and 3000 pgftnl oestradiol in stripped human serum with 0.17o sodium azide as

preservative were used to construct a standard curve to determine binding to [I-125]-

labelled oestradiol in a protein based buffer with polyethylene glycol as a precipitating aid

and g.lfto sodium azide as preservative. The antibody was pre-precipitated rabbit anti-

oestradiol serum in a protein stabilized buffer and 0.17o sodium azide as preservative.

200 pl standards, controls or samples \ryere assayed in duplicate with 500 pl tracer to each

tube and 500 pl antibody. Tubes were covered and incubated in a waterbath at 37"C fot

30 minutes, or, for greater sensitivity, at room temperature for 3 hours. They were then

centrifuged for 15-20 minutes at 4000rpm, supernatant was discarded and tubes were

blotted and counted.

The sensitivity of the assay was approximately 8pg/rnl at the 957o confidence limit. Our

intra assay coefficients of variation were 4 Vo at g2pglml and JVo at 1626 pglnl, and intra

assay variation was always less than 107o'



APPENDIX 4

Radioimmunoassay for melatonin

Unless otherwise stated, all samples were analysed by extracted assays. This extraction

procedure has previously been described (Kennaway et al,1982a) and modified(Earl et al,

1935) in our laboratory. 500u1 sample volume is added to DCM:Hexane 1:1 and gently

shaken for 30min. Tubes are then centrif\ged for one minute at 2000rpm and frozen in a

nitrogen bath to allow the supernatant layer to be poured into fresh tubes, dried down and

resuspended before being assayed with the G280 antibody and tritiated melatonin.'

Sensitivity of this assay is approximately 60 pM and the interassay coefficients of variation

was l3Vo at 187pM. Intra assay variation was always less than 107o'



APPENDIX 5

Radioimmunoassay for LH

This technique was kindly undeftaken by Dr Graeme Martin and Ms Blackberry in the

Department of Animal Science of the University of Western Australia and was similar to

that reported elsewhere (Martin et al, 1980), except for the use of anti-LH serum LIWA

Jack which was produced in rabbits immunised against NIH.LH.S22 and used at a

working dilution of 1:40,000. This antiserum exhibited major cross reactions with oFSH

(NIAMDD-oFSH-RP-1; l4Vo) and with bL}l (847o). The preparation CNRS-M3

(biopotency 1.8IU NIH-LH-S1 per mg) used for both iodination and reference was kindly

supplied by Dr M Jutisz (College de France). The limit of detection of the standard curve

was calculated by subtracting two standard deviations from the mean counts bound in 9

replicates of the zero standard. All samples were assayed as duplicate 100p1 aliquots in a

single assay with a detection limit of 0.28 pg /1. Within-assay variation (mean + SEM) was

estimated in each assay using 5 replicates of 3 pooled plasma samples containing 0.6 (2I.5

+ l.OVo), 1.43 (12.3 + 0.985) or 1 .16 ¡t"g ll (l '6 + 0.33Vo).
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APPENDIX 6

Radioimmunoassay for FSH

Plasma concentrations of FSH were assayed at the University of 
'Western 

Australia using a

kit kindly supplied by Dr AF Parlow of the National Institute of Diabetes, Digestive and

Kidney Disease (Baltimore, Maryland, USA). The kit comprised antiserum oFSH-1,

reference preparation of oFSH-RP-1 (biopotency 75IU NIH-FSH-S1 per mg) and tracer

preparation of FSH-I-1. The assay system has been established in the School of

Agriculture (Animal Science) of the University of Western Australia (Martin and White,

lg92). All samples were assayed as duplicate 100 pl aliquots in a single assay with a limit

of detection of 0.27 ¡tgll. Within-assay variation was estimated in each assay using 5

replicates of 3 pooled plasma samples containing 1.8 (9.5 + l.ÙVo),3.8 (6.0 + 0.437o) or

7 .51 ¡tgll (6.4 + 0.6l%o).
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APPENDIX 7

Radioimmunoassay for LH

This method was used at Prince Henry's Institute of Medical Research, Victoria. Serum

concentrations of LH were assayed in 100 pl aliquots in duplicate using a primary anti

body ar 1:700,000 made up in 1:2000 NRS/0/05M EDTA/PBS and added in volumes of

200 pl to tubes containing sample, control or standard (NIH-oLH-S18) and 100 pl tracer

in0.57o egg white buffer. The assay was incubated at 32oC overnight and the following

day a second antibody was added (goat anti-rabbit, I:200) in 200 pl aliquots. On Day 3,

tubes were centrifuged, Supernatant aspirated off and pellet counted.

The lOVo coefficient of variation for the assay was 1.2-22.6 ng/ml with a sensitivity of

between 0.1 and 0.3 ng/ml from assay to assay.



APPENDIX 8

Radioimmunoassay for FSH

This assay was also completed at Prince Henry's Institute of Medical Research. The

protocol used was the same as for the LH assay described in Appendix 7. The standard

used was NIADDK-oFSH-RP-I and the antiserum was NIAMDD-oFSH-1 which was

used at 1:20,000. The second antibody was a goat anti-rabbit.

The l\Vo coefficient of Variation for the assay including these samples was 2.2-25.7 nglml

with an assay sensitivity of 0.75 nglnL The sensitibvity of this assay norrnally varies from

below 0.5 to 1.0 nglml from assay to assay.



APPENDIX 9

Radioimmunoassay for FSH

Samples were analysed at the V/aite Institute, University of Adelaide. NIDDK-anti-oFSH-

I was added in 400 pl aliquots to give a tube dilution of 1:80,000. Samples were

compared against oFSH reference preparation-2 (NIDDK, USDA) made up in o.2Vo

gelatine buffer. After a 24 h incubation at room temperature, 100 pl of sheep anti rabbit

gammaglobulin were added and tubes were left for 24 hr at room temperature and24hr at

4oC before centrifuging (20 min at 10009), pouring off the supernatant and counting.



APPENDIX 10

ClassifTcation of vaginal smears

Classification guidelines were as follows:

Oestrous smears- predominance of cornified cells. In a smear with high cell density , a

few leucocytes were sometimes present. In a smear with low cell density, almost all cells

were cornified.

Proestrous smears - approximately 50:50 epithelial in low to medium density smears or

mostly epithelial cells (>75Vo) in low density smears. No leucocytes or debris.

Dioestrous smears- all cell types present, usually at low cell density and often with debris

present.

Metoestrous smears - predominance of leucocytes (>75Vo), high density of cells, if

immediately following oestrus then seen with large numbers of cornified cells.

Each smear was assessed quite independently of preceding and subsequent smears in bush

rats because regular cycles were rarely observed, but in the laboratory rat the classification

of a smear was affected by the previous and subsequent smears.



APPENDIX 11

Rat cubes

Rats were fed a Joint Stock Ration which consisted of 49.4Vo wheat, líVooats, 12.47o

soyabean meal, 6.5Vo fish meal, 5.5Vo lucerne meal and small amounts of other

compounds. Vitamins and minerals were added to calculated requirements .The estimated

nutrient specifications of this diet is listed below. This diet represented a high quality diet

with a high protein content and adequate vitamins and minerals for health and growth.

Estimated nutrient sp e cifications

Digestible energy

Metabolizable energY

Crude protein

Crude fat

Lysine

Methionine

Methionine and cysteine

Tryptophan

Isoleucine

Leucine

Threonine

Linoleic acid

Calcium

Available phosphorus

3175 kcallkg

2890 kcal/kg

2lVo

4.87o

l.l3%o

O.38Vo

0.1070

0.257o

0.86Vo

1.487o

O.l5Vo

l.2Vo

O.76Vo

0.467o




