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Fertility in male sheep: modulators of the acute
effects of nutrition on the reproductive axis

of male sheep
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School of Animal Biology, Faculty of Natural and Agricultural Sciences, University of

Western Australia, Crawley 6009, Australia

Animals adjust the time of year that they reproduce through their ability
to perceive and respond to critical aspects of their environment, such
as photoperiod, nutrition or the socio—sexual milieu, and their genotype
determines the degree of response to each stimulus. Ultimately, inform-
ation from environmental cues filters through to the GnRH neurones in
the brain which are the primary regulator of fertility. Each of these cues
has been studied in isolation and the mechanisms by which they affect
GnRH secretion are now better, if not fully, understood. In the field, the
brain centres that control GnRH must integrate information from all cues
at any given time before 'formulating a reproductive decision'. In this re-
view, the effect of this integration is illustrated by showing how the acute
GnRH response to a nutritional signal can be modulated by genotype,
photoperiod and social cues, to the point of being completely blocked
under some circumstances. Candidate pathways that may mediate these
modulatory effects at both the whole body and brain have been proposed,
although none of these pathways are confirmed and some have not yet
been studied. As a guide for further research, we propose a working model
that integrates the inputs and explains the interactions between them.

Introduction

As with all species, sheep have evolved to maximize their chances of successful reproduction,

whatever the environmental conditions. Over the last 15 years, we have been studying the

control of fertility by nutrition in the mature male sheep using two approaches, one that could

be seen as reductionist and the other holistic. The reductionist approach aims at understand-

ing the physiological mechanisms through which nutritional signals affect the reproductive

system, whereas the holistic approach aims at understanding the interactions between nutri-
tion, genetic and other environmental factors in the control of fertility. This review focuses on

the more holistic studies, but also presents developments that have led to the amalgamation

of the two approaches. This review starts with a brief description of the experimental model
that we use in all of our studies and a concise review of the endocrine pathways involved,

before discussing three modulators of the effect of nutrition on the secretion of GnRH—LH and
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Fig. 1. Profiles of plasma LH concentrations in rams fed (a) a maintenance diet or (b) a
twice maintenance diet from time = 0 h. Arrowheads indicate feeding times. Before 0 h,
both rams were fed the maintenance diet (open arrowheads). Closed circles indicate
significant pulses of LH. The horizontal bar indicates when the LH pulse frequency had
doubled in a moving window of 24 h compared with the control period of 24 h before
0 h (D. Blache and S. Zhang, unpublished).

the physiological mechanisms that could be involved in these interactions. Finally, by way of

conclusion, we propose a theoretical model that accounts for these interactions.

The model: the mature male sheep fed lupin grain

Our experimental model is based on the short-term response of the hypothalamic—pituitary—




testicular axis of the mature male Merino sheep to an acute change in nutrition (for reviews, see

Martin et al., 1994a; Blache et al., 2002). In brief, suddenly increasing the level of nutrition by


supplementing a maintenance diet with a highly digestible feed, such as lupin grain (Lupinus

angustifolius), increases the frequency of LH pulses (and, by inference, GnRH) by two- to
threefold within 6-8 h (Fig. 1). If the dietary treatment is maintained, plasma concentrations

of FSH increase within 10-11 days (Fig. 2), reflecting the normal delay between an increase

in GnRH secretion and a pituitary FSH response (Lincoln, 1979). High LH pulse frequencies

are maintained for only about 4 weeks, by which time there is a decline back to normal

•

0- 	

Plasma

LH
(ng

m1-1)
•

•
ea

•

•

•••
•r P PI"

ge\ 4.e• (4,0

•
1 •
• •
• • C

II
9.o. 4.

I" • a *
1-Ceft(R. '44"4.1.0a0'4*

•• •
r•
re.
(r•

•
L̀«eregt:/ •

8-

6-

4-

2-

Plasma

LH

(ng

m1-1)
8-

6-

4-

2-

0-
Vai,fa•LferiAttcatiC•111

•••
• •
••

rter-
46%0:a& Ce kQ ker6q •

•••
l aqq,,z-, (ipictamtlicscr.



– 10 10 20 30 40

Time (days)

Fig. 2. Short-, medium- and long-term effects of nutrition on the reproductive axis in the
mature male Merino sheep (the 'lupin effect'); (0) maintenance diet; (•) maintenance diet
supplemented with highly digestible feed (lupin grain). (a) The frequency of LH pulses
increases within 2-3 days after change of diet (short-term), whereas (b) the plasma concen-
trations of FSH increase after about 10-11 days (medium-term) and (c) scrotal circumference
increase over a month (long-term).

values despite the maintenance of high-energy intake (Tjondronegoro et al., 1996). However,
the outcome for fertility is not jeopardized because testicular size and sperm production
continue to increase for several months, or at least as long as the high energy diet is offered
(Fig. 2; Martin et al., 1994a). Indeed, there is an obvious time component in the nature of the
responses of the reproductive axis: the response for Gn RH–LH and testosterone is short-term,
measurable over a scale of hours; the FSH response and the fade-out of the LH response are
medium-term, occupying a few weeks; the increase in sperm production requires months
(Martin et al., 1994a,b). This review focuses on the short-term effect on GnRH—LH, beginning
with a brief summary of our findings and our current hypotheses on the mechanisms involved.

Physiological mechanisms mediating the 'lupin effect'

In the reductionist aspects of our research, it has been possible to dissect parts of the mech-




anism underlying the long- and short-term responses of the reproductive axis to changes in

nutritional status (for reviews, see Blache et al., 2000, 2002). Briefly, by combining nutritional
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Fig. 3. The basic hypothesis underlying our studies of the pathways via which nutrition influence
brain reproductive centres and their output through the 'final common pathway', the GnRH neur-
ones. GnRH neuronal activity is bioassayed by measuring LH pulse frequency. Solid lines indicate
pathways for which we have evidence, or which are currently being investigated. Orexin recept-
ors have not yet been located in sheep, but might be found on neuropeptide Y (NPY) and GnRH
neurones.

treatments with external manipulation of the GnRH signals that reach the gonadotrophs, it
has shown that the long-term effect of nutrition on testicular mass is partly independent of,
and also partly dependent on, hypothalamic GnRH output. The implication is that there are
direct actions of metabolic factors on testicular activity and these await study, perhaps after a
similar line of investigation, such as the work on responses of the sheep ovary to nutritional
stimuli (Muhoz-Gutierrez et al., 2002).

With regard to the pathways involved in short-term effects of nutrition on hypothalamic
GnRH output, it appears that signalling from gut to brain involves metabolic hormones,
especially leptin and insulin, as well as other gut hormones, such as ghrelin, neuromedin U
and amylin (Beck, 2000; Bray, 2000; Rushing et al., 2000; Nakazato et al., 2001). Within
the brain, the neuronal pathways through which peripheral nutritional signals modulate the
activity of the GnRH cells are still under investigation. The list of neuropeptides that are
potential candidates for this role is regularly lengthening, illustrating the complexity and
flexibility of the system that regulates GnRH output, the final common pathway from the brain
to reproductive axis. As a starting point, we have selected neuropeptides that are involved
in pathways that control appetite, especially leptin and insulin, as peripheral signals, and
the orexins and neuropeptide Y (NPY) as neuronal transmitters (Fig. 3). However, a number
of other neuropeptides, including cocaine- and amphetamine-regulated transcript (CART),
pro-opiomelanocortin (POMC), agouti-related peptide (AgRP), most of which are involved in
the control of food intake in rodents (Mercer, 1998; Mercer et al., 2000; Adam and Mercer,
2001), have been localized in the hypothalamus of sheep (Adam et al., 2002). Some of
these neuropeptides, in addition to orexins and NPY, might be involved in the processes of
signal reception and integration with which the brain appears to 'assess' both food intake
and energy balance. For this purpose, we have proposed a neural network that acts as a
'metabolic sensor' receiving inputs from the body in the form of hormonal and neural signals
and, through a network of neuropeptides, integrates those signals and then regulates the
GnRH pulse generator (for a review, see Blache et al., 2002).

The nature of these multifactorial, integrative neuronal pathways is covered in detail by
Adam et al. (this supplement) so we will broaden the scope of the discussion to cover another
level of integration, one that can be illustrated experimentally by the manipulation of a range
of environmental and genetic factors.
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Modulators of GnRH responses to nutrition and interactions between them

Environmental factors, such as photoperiod, temperature and social milieu, as well as geno-
type (to the level of breed), all influence the reproductive capacity of rams through the systems
that control gamete production and sexual behaviour. Some of these factors modulate the
long-, medium- and short-term responses of the reproductive axis to nutrition. Maintaining
our focus on the short-term response, namely the increase in GnRH—LH secretion, the effects
of three of these modulators: photoperiod, social cues and genotype will be reviewed. The
responses to photoperiod and social cues cannot be dissociated from the genetic make-up of
the animal, so they will be considered as interactions.

Breed and photoperiod

In perhaps all breeds of sheep, the timing of reproduction is affected by photoperiod, but
some breeds respond much more strongly than others, usually reflecting the geographical
latitude of their origin (for a review, see Jewel, 1989). In rams, activation of the photoperiod-
responsive pathways connected to the reproductive axis leads to a change in the pulsatile
secretion of GnRH which, in turn, affects the secretion of gonadotrophins (Lincoln and Short,
1980). Similarly, the effects of nutrition on the gonads are also at least partly mediated by
changes in gonadotrophin secretion (Martin et al., 1994b; Hötzel et al., 1995).

Martin et al. (1994b) used Merino sheep, a breed that has its reproductive season in summer
and autumn, to reveal the influence of genotype. The timing of the Merino breeding season is
primarily controlled by integration of responses to an endogenous annual rhythm and changes
in photoperiod, just as it is in the Suffolk breed, but Merinos are not as strongly affected by
photoperiod as the Suffolk breed (Martin et al., 1999, 2002). This effect of genotype on
responsiveness to photoperiod also affects responsiveness to nutritional stimuli. In Merino
rams, the time of the year has no major influence on the response of the GnRH neurones to
stimulation by nutrition (Fig. 4). However, in Suffolk rams, LH pulse frequency increases in
response to a lupin supplement during the breeding season, but not during the non-breeding
season when the reproductive axis is dominated by the inhibitory effects of photoperiod
(Fig. 4). This response is observed in other breeds that respond strongly to photoperiod,
such as Scottish Blackface and Finnish Landrace—Dorset cross (Alkass et al., 1982). Thus,
photoperiod modulates the effect of nutritional signals on the GnRH pulse generator, but this
interaction depends on the genetic make-up of the animal —nutrition can influence the GnRH
pulse generator only when there is no inhibitory effect of photoperiod, either because the
photoperiod is stimulatory for photosensitive genotypes, or because it is virtually irrelevant
(genotypes that are not very photosensitive).

Socio —sexual cues

The introduction of rams induces ovulation in anoestrous ewes through a phenomenon
known as the 'male effect'. If oestrous ewes accompany the rams, the ovulatory response of
the anoestrous ewes is improved, indicating that the oestrous ewes evoke pheromonal and
behavioural responses in rams that improve their ability to induce ovulation — a concept
termed 'social facilitation' (for a review, see Walkden-Brown et al., 1999). Stimulation of
males by females, often called the 'female effect', was first clearly demonstrated in sheep by
Sanford et al. (1974) who observed an acute increase in the secretion of LH and testosterone
in rams after contact with oestrous ewes. This phenomenon has also been documented for
goats, rats, rabbits, cattle and monkeys (Convey et al., 1971; Howland et al., 1985).
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Merino Suffolk

Fig. 4. LH pulse frequency during the (a) non-
breeding and (b) breeding seasons in Suffolk (n =
5) and Merino rams (n = 6) fed a maintenance diet
(m, ) or the same diet with a supplement of lupin
grain (s, •). On day 12 after the change of diet for
the supplemented groups, the lupin treatment had
increased LH pulse frequency in both seasons in
Merinos (P < 0.003), but only during the breed-
ing season (P < 0.003) in Suffolks. (Redrawn from
Hötzel et al., 2002).

Interactions between socio—sexual cues, photoperiod and genotype

The size of the response to the female effect is influenced by season (photoperiod), so the

percentage of rams responding to oestrous ewes is greater during the non-breeding season

than during the breeding season in Finnish Landrace and Ile-de-France rams (Yarney and

Sanford, 1983; Gonzalez et al., 1 989). This interaction, as well as the effects of genotype

and nutrition was investigated by comparing the responses of Merino and Suffolk rams to the

introduction of Merino ewes in two seasons. Merino rams responded to the female effect in

both the breeding and non-breeding seasons, although the response was smaller in amplitude

in the breeding season, whereas Suffolk rams displayed no detectable response in either

season (Fig. 5). In both genotypes, an increase in the level of nutrition did not change the

response of the GnRH pulse generator to the female effect. Therefore, the nutritional input and

social input to the GnRH pulse generator seem to be independent. However, nutrition seems

to have at least a permissive effect because, when rams are well fed, the GnRH system is
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Fig. 5. Frequency of LH pulses in Merino and Suffolk rams fed
maintenance (0) or high energy and protein diet (•) for 13 days
during (a) the non-breeding season and (b) the breeding season.
The frequencies are measured for 8 h (09:00-17:00 h) over con-
secutive days in the absence and presence of oestrous ewes. Dif-
ferences are indicated at P < 0.05 (Redrawn from Fisher, 1995).

sensitive to the 'female effect' but when rams are underfed, the GnRH system shuts down and


does not respond to socio—sexual cues (Fisher, 1995). Overall, responsiveness to the female


effect is largely determined by the genotype of the ram but, in contrast to the situation in goat

bucks (Walkden-Brown et al., 1993, 1994), it does not seem to be enhanced by improved
nutrition.

Physiological mechanismsinvolved in modulation of the 'lupin effect'

In the above description of pathways involved in the 'lupin effect', we made a distinction
between signals from the body to the brain and signals within the brain. The same type

of distinction needs to be made among the potential pathways involved in the modulatory

effects by photoperiod, breed or social cues. In particular, we cannot ignore the profoundly
fundamental roles of the gonadal steroids in the control of GnRH secretion.
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Preoptic area and hypothalamus

Fig. 6. Schematic summary of the potential involvement of steroid feedback in the effect of
nutrition on GnRH neurones. The gonadotrophins stimulate the production of sex steroids and
these feed back to the GnRH neurones, through as yet unknown intermediates, to maintain
an equilibrium in the system. The most effective feedback pathways are shown in bold text
and thick arrows.

Signals from the testis: steroid feedback

Responses to castration and steroid replacement completely overshadow the responses to

changes in photoperiod, socio—sexual cues or nutrition. Inhibitory feedback by the sex ster-

oids is exerted at sites in the central nervous system that control the frequency of GnRH pulses

(Caraty and Locatelli, 1988; Tilbrook et al., 1991), the final common pathway to reproductive

axis, and they amplify the responses to socio—sexual signals and changes in nutrition and

photoperiod. They also interact with centres that control appetite and, as with the reproduct-

ive axis, they amplify the effects of photoperiod thus re-enforcing the link between these two

body functions (Godfrey et al., 1996; Walkden-Brown et al., 1997). However, the neuronal

pathways linking steroid feedback and nutritional cues have not been studied in detail. This

area of research could benefit by using as a blueprint the hypotheses developed to explain

seasonal variation in the response of the GnRH system to negative feedback. In rams, the in-

hibitory effect of testosterone is affected by photoperiod (Lincoln, 1985), nutrition and geno-

type (Tjondronegoro et al., 1996). Testosterone has been the focus of most of these studies,

but the products of its metabolism by 5oz-reductase (dihydrotestosterone) and aromatase (oes-

tradiol) also inhibit LH secretion in rams (Pelletier, 1974; Schanbacher and Ford, 1977; Blache

et al., 1997) (Fig. 6). With respect to oestradiol, we have documented three lines of evidence

for the role of central aromatization in control of GnRH output (Sharma, 1999; Sharma et al.,
1999). First, i.m. injections of aromatase inhibitor increase the pulsatile secretion of LH and

decrease circulating oestradiol concentrations in testis-intact rams. Second, aromatase inhib-

itor increases LH pulse frequency and decreases oestradiol concentrations in castrated rams

treated with testosterone. Finally, LH pulse frequency increases after infusion of aromatase
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inhibitor into the third ventricle of testis-intact rams. Now that understanding of testicular
feedback has gained this extra level of complexity, the interactions between sex steroids and
the exteroceptive factors that affect reproduction in males need to be re-addressed.

Signals from metabolism

The plasma concentrations of metabolites and metabolic hormones depend on metabolic
rate, a function of the intake, storage and use of energy. Metabolic rate is affected by photo-
period so, in Soay sheep, for example, it is lower during the breeding season than during the
non-breeding season (Argo et al., 1999). This seasonal variation is marked in highly seasonal
breeds, such as the Soay, Scottish Blackface and Shetland, and less evident in genotypes that
contain 'Mediterranean genes', such as the Dorset Horn (lason etal., 1994). This phenomenon
has not been studied in Merinos, but their strong Mediterranean origin leads us to assume
that their seasonal variation would be at least as small as that in the Dorset Horn. In addition,
seasonal variation in metabolic rate would be expected to be associated with variation in the
profiles of metabolites and metabolic hormones, all of which might differ among breeds. This
variation could explain the seasonality of the GnRH response to nutrition in Suffolks (highly
seasonal) and the consistent response of Merinos across all seasons. However, the genotype
effect seems to be related to the sensitivity to photoperiod, so it might not be possible to
dissociate the two factors.

The next question is which signals convey information about these changes in metabolic
rate to the brain? A role for metabolic hormonal input to the 'metabolic sensor' is supported
by data obtained on the effect of photoperiod on leptin. Plasma concentrations of leptin
are lower during the breeding season than the non-breeding season in all seasonal breeders
studied to date (Klingenspor et al., 1996; Bocquier et al., 1998; Mann et al., 2000; Marie
et al., 2001). In hamsters, low plasma concentrations of leptin result from direct effects of
daylength on the systems that control the activity of the adipocytes (Klingenspor et al., 1996).
However, in sheep, it is unlikely that genotype influences this because leptin profiles are
similar in Merino and Suffolk rams kept under constant nutrition and a Mediterranean-type
photoperiod cycle (Fig. 7).

A new development in this area is the recently discovered peptide, ghrelin which is prin-
cipally produced by the gut. Its production is influenced by acute and chronic changes in
nutrition and it appears to be involved in the regulation of energy balance (Horvath et al.,
2001). In the raccoon, a hibernator, ghrelin concentrations are influenced by photoperiod
and are positively correlated with energy intake (Nieminen et al., 2002). Moreover, melatonin
has been found to reduce plasma concentrations of ghrelin in rats (Mustonen et al., 2001),
indicating a very direct link with the photoperiod—pineal system that mediates seasonal breed-
ing. Ghrelin is also potentially produced by the hypothalamus (Horvath et al., 2001) so both
genotype and photoperiod may modulate the lupin effect on GnRH output. Ghrelin might
also be associated with the leptin pathway because, in rats, it antagonizes the action of leptin
on food intake (Shintani et al., 2001) and the circulating concentrations of leptin and ghrelin
respond inversely to melatonin and photoperiod (Bocquier et al., 1998; Chill iard et al., 1998;
Mustonen et al., 2001). The effect of interactions between leptin and ghrelin in the mod-
ulation of nutritional responses by photoperiod is a potentially interesting area of research,
although it would be only one component of the multiplex peripheral signal that is involved
in interactions between nutrition, photoperiod and breed. An obvious addition is the plasma
concentrations of insulin, a signal known to be involved in the short-term control of GnRH
by nutrition and also affected by photoperiod (Miller et al., 1995; Lincoln and Richardson,
1998).
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Fig. 7. Change in plasma concentrations of leptin (normalized to the first value measured in Me-
rino (0) and Suffolk (•) rams kept indoors under Mediterranean photoperiod (daylength, hatched
line) and fed to maintain constant body weight (for the experimental design, see Martin et al.,
1999). Note that the leptin concentrations increase during shortening days but that there is no
difference between the two genotypes (D. Blache, unpublished).

Pathways within the brain

Within the brain, there may be fewer neurohormones that are potential candidates than
there are candidates from the body. Among the neuropeptides known to be involved in the
control of food intake at the hypothalamus, some are affected by photoperiod and so could
mediate the effects of photoperiod on the lupin effect. As will be seen below, and because
of the importance of hypothalamic areas in both control of food intake and reproduction,
most studies have concentrated on this region of the brain. The control of food intake and its
seasonality have been recently and thoroughly reviewed for ruminants (Rhind et al., 2002), so
this review will focus only briefly on a few neuropetides that, in our view, are most probably
involved in the modulation of the lupin effect.

In sheep, gene expression for NPY is increased by food restriction (Adam et al., 1997;
Archer et al., 2000). However, NPY mRNA in the arcuate nucleus is not affected by
photoperiod under artificial conditions, but is affected under field conditions (Clarke etal.,
2000). This finding indicates that NPY could be involved in a mechanism that integrates
photoperiod with parameters of food intake and body condition that are not controlled or
measured in the field.

In addition, in sheep, food restriction strongly increases AgRP gene expression but
decreases CART gene expression (Archer etal., 1999; Adam, 2000). Expression of both
neuropeptides does not appear to be affected by photoperiod, although CART expression
is increased by short daylength in Siberian hamsters (Adam et al., 2000; Mercer et al., 2001).
As it is likely that AgRP and CART are not sensitive to photoperiod in sheep, these two
neuropeptides might only be involved in the modulation of the 'female effect' by undernutri-
tion, although there are no data yet with which to test this hypothesis.

1.0 -

—1.0 -
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Results obtained in studies using different genders and steroid replacement protocols
have shown that the effect of daylength on POMC gene expression in the hypothalamus
of sheep depends on steroid concentrations (H i leman et al., 1996; Archer etal., 1999; Clarke
et al., 2000). The sex steroids are necessary for the full effect of photoperiod, nutrition and
social cues on GnRH output in rams, so POMC may be involved in responses to any of these
factors, although preliminary studies with naloxone indicate that it is not a major component
of mechanisms mediating the lupin effect (Martin and Walkden-Brown, 1995).

The expression of mRNA encoding orexins is affected by photoperiod in sheep (Archer
et al., 2002). Moreover, the high expression seen during short days is not affected by fasting,
indicating that the effect of photoperiod on orexin expression is dominant over the stimulatory
effect of fasting on orexins that has been observed in rats (Cai et al., 1999). Therefore, the
orexin system might offer an entry point for photoperiod to modulate the effect of nutrition.

We have concentrated on the hypothalamic region, but it is necessary to consider other
areas and structures, particularly those from which the primary signals of the modulators are
emitted, such as the pineal gland for photoperiod, and the olfactory systems for the socio—
sexual cues. For example, in rodents, receptors for NPY, orexin and melanin-concentrating-
hormone receptor have been found in the pineal gland, the hindbrain and the olfactory tract
(Mercer et al., 1998; Mikkelsen et al., 1999, 2001; Dal Farra et al., 2000; Saito et al.,
2001). Integration can also be achieved at the receptor for both peripheral signals and
neuropeptides. Leptin receptor is a good example of this possibility: expression of the gene
encoding the active form of the receptor is sensitive to the level of nutrition in female sheep
(Dyer et al., 1997).

Integration of the exteroceptive factors

Clearly, there is a range of candidate signals that could be involved in the interactions between
nutrition and other cues that help animals to maximize their chances of successful reproduc-
tion. We have seen that some signals, such as leptin, are already part of the conceptual
network that we have labelled with the term 'metabolic sensor' (Blache et al., 2000). The
same concept of sensor—integrator could be and has been extended to photoperiodic inputs
and to socio—sexual inputs because they both involve multiple signalling systems. Super-
imposed over these, we might expect an even higher level of integration because, as should
have become clear from our description of the responses to photoperiodic and socio—sexual
cues, the level of nutrition interacts with their effects on the reproductive axis. It is our view
that photoperiod exerts a 'filtering' effect on both nutritional and social inputs, and that this
filtering effect is determined by genotype (Fig. 8). The mechanisms mediating this filter are not
yet understood but we have pointed out some peripheral hormones and neuropeptides that
are candidate components of this filter. So far the system that controls the rhythm of pineal
melatonin production, a key mediator of the effect of photoperiod has not been mentioned
at this stage, we have ruled this out as a filter because •first, food supply does not affect
the diurnal profile of melatonin in the circulation (Martin et al., 2002) and second, there
is little difference between the melatonin patterns in Suffolk and Merino rams despite their
very different responses to change in photoperiod (Martin et al., 1999). Other studies have
also clearly shown that the pattern of melatonin secretion cannot explain differences in the
degree of seasonality among breeds (Kennaway et al., 1982; Ravault and Thimonier, 1988;
Schanbacher, 1988). Thus, genotype must be influencing the reproductive axis downstream
of the melatonin signal, perhaps at the same site where it influences the way that photoperiod
filters the effects of other cues (Fig. 8).
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Fig. 8. A schema describing the proposed relationships between photoperiodic, nutri-
tional and social cues and the ways in which they interact with genotype and steroid
feedback in the control of hypothalamo—pituitary—testicular axis in male sheep. Some of
the hormones and neuropetides that are potentially involved in these interactions are also
indicated.

The metabolic sensor can alter the effect of social cues, perhaps even overriding them

completely (Fig. 8). Finally, an extra level of complexity is introduced by the brain mechanisms

that regulate appetite, particularly in breeds that respond strongly to photoperiod (lason

et al., 1994) in which appetite also varies with season. This is a serious issue in studies in

which experimental animals are fed ad libitum and, thus, control their own feed consumption,

because they will display self-regulated changes in energy metabolism, adiposity and body

weight, confounding the responses to treatments. However, this problem can be turned into

an investigative advantage because, in photoresponsive breeds, the links between the systems

that control appetite and the reproductive axis can be explored to gain an insight into the

brain pathways involved.

Conclusion

With our model based on mature rams acutely fed a supplement of lupin grain, it has been

shown that the systems that mediate the effect of nutrition on GnRH output can be modulated

by other factors, such as photoperiod, genotype and socio-sexual signals that are known to af-

fect the activity of the reproductive axis. These exteroceptive factors seem to affect the activity

of the GnRH pulse generator in a hierarchical manner, with some factors dominating others.

Photoperiodic 	 > Nutritional
signals

Appetite Ghrelin Leptin

'Metabolic
sensor'

Socio—sexual
signalssignals

Pineal
melatonin

Genotype

'ON

Photoperiod
-driven filter

Orexips POMC, NPY..

GnRH pulse
generator

LH, FSH

84

Sex steroids



Nutrition and fertility in male sheep 399

In addition, the relative importance of photoperiod and nutrition is governed by genotype.
The neural and hormonal network(s) involved are a long way from being identified and, in the

beginning at least, the resolution of individual pathways will require a primarily reductionist
approach to investigation, starting with single gene products and single exteroceptive factors.
However, as we have been emphasizing for almost 20 years, 'when measuring any aspect of

reproductive function, we must ultimately take into account all of the environmental factors,

not only to ensure that our experimental design is not confounded, but also in order to remind
ourselves that animals outside the laboratory are rarely confronted with only one stimulus at a

time' (Martin, 1 9 84). Therefore, we must always be prepared to expand our view to consider

interactions between the various exteroceptive factors and, of course, to accept the roles that
are being played by systems controlled by multiple genes.
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