
Journal of Reproduction and Fertility Supplement 49, 437 - 449

Nutritional influences on reproduction in mature

male sheep and goats

G. B. Martini'2 and S. W. Walkden-Brownl

'School of Agriculture, University of Western Australia, Nedlands 6009, Australia; and 2CSIRO

Division of Animal Production,Private Bag, Wembley 6014, Australia

Changes in the nutrition of mature rams and goat bucks lead to profound responses
in testicular size and therefore the rate of production of spermatozoa. These effects
are largely due to changes in the size of the seminiferous tubules and in the
efficiency of spermatogenesis. With the exception of severe undernutrition, the
effects on spermatogenic function are not accompanied by similar changes in
endocrine function of the testes, as measured by the production of testosterone or
inhibin. In rams, moderate changes in nutrition affect gonadotrophin secretion for
only a few weeks, whereas testicular growth is affected for several months. In
mature male goats during the non-breeding season, nutrition-induced testicular
growth does not seem to be associated with a gonadotrophin response. Such
observations have led us to develop the hypothesis that nutrition-driven testicular
growth is at least partly independent of changes in gonadotrophin secretion. The
energetic components of the diet, rather than the protein content, seem to be
responsible for affecting gonadotrophin secretion in rams. The volatile fatty acids,
and not glucose, are the active factors, although intracerebral insulin may also play
a role. Where these substrates act and whether they are also involved in the
gonadotrophin-independent pathways requires testing. In conclusion, nutritional
signals exert powerful effects on the reproductive system of mature male ruminants,
and the responses are partly independent of changes in gonadotrophin secretion. In
the gonads, the gametogenic tissue responds rapidly to changes in nutrition, but
the endocrine compartments are less affected. Variations in the expression of the
nutritional responses among sexes, breeds and species probably reflect variations in
the role of this environmental factor as a modulator of reproductive function.

Introduction

Nutritional influences on reproduction in farm animals were probably recognized soon after domesti-
cation. However, Clark (1934) probably provided the first experimental evidence for gonadal effects
when he related the effect of 'flushing' on lambing rate in sheep to an increase in ovulation rate, a
phenomenon that still intrigues reproductive physiologists. The emphasis on females was noted by
Moule (1963), who reviewed the ruminant literature and was unable to find a systematic study of the
effects of nutrition on semen production in male domestic animals. We are now beginning to develop
an integrated view of how nutrition influences both the gametogenic and endocrine functions of the
testis. The roles of nutrition in the control of puberty, and the production and fertilization of oocytes or
the nurture of zygotes, from embryo to fetus to newborn, have recently been reviewed by Lindsay
el-al. (1993) and Foster (1994). We will focus on mature males and the endpoint will be the gametogenic
and endocrine activity of the testes. Although our own studies are largely limited to Australian goats
and sheep, we will integrate them with work on other breeds and environments, and we also attempt
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to address related issues for cattle. The discussion will be restricted to the effects of shifts in energy or
protein balance of similar magnitude and duration to those that would be experienced by animals
grazing natural forage, avoiding the effects of extreme nutritional deprivation, and the pathology
associated with specific deficiencies and toxicities.

Testicular responses to nutrition

In Merino rams in particular, the production of spermatozoa has been shown to be very responsive to
changing nutrition in a number of studies using a variety of techniques (Mori, 1959; Salamon, 1964;
Setchell et al., 1965; Braden et al., 1974; Oldham et al., 1978; Alkass et al., 1982; Martin et al., 1987;
Cameron et al., 1988; Murray et al., 1990). Hiroe and Tomizuka (1965) found that loss of body mass in
goats was associated with reductions in the output of spermatozoa. There were some negative findings
in sheep (Tilton et al., 1964), but there is now general acceptance of the strong, direct relationships
between plane of nutrition, testicular mass and the number of spermatozoa available for ejaculation, for
the small ruminants at least (Fig. 1).

In rams, changing nutrition alters not only the total amount of testicular tissue, but also the efficiency
with which the gametes are produced by that tissue. This is evident from the fact that changes in sperm
production are consistently greater than those in testicular mass. For example, Oldham et al. (1978)
found that a 25% increase in testicular size led to an 81% increase in production of spermatozoa, and
Cameron et al. (1988) found that an 86% increase in testicular size led to a 250% increase in production
of spermatozoa. The number of ejaculated spermatozoa is not affected until 7 weeks after a change in
diet (Fig. 1), suggesting that the effects on spermatogenic efficiency are exerted after the last
spermatogonial division. This is similar to the effects of stimulatory photoperiod in more seasonal breeds
of sheep, in which efficiency is increased by reducing the rate of degeneration of germ cells following
the mitotic and meiotic divisions of the spermatogenic cycle (Hochereau-de Reviers et al., 1985). Detailed
cytological analysis is needed to determine whether nutrition operates by this mechanism, and also to
determine the relative roles of FSH, testosterone and LH in mediating these responses in the testes.
The gross histology carried out to date has shown that nutrition markedly affects the diameter of the
seminiferous tubules (Setchell et al., 1965), the relative proportion of the testes occupied by the
seminiferous tubules and the proportion of the seminiferous tubule occupied by the seminiferous
epithelium (Oldham et al., 1978).

If changes in production of spermatozoa result primarily from alterations in Sertoli cell function, it
is peculiar that peripheral inhibin concentrations do not seem to be affected by diet in mature Merino
rams, despite clear effects on FSH concentrations and testicular mass (Martin et al., 1994a). At this stage,
we cannot explain this observation, although it does suggest that the endocrine and spermatogenic
functions of the tubules are regulated differentially.

The effects of nutrition on the activity of the interstitial tissue should be reflected in rates of
production of testosterone. However, in mature Merino rams, significant changes in testicular mass
induced by nutritional treatments were not associated with changes in the size of the response of
testosterone to LH (Ritar et al., 1984; Martin et al., 1987; 1994a). This result appears to conflict with the
effects of photoperiodic season on testicular growth and function (Lincoln and Short, 1980), as well as
the detailed work of Setchell et al. (1965) on nutritional responses in Merino rams. These workers
measured the total testicular production of testosterone and supported these data with observations on
the number and staining intensity of the interstitial cells. Apart from the major difference in endocrine
technique, this work appears to differ from our studies in the severity of dietary treatments. Setchell
et al. (1965) compared rams that were severely underfed for 3 months (body fat was reduced to less than
12% of live mass) with rams that were probably obese (25-49% fat). In our laboratory, we have studied
the testosterone responses to exogenous LH in rams on more extreme diets (M. J. Hazel, 1994, personal
communication), and the data confirm the observations by Setchell et al. (1965). There appears to be a
range of nutritional regimens within which testosterone production is not altered. However, when the
loss of body and testicular mass is severe and protracted, testosterone production is reduced. The
mechanisms underlying this sort of response may be similar to those underlying changes driven by
photoperiod.
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Fig. 2. (a) The seasonal cycles in testicular mass (shaded area; mean ± SEM; n = 6) and plasma

concentrations of testosterone (•) in Australian feral goat bucks at pasture in a subtropical climate

at 29°S (modified after Walkden-Brown et aT, 1994b). The periods of ovulatory activity in females

are also indicated (Restall, 1992). (b) Testicular mass and testosterone concentrations (mean ± SEM)

during the non-breeding season in bucks fed a maintenance diet (0; n = 6) or a high plane of

nutrition (•; n = 6). Adapted from Walkden-Brown et al. (1994c).

In goat bucks, the difference in responses to nutrition between testicular compartments is even more
pronounced. Large differences in testicular size induced by nutrition during the non-breeding season
were not associated with any change in testosterone concentrations until about four months later
(Fig. 2).

These apparently conflicting effects of nutrition on testosterone production in sheep and goats
emphasize the need to address differences between species, ages and methods. In rams, the relative
importance of gonadotrophin secretion and testicular responsiveness to LH in mediating the effects of
nutrition on testosterone secretion need to be assessed. Inbreeds and species that also respond strongly
to photoperiod, the contrast between the changes in testosterone production with season and the lack
of testosterone response to nutritional supplements during the non-breeding season need to be
considered. Few studies have been carried out to determine whether these problems reflect differences
between species or between experimental methods. Future studies should include quantification of
Leydig cell activity, as well as measurement of clearance rates for testosterone and inhibin, and the
secretion of testosterone and inhibin (total testicular secretion and responsiveness to LH).
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Physiological mechanisms

Role of body mass and composition

Much of the research on nutritional effects on reproduction has been descriptive, providing many
detailed mathematical relationships between reproductive variables (for example age of puberty,
ovulation rate, testicular size) and measures of body development (for example mass, rates of gain,
composition). This is particularly so for puberty because, across a wide range of species, the onset of
puberty is very poorly related to chronological age and very closely related to measures of body
development. However, these direct relationships are complicated by several effects, including growth
rate, compensatory growth, and mature body size (review: Lindsay ef al., 1993). Moreover, none of these
phenomena provides a very useful guide to the mechanisms involved (Schillo, 1992). The suggestion
that the proportion of body fat controls the onset of puberty in humans (Frisch, 1974) raised the
possibility of physiological interactions between the systems that control metabolism and reproduction.
However, under close scrutiny, the relationship did not seem to hold for sheep or pigs (Lindsay ef
1993), and was largely dismissed by Bronson and Manning (1991), who reviewed the literature and
concluded that there is no evidence for a direct causal role of body fat in regulating ovulation.

For mature animals, similar conclusions can be drawn. In rams, for example, Salamon (1964) found
that sperm production was affected by nutrition in the absence of any significant change in bodymass.
It seems that rams can show a 'flushing' effect similar to that of ewes, in which ovulation rate can change
without any change in bodymass (Clark, 1934). There is little doubt that change in bodymass is a
consistent correlate of change in testicular size, but it is only consistent, not universal, and it has led to
few advances in our understanding of physiological processes linking nutritional input with reproductive
output. It is important to remember that gonadal output and bodymass are both merely endpoints in the
response to nutrition.

Role of GnRH and gonaclotrophins

Work on photoperiodic control of testicular growth in rams (Lincoln and Short, 1980) led to the
hypothesis that there is a simple relationship between plane of nutrition, gonadotrophin secretion and
testicular growth, based on changes in the frequency of the GnRH pulses secreted by the hypothalamus.
This approach was supported by the observation that a low plane of nutrition reduced plasma LH
concentrations in mature rams (Alkass ef al., 1982). However, from the beginning, the data derived from
mature Merino rams implied that changes in gonadotrophin secretion would be only part of the story.
Addition of lupin grain to a maintenance diet led to an increase in LH pulse frequency within 2-3 days,
but it was sustained for only a few weeks before returning to control frequencies (Ritar et al., 1984;
Martin ef al., 1994a). An increase in the concentration of FSH is also detected after a delay of 5-14 days,
but then it too disappeared (Martin et al., I994a). Reducing the plane of nutrition below the requirement
for maintenance led to rapid decreases in LH pulse frequency, testicular size and bodymass, but FSH
concentrations were not affected. Again, the LH profiles returned to normal after a few weeks, when
there was no further loss of bodymass (i.e. maintenance was restored). Despite similar patterns of
gonadotrophin secretion, testicular sizes continued to diverge in response to plane of nutrition (Martin
et al., 1994a).

All of these gonadotrophin responses can be reproduced in short-term castrated rams subjected to
the same dietary treatments, but only when they are treated with exogenous testosterone and inhibin
(Martin et al., 1994b). It seems likely that the gonadotrophin responses are due to effects exerted on the
hypothalamus and pituitary gland because, in rams at least, diet does not seem to affect the clearance of
testosterone (Parr and Tilbrook, 1990), although the design of this experiment was not ideal and the
clearance of inhibin has not been studied.

Overall, it is clear that hypothalamic pathways controlling GnRH pulse frequency in mature rams do
respond to changes in nutrition. We have done many experiments over the past few years and the
endocrine response to lupin supplements over the first few weeks is so consistent that it has become the
basis of our attempts to understand the neuroendocrine systems that are involved in the interactions
between nutrition and testicular activity.
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Fig. 3. The effect of inhibition of opioidergic pathways on (a) plasma LH concentrations

(b) number of LH pulses in 6 h (c) LH pulse amplitude and (d) interpulse nadir in mature

Merino rams that had been fed below maintenance (low) or above maintenance (high) for

6 weeks. They were injected (i.v.) with naloxone (2 mg kg in the first instance, followed

by a further three injections of I mg kg - .1at 40 min intervals) and the LH response was

observed in blood sampled every 20 mM for 8 h before (E) and 6 h after (•) the initial

naloxone injection. All values are means ± sem (n = 5). *P< 0.05. Mean concentrations

were calculated using a moving average over nine consecutive samples (3 h), and every

second point is presented for the sake of clarity. Data from Miller et al. (1992) with

permission.

In mature Cashmere bucks, the acute effects of differential nutrition have been tested only during the

non-breeding season, and the rapid diversion in testicular size induced by the diets was not associated

with changes in LH or FSH secretion (Walkden-Brown et al., I994c). Animals as seasonal as these might

show gonadotrophin responses to nutrition only under stimulatory photoperiod, so we clearly need to

repeat this study during the breeding season.

Role of opioidergicsystems. The opioidergic system of the bra n is one of many that inhibits the

activity of GnRH cells in sheep and it is thought to play a role in the effects of gonadal steroids and

photoperiod (Schanbacher, 1985; Lincoln et al., 1987; Thiery and Martin, 1991). We hypothesized that

opioidergic inhibition would be most active in rams on low planes of nutrition, in which steroid feedback

is most effective and LH pulse frequency is low. However, when Miller et al. (1992) injected naloxone

into Merino rams that had been fed differentially, only the group on the high plane of nutrition showed

a significant increase in LH secretion (Fig. 3).

In this regard, the effects of nutrition and photoperiod are similar, as naloxone is also more effective

under stimulatory than under inhibitory photoperiod (Lincoln et al., 1987). Moreover, opioidergic

pathways do not seem to participate in the induction of puberty in either male or female sheep (Wood

et al., 1992; McShane et al., 1993), or even in the amenorrhoea associated with heavy exercise in humans

(Jenkins and Grossman, 1993). It is becoming increasingly difficult to conceptualize a simple model in

which opioidergic systems play a pivotal role in GnRH responses to environmental inputs.
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Other neural systems. Other neural systems that might play a part in the responses of the GnRH

pulse generator have been discussed in some detail by I'Anson et al. (1991) and will be mentioned only
briefly here. Cells containing neuropeptide Y have been studied in relation to the control of puberty in
female sheep. The inhibition of pulsatile LH secretion in underfed ewe lambs is inversely related to the
concentrations of neuropeptide Y, and the RNA encoding it, in the median eminence and hypothalamus
(Ober and Malven, 1992; McShane et al., 1993). These observations are consistent with the hypothesis
that undernutrition increases the activity of neurones containing neuropeptide Y and this leads to
inhibition of gonadotrophin secretion. This concept has not yet been extended to mature ruminants, but
it should generate interest because studies in rodents have shown that neurones containing neuropeptide
Y are intimately involved in the control of appetite (Morley, 1987) and appear to play a role in the
photoperiodically driven changes in appetite (Boswell et al., 1993). In mature Cashmere bucks, the seasonal
cycle in testicular size appears to be more closely linked to the seasonal cycle in appetite than to the annual
(presumably photoperiodic) pattern of gonadotrophin secretion (Walkden-Brown ef al., I994c), suggesting
a causal link between these phenomena that might be mediated by neuropeptide Y systems.

Thus, the attraction of neuropeptide Y hypotheses lies in the nutritional influences on
reproductive activity being mediated entirely within the hypothalamus, through interactions between
the appetite centres and the reproductive centres. Other attractive hypotheses are based on the 'gut'
peptides, such as cholecystokinin, that are also involved in central appetite control (Morly, 1987) and
have also been shown to stimulate the secretion of LH in primates (Perera ef al., 1993; Schreihofer
et al., 1993).

Mechanisms independentof changes in GnRH secretion

The acute effects of the lupin stimulus on gonadotrophin secretion in mature Merino sheep are very
clear and highly repeatable. However, if we take a broader, longer-term view, there are too many
inconsistencies in the data for all of the testicular responses to be attributed to changes in the activity
of the GnRH—gonadotrophin system. First, in rams on a high plane of nutrition, the testes continued to
grow for 2-3 months, despite the fact that gonadotrophin secretion had returned to normal (Martin
et al., I994a). Second, under- and over-nutrition consistently exerted opposite effects on testicular size,
but not on gonadotrophin patterns (Alkass ef al., 1982; Martin ef al., 1994a). Third, in Cashmere bucks
during the non-breeding season, increasing the plane of nutrition above maintenance led to rapid
and persistent (4 months) testicular growth without any detectable effects on the secretion of
gonadotrophins (Walkden-Brown ef al., I994c).

There is little doubt that the gonadotrophins are essential for testicular growth, development and
function. However, the above observations led us to develop the concept that nutrition affects testicular
growth, and therefore production of spermatozoa, by two mechanisms (i) the classical control pathway,
involving changes in activity of the hypothalamic centres controlling GnRH pulse frequency, and thus
changes in the secretion of gonadotrophins; this we have termed the GnRH-dependent pathway; and
(ii) another pathway (or group of pathways) that promotes testicular growth in the absence of changes
in GnRH pulse frequency or gonadotrophin secretion; we have termed this the GnRH-independent
pathway (Martin et al., 1992, 1994b)

We have just begun to test this idea in detail and we have good evidence for GnRH-
independent mechanisms based on the effects of nutrition on testicular size in rams immunized against
GnRH ef al., 1993) and our finding that nutrition influences testicular size, but not gonadotrophin
concentrations, in rams on a fixed regimen of exogenous GnRH pulses (Hötzel et al., 1994).

The hormones of the somatotrophic axis (growth hormone and insulin-like growth factor I
(IGF-I)) might act on the testes to mediate some of the effects of nutrition on the production of
spermatozoa. Change in testicular mass is often closely associated with change in bodymass and the
testes contain receptors for both IGF-I and growth hormone. Moreover, IGF-I is recognized as having
a role in the regulation of spermatogenesis (Spiteri-Grech and Nieschlag, 1992), although the relative
importance of circulating and locally produced, intratesticular IGF-I is not clear. We have recently
tested the role of the somatotrophic axis in mediating the effects of nutrition on the testes by
immunizing mature Merino rams against growth hormone-releasing hormone (GHRH) and
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then offering them diets that provided 100% or 250% of their requirements for maintenance
(Walkden-Brown et cd., 1994a). Immunization reduced growth hormone and IGF-I concentrations to
very low values, but the treatment had no effect on the testicular response to nutrition (Fig. 4). These
findings clearly do not support a direct role for the somatotrophic axis in mediating the effects of
nutrition on the testis of rams, but they do not preclude a role for intratesticular IGF-I, which is not
under growth hormone control.

Nutritional and Metabolic Signals

The diets, including lupin grain, used to induce testicular growth in many studies, are high in both
protein and energy, raising the question of which of these major dietary components is most
important in regulating testicular function. This is an important issue because it provides the starting
point for more detailed investigation of the physiological pathways involved. For example, if energy
supply was found to be important, we would need to test whether the energy substrates themselves,
or the metabolic control systems involved in energy homeostasis, act on the reproductive axis. If
protein were important, we might be led to consider the influences of changes in the supply of those
amino acids that act as substrates for the synthesis of neurotransmitters (Schillo, 1992; Jenkins and
Grossman, 1993).

The early literature contains many references to the protein content of the diet, but few of them
compared rigorously designed rations that were balanced in nitrogen and energy contents. Braden et al.
(1974) clarified the situation with two experiments which clearly showed that the testicular response of
Merino rams is related primarily to the energetic component of the diet rather than to the protein
content. This conclusion was strongly supported by the detailed work of Murray et al. (1990). However,
there is little doubt that an appropriate balance of protein and energy is required to maintain testicular
function and that animals that are severely deficient in protein are unlikely to maintain testicular growth
at the expense of other tissues.

Interactionsbetweenfhe metabolicand reproductivecontrolsystems

In further pursuing the role of energy in the responses of Merino rams to lupin grain, we tested
whether the reproductive axis was influenced by the glucose—insulin system.

Glucose is the principal source of metabolic energy for the ram testis (Setchell and Hinks, 1967) and
for the ruminant brain (Pell and Bergman, 1983). Insulin was implicated because, in rats, it can cross the
blood—brain barrier into the cerebrospinal fluid (CSF), from where it is taken up by neural tissues (Baskin
et al., 1987; Schwartz et al., 1990), presumably those that contain insulin receptors, such as the median
eminence and mediobasal hypothalamus (Van Houten ei al., 1980; Baskin et al., 1987). These areas are
important in the control of GnRH release in sheep (Thiery and Martin, 1991).

In rams, the lupin supplement increases insulin concentrations in peripheral plasma as well as
cerebrospinal fluid, where the values are about 10% of those in plasma (Miller et al., 1993; Martin et al.,
1994b). In both plasma and cerebrospinal fluid, there is a tendency for glucose concentrations to increase
too, but they generally differ little from control values, presumably because of the regulatory influence
of the extra insulin. We tried to test the role of the glucose—insulin system by intravenous and
intra-abomasal infusions of glucose. These treatments greatly increased the circulating concentrations of
both glucose and insulin, but had no effect on gonadotrophin secretion or testicular growth (Boukhliq
et al., 1991, 1992). We tested the intracerebral route for administration of insulin by injecting it into the
third ventricle. In contrast to underfed ewe lambs (Schillo, 1992), this treatment increased LH pulse
frequency in mature Merino rams on a maintenance diet (Miller el-al., 1994); further work is therefore
required before it is known whether insulin—glucose interactions can provide a nutritional signal that
directly affects the reproductive axis.

It is important to remember that 70% of the energy requirement of ruminants is met by the
volatile fatty acids, primarily acetate, propionate and butyrate, that are produced by fermentation in
the rumen (Bergman, 1990). They are rapidly absorbed into the ruminal epithelium, where most of
the butyrate is metabolized. Propiona te is the only glucogenic volatile fatty acid and virtually all of it
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is absorbed immediately from the portal bloodstream by the liver where it is used for the production
of glucose. Most of the acetate enters the general circulation and is used directly as an energy
substrate by most peripheral tissues (Bergman, 1990). The possibility that volatile fatty acids could
act as a nutritional signal was suggested by Murray et al. (1990), who observed a tendency for
testicular growth to increase in rams fed a mixture of volatile fatty acids as a dietary supplement.
This effect was subsequently confirmed by Boukhliq et al. (1992, 1993), who also found that this
treatment increased LH pulse frequency and FSH concentrations, although it was not as effective as
the lupin supplement.

We have not completely rejected a role for protein or amino acids. Up to 35% of the protein in lupin
grain seems to escape fermentation and pass to the abomasum (Hume, 1974), where it is broken down
and absorbed in much the same way as in monogastrics. However, intra-abomasal infusion of casein did
not affect testicular growth in Merino rams, in the presence or absence of exogenous glucose (Boukhliq
et al., 1992), but it did increase FSH secretion (Martin et al., 1992) and tended to increase LH pulse
frequency. It is therefore possible to question whether a full response to protein requires a particular
combination of amino acids, perhaps one that differs from casein.

It is clear that we have only just begun to unravel these mechanisms and that this area of
investigation has a lot of potential, particularly as the volatile fatty acids, insulin and glucose all seem
to be involved in appetite control and, as we have pointed out above, there are strong links between
reproductive activity and appetite in seasonal breeders. The first step might be to determine which of
the volatile fatty acids elicited the endocrine response. Another important consideration is that
attention has been focused exclusively on gonadotrophin secretion as an endpoint. We have yet to
address the GnRH-independent pathways, which might respond differently to both energy and
protein in the diet.

Conclusions

Understanding of the numerous ways in which nutrition influences the reproductive system is improving
(Fig. 5). For mature male sheep, there is strong evidence for the GnRH-dependent pathways. Nutrient
supply changes GnRH pulse frequency and thus LH and FSH secretion. This hypothalamic effect seems
to involve changes in the responsiveness of the GnRH pulse generator to negative feedback through
mechanisms that are independent of the opioidergic neurones. The nutritional factor exerting these
effects still awaits identification. Candidates include the volatile fatty acids and intrahypothalamic insulin,
both of which affect GnRH pulse frequency (Fig. 5). Changes in glucose supply do not seem to be
involved.

For mature male sheep and goats, there is also strong evidence for the existence of GnRH-
independent pathways (Fig. 5), but we have little idea of their composition. Nutrients might directly
supply substrates for the seminiferous tubules or the interstitial cells, but the absolute requirement for
protein or energy for production of hormones and germ cells is small and current indications are that the
endocrine function of the testis of mature animals is poorly related to nutrition. More likely pathways
involve effects of nutritional status on the patterns of secretion of the hormones that control the
metabolic system (Fig. 5). Information on the effects of these hormones on gonadal tissues is scarce at
present, but the field is developing rapidly, particularly in relation to ovarian function (Lindsay ef al.,
1993). Our studies have led us to suggest that the somatotrophic axis does not play a direct role in rams,
but intratesticular IGF-I still awaits investigation.

Liver mechanisms (Fig. 5) have not been described in this review because few data are available for
male ruminants. However, they are potentially important (Lindsay et al. (1993) and have been included
for the sake of completion. In rats, the activities of the various enzymes controlling steroid metabolism
in the liver are under the control of growth hormone, so diet-induced changes in the secretion of growth
hormone might alter the products of steroid metabolism. In addition, nutritional stress affects blood flow
to the liver and may thus affect the rate of clearance of steroids and inhibin from the blood. Both
pathways could affect the biological activity of the circulating steroids with respect to negative feedback,
and thus the secretion of gonadotrophins. We do not know whether growth hormone affects steroid
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Fig. 5. A schema of the pathways through which nutritional stimuli might affect testicular activity. There is

evidence to support some of these pathways in the mature male ruminant (solid lines). This is particularly so for

the GnRH-dependent pathways that involve changes in GnRH pulse frequency and thus gonadotrophin secretion.

The actions of this pathway on seminiferous tubular activity have been clearly documented, but there appears to

be little effect on the function of the interstitial tissue, particularly testosterone secretion. However, intratesticular

testosterone is critical for the normal function of the seminiferous tissue, and the role of this relationship in the

effects of nutrition on the production of spermatozoa has not been assessed. The pathways indicated by broken

lines are hypothetical, being supported by circumstantial evidence in male sheep and goats, or by data from

studies of female ruminants or monogastric species. There is good evidence to support the existence of

GnRH-independent pathways but we have little idea of the systems that comprise them. The liver pathways

basically lead to changes in the intensity of the negative feedback exerted by the gonadal steroids and inhibin on

the hypothalamic-pituitary axis (Lindsay et a)., 1993). These pathways remain to be tested in male ruminants.

metabolism in ruminants, but there is evidence that progesterone clearance is altered in ewes. For mature

male ruminants, this area requires investigation.

The number and diversity of the interactions between the metabolic and reproductive systems

contrasts with the mechanisms underlying responses to photoperiodic or socio-sexual cues, which are

directed primarily through the final common pathway of the GnRH cells. This complexity has been a

barrier to progress and probably explains many of the inconsistencies in the literature—it seems likely that

males and females use different arrays of mechanisms, as do pubertal and mature animals of the same sex.
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