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Abstract

Advances in knowledge of mammalian physiology have been achieved through endocrine studies of sheep and deer. Such advanc-
es include the role of the pineal gland as the mediator between changes in daily photoperiod and melatonin secretion, plus the role
of thyroid hormones, for controlling reproduction in seasonally breeding livestock. Antlers provide an example of post-maturity
bone formation in a mammal and we have shown that additional hardening (mineralisation) of the antlers results from activation of
nearby oestradiol receptors. Based on studies of sheep, C-type natriuretic peptide has emerged in spite of its name as an important
adaptive signal for fetal well-being and may be an important regulator of brain function.
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Introduction

For some of us, how animals function — their
physiology — is a constant fascination. This is because of
the fact that despite the massive fund of knowledge that
has been accumulated under the heading of mammalian
physiology, we are still a long way from any complete
understanding of the mysteries of the body. My childhood
preoccupation with the inner mechanisms of man-made
machines has shaped my scientific career where I have
pursued the notion that if you look inside an animal
carefully enough you can determine how it works. I can
report now that there is nothing wrong with this notion —
it’s just that a lot more ‘looking inside’ will be required
before we have a complete picture. My interest has been in
the information pathways that coordinate function among
body organs, in particular the signalling molecules that are
often called hormones. The study of these ‘inner signals’
involves a branch of science known as endocrinology and,
where it involves hormonal signalling to, from or within
the brain, has the name — neuroendocrinology. Although
the record of my scientific research appears to be a jumble
of unrelated projects with a variety of animal species, they
are all mammals and there is a single underlying question —
How does it function? Some examples follow.

Seasonality of reproduction

We all know that sheep are seasonal animals. They have
annual cycles of appetite, wool growth and reproduction,
being so-called ‘short-day breeders’. We also know that
these cycles are somehow driven by changes in daylight.
However, when pressed for detail most people answer that
it is something to do with ‘daylength’. Considering that the
length of a day is 24 h — give or take whether it is a solar or
sidereal day — this answer is obviously unsatisfactory. What
they really mean is that the controlling factor underlying
seasonality is the number of hours of daylight — i.e., the
daily photoperiod — which changes in a predictable manner
that increases in amplitude as one moves further from the
Equator.

My first foray into viewing this process in sheep was a
study of New Zealand Romney, Polled Dorset and Merino
rams conducted at Massey University, New Zealand.
The rams showed marked seasonal variation in semen
characteristics and in levels of circulating reproductive
hormones (Figure 1, Barrell & Lapwood 1979a) but they
were probably always fertile to some extent throughout
the year. To determine the regulatory pathway between
photoperiodic signals and reproduction in sheep, the
nervous link between the eyes and the pineal gland was
interrupted by removing the cranial cervical sympathetic
ganglia from rams (Barrell & Lapwood 1979b; Barrell et al.
1987). This interfered with their reproductive seasonality
and further evidence for this mechanism was revealed soon
after by removal of the pineal gland itself (Figure 2, Barrell
& Lapwood 1978; 1979c; d). These studies were the first
for any livestock species to demonstrate the role of the
pineal gland as the mediator of photoperiodic signalling
and paved the way for showing that the hormonal signal
arising from the pineal gland — melatonin — could be
administered to deer (Adam & Atkinson 1984; Webster &
Barrell 1985; Asher et al. 1987) and sheep (Knight et al.
1992) for successful advancement of seasonal breeding, as
used by some farmers today. Years later, I took this work
further during a series of sabbatical visits with Professor
Fred Karsch at the University of Michigan, United States
of America. His laboratory had established that the annual
cycle of reproduction in sheep was driven solely by the
increasing daily photoperiod each spring. (Strictly speaking,
the cycle is ‘entrained’ by the spring photoperiods, rather
than ‘driven’ by them.) They had shown that only 70 nights
of administration of melatonin to pinealectomised Suffolk
ewes during spring was sufficient to maintain the strict
annual (i.e., 12 monthly) cycle of reproductive activity for
a whole year (Woodfill et al. 1991). We took this a step
further by showing that the melatonin signal delivered in
spring also had to be a ‘spring’ signal: a ‘winter’ signal
of nightly melatonin delivered at this time was unable to
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Figure 1 Seasonal variations in plasma testosterone
concentrations recorded from rams of three breeds (NZ
Romney, n = 6; Merino, n = 5; Polled Dorset, n = 4)
throughout a single year. Data are means with vertical lines
indicating + s.e.m. (Reproduced from Barrell & Lapwood,
1979, with permission from the publisher)
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maintain the annual cycle of reproductive activity (Barrell
et al. 2000). It is possible that this requirement for the
correct ‘quality’ of the signal (‘spring’), as well as the
correct timing (springtime), is common to all seasonal
mammals. However, we may never know for sure because
experiments of this nature in long-lived species are costly
and require several years of study. The present research
climate probably means that such studies are never likely
to be carried out again.

My knowledge of seasonality meant that when I read
about Weddell seals having a daily peak of circulating
melatonin concentration during summer (Griffiths et al.
1986) I experienced frank disbelief. At that time of the
year there are no hours of darkness available to provoke
secretion of melatonin from the pineal gland. With help
from Dr Grant Montgomery of AgResearch, New Zealand a
short but substantial study of our own in McMurdo Sound,
Antarctica put this apparent anomaly to rest by showing
that there is a complete absence of melatonin in the blood
of Weddell seals during the constant daylight of summer

Figure 2 Variations in plasma testosterone concentration
of pinealectomized or sham-operated rams (n = 4) exposed
to normal (solid lines) or reversed (broken lines) lighting
regimes for 9 months. Upper graph shows the changes
in daily photoperiod. E’, equinoctial photoperiod; S’,
solsticial photoperiod. (Adapted from Barrell & Lapwood,
1979, with permission from the publisher)
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(Barrell & Montgomery 1989). This accords with the now
well-established view that melatonin secretion from the
pineal gland during the hours of darkness provides animals
with an internal chemical signal that gives a measure of the
changing daily photoperiod. This internal signal is read by
cells in the brain, particularly in regions that house internal
biological ‘clocks’, e.g. the suprachiasmatic nuclei, and at
other regulatory sites in the hypothalamus and pituitary
gland in order to manage cyclical events such as seasonal
breeding.

Another aspect of regulation of seasonality was
revealed from work on the Lincoln University Deer Unit
following a visit by Professor Tony Care from Leeds
University, United Kingdom. His interest in a possible role
of the parathyroid glands in antler bone formation led us to
remove all the parathyroid tissue from some of our red deer,
which entailed removing both thyroid glands as well. This
increased the bone density of antlers (Care et al. 1985) and
we found that the stags survived in full health, even after
we had stopped providing thyroxine to compensate for the
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Figure 3 Changes in the antlers of (a) thyroidectomized and (b) intact red deer stags
(i.e. dead bone, casting, regrowth with velvet, cleaned antler) recorded for 18 months.
Variations in (c) testicular diameter and (d) plasma testosterone concentration of
thyroidectomized (e, n = 3) and intact (0o, n =4 in ¢ and n = 5 in d) red deer stags
recorded for 18 months. Arrow indicates date of thyroidectomy. Data are means with
vertical lines indicating & s.e.m. Asterisks indicate significant (*P < 0.05, **P < 0.01)
differences between means. (Reproduced from Shi & Barrell, 1992, with permission

from the publisher)
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structures grow in length from
their tips and the cartilage
becomes progressively
replaced by bone tissue until
full size is reached. Towards
this final stage of elongation
thereis arapid increase in bone
density, sometimes termed
‘terminal mineralisation’,
followed by death so that all
skin and associated tissues
slough off (‘velvet stripping’)
and the stag has two dead
antlers  (bones)  attached
to his live pedicles. Some
months later the antlers fall
off (‘casting’) and the cycle
of growth repeats itself.
Because there is a direct link
between these events and the
annual reproductive cycle,
the physiology of antlers has
captured my interest (Muir et
al. 1987: 1988). In particular,
I was intrigued by the potency
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of oestradiol, an oestrogen,
for stimulating the terminal
bone mineralisation process
in antlers. Oestradiol is much
more potent than testosterone
for this response (Goss
1968) and it has encouraged
us to investigate antlers for
the presence of oestradiol
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loss of the thyroid glands. However, to our surprise, the
stags remained in a state of permanent rut. We conducted
further studies on red deer which showed that, as found
in British ewes at about the same time (Nicholls et al.
1988), thyroidectomy prevents cessation of the breeding
season in stags (Figure 3, Shi & Barrell 1992; 1994) and
hinds (Anderson & Barrell 1998). This work was extended
in sheep by Professor Fred Karsch at the University of
Michigan (Moenter et al. 1991) with Dr James Webster
from AgResearch, New Zealand and myself as occasional
participants (Webster et al. 1991). Although this knowledge
about the role of thyroid hormones revealed a whole new
component in the regulation of seasonal breeding, we have
not been able to find any applications for its use in livestock
(Maurenbrecher & Barrell 2003).

Antlers are bones

Antlers are unique bones that are grown each year,
starting as cartilaginous structures attached to prominences
(pedicles) of the frontal bones of the stag’s skull. The

receptors (Table 1, Lewis
& Barrell 1994). A series of
studies led us to the finding
that oestradiol receptors are
present in the fibrous membranes surrounding the antler
shaft, i.e., the perichondrium around cartilage near the
antler tips and periosteum surrounding bony regions of the
shaft, but not within the bone tissue itself (Barrell et al.
1999). This was the first in vivo evidence for the presence
of oestradiol receptors associated with bony tissue in any
mammal and it should have implications for research
directed at understanding the occurrence of osteoporosis in

Winter

Table 1

Binding capacity

(fmol/mg protein)

n mean SEM

periosteum 10 73 17
tip 7 47 10
cartilage 6 23 11
calcifying cartilage 5 12 2
bone 0 nd
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humans. Typically, about the only situation in which adult
mammals form new bone is after a fracture. Otherwise,
humans for instance, reach peak bone mass in their late 20s
and, thereafter, it is all downbhill; the progressive loss of bone
affecting every adult human. This makes the phenomenon
of whole new bones (antlers) forming each year in adult
stags a remarkable, unique process that deserves much
further attention.

What is C-type natriuretic hormone?

The natriuretic hormones, atrial natriuretic hormone
(ANP) and brain natriuretic hormone (BNP), provide
signals that increase urinary sodium excretion — natriuresis —
hence their names. A third compound that is very similar in
structure has earned by default the name C-type natriuretic
peptide (CNP) but it does not appear to have much potency
as a natriuretic signal. However, we found that its levels
in the blood of female sheep (McNeill et al. 2009), deer
(McNeill et al. 2010) and cattle, soar during pregnancy,
peaking just prior to term and rapidly diminishing to
background values at parturition (Figure 4). Our discovery
that the source of CNP during pregnancy in sheep is the
placenta — specifically the binucleate cells of the trophoblast
(McNeill et al. 2010) — has led to the hypothesis that CNP
serves as part of an adaptive response to any event that
might restrict development of the fetus. Evidence for this
hypothesis has come from studies we have conducted in
collaboration with Professor Eric Espiner and his group
at the University of Otago, Christchurch, New Zealand.
Nutrient deficiency of ewes during early or late stages of
gestation causes an increase in the maternal circulating
concentration of CNP (Prickett et al. 2007; McNeill et al.
2012; Madhavan et al. 2016) and a similar change is seen
in women with complicated pregnancies just prior to the
occurrence of adverse events (Reid et al. 2014). CNP, thus,
may have potential as a marker of fetal well-being, and may
prove to be as useful to the veterinarian as to the obstetrician.

Apart from the changes associated with pregnancy,
concentrations of CNP in blood are generally very low.
In stark contrast, cerebrospinal fluid contains CNP at
concentrations far in excess of those in peripheral plasma
(Schouten et al. 2011). Regulation of CNP levels in
cerebrospinal fluid appears to be independent of plasma
concentrations (Schouten et al. 2011) and is not influenced
by the dramatic rise in peripheral levels during ovine
pregnancy (Wilson et al. 2015). In fact, we have found
that the levels of CNP in cerebrospinal fluid of sheep are
rigidly maintained even during anaesthesia and there is no
evidence of any diurnal change (Wilson et al. 2015). We
postulate that the high CNP levels and their apparently
tight regulation in cerebrospinal fluid indicate an important
action for this signal in the maintenance of brain function,
and we are pressing on with work to determine the role of
CNP in the central nervous system — using sheep as the
experimental model. The possibility of being associated
with making a substantial discovery here provides a strong
incentive for me to remain in the workforce.

Figure 4 Plasma concentrations of C-type natriuretic
peptide (CNP) in (a) ewes (e, pregnant; o, non pregnant;
n = 8) and (b) red deer hinds (e, pregnant, n = 8; o, non
pregnant, n = 4) recorded throughout the gestation period.
Parturition occurred at day 0. Data are means with vertical
lines indicating + s.e.m. (Adapted from McNeill et al., 2009
and 2010, with permission from the publishers)
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Concluding remarks

I have selected a few topics here to demonstrate that
endocrinology provides a platform from which it is possible
to engage farm animals in the quest for new knowledge
about basic mammalian biology that is beneficial for
both livestock production and medical science. In the
quest for scientific progress, laboratory animals have
their place, but I maintain that in vivo studies with larger
domesticated species are essential for providing the full
picture of mammalian physiology that is required for
improved livestock production and for better welfare of
animals and humans. Most body processes are regulated
by to-and-fro messaging with the central nervous system
and whether the chemicals that transmit these messages
are called hormones, neurotransmitters, cytokines or some
other name — they are certainly signals from inner space.
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