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Prolactin, prolactin receptor and uncoupling proteins during fetal and
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Uncoupling proteins (UCP) 1 and 2 are members of the subfamily of inner mitochondrial
membrane carriers. UCP1 is specific to brown adipose tissue (BAT), where it is responsible for
the rapid production of heat at birth. In fetal sheep UCP1 is first detectable at approximately 90 d
of gestation; its abundance increases with gestational age and peaks at the time of birth. The
mRNA and protein for both the long and short form of the prolactin (PRL) receptor (PRLR) are
also highly abundant in BAT. Enhanced PRLR abundance in late gestation is associated with an
increase in the abundance of UCP1. This relationship between PRLR and UCP is not only present
in BAT. Similar findings are now reported in the pregnant ovine uterus, where PRLR abundance
reaches a maximum just before that of UCP2. However, the role of PRLR in BAT remains
undetermined. Rat studies have shown that PRL administration throughout pregnancy results in
offspring with increased UCP1 at birth. Studies in newborn lambs have shown that administration
of PRL (2mg/d) causes an acute response, increasing colonic temperature in the first hour by 1°.
This increased colonic temperature is maintained for the first 24 h of life, in conjunction with
enhanced lipolysis. After 7 d of treatment there is no difference in the abundance of UCP1 but an
increase in UCP1 activity; this effect may be mediated by an increase in lipolysis. Taken together
these findings suggest that PRL could be an important endocrine factor during pregnancy and
early postnatal life.

Prolactin: Prolactin receptor: Uncoupling proteins: Fetal and neonatal development: Brown
adipose tissue
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The hormone prolactin (PRL) is secreted primarily from
the anterior pituitary and is a member of the cytokine
superfamily, which also includes growth hormone,
placental lactogen and leptin. In most mammalian species
PRL consists of 197-199 amino acids and has a
molecular weight of 23kDa (Sinha, 1995; Goffin et al.
1999). The presence of PRL in the pituitary was estab-
lished first by the French researchers Stricker and Grueter
in the early 20th century, as a pituitary fraction capable of
inducing lactation in rabbits (Goffin et al. 2002). ‘PRL’
was later named by Riddle, Bates and Dykshorn, a group
of US researchers who made similar observations (Sinha,
1995; Bole-Feysot et al. 1998). PRL has been reported
to be associated with numerous physiological functions
(>300; Sinha, 1995; Goffin et al. 1999), including

reproduction and the growth and differentiation of the
mammary gland.

It was initially thought that PRL was synthesised and
secreted exclusively by the lactotroph cells of the anterior
pituitary. However, in recent years there has been an
increase in the number of tissues in which PRL or PRL-like
molecules have been reported to be present. These tissues
include the placenta, uterus, myometrium, brain, immune
system, mammary gland and adrenal gland (Ben-Jonathan
et al. 1996).

The expression of PRL is controlled by dopamine
negative feedback, although there are a number of other
factors that are capable of both stimulating and inhibiting its
synthesis and secretion (Gellersen et al. 1991). Pituitary
PRL acts via the classic endocrine pathway. It is secreted by
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the pituitary gland and transported via the circulation to act
on target cells via specific prolactin receptors (PRLR)
located on the plasma membrane (Bole-Feysot et al. 1998).
Locally produced PRL can act either on adjacent cells
(paracrine) or on the PRL-secreting cell (autocrine). These
methods of action allow PRL to be effective without always
altering its circulating concentration (Bole-Feysot er al.
1998).

Prolactin and fetal development

PRL is present in the human fetal circulation from mid- to
late gestation, which represents the period of maximal fetal
tissue growth, organ maturation and nutrient storage. The
human fetus expresses the PRLR in a diverse number of
tissues from 7-5 weeks of gestation (Freemark, 2001). For
the first 3 months of life human neonates have higher
plasma PRL levels than adults (Gluckman et al. 1981). In
preterm infants the PRL concentration in plasma sampled
during the first 2 d of neonatal life is related to gestational
age, with a marked increase in the PRL levels between
25 and 34 weeks of gestation (Lucas et al. 1990). The
process of normal labour is also known to increase plasma
PRL at birth, with babies born by Caesarean section having
lower PRL levels than babies born vaginally (Heasman et al.
1997).

PRL is present in the fetal circulation of many species;
until recently it was thought that the ovine fetus synthesised
its own PRL, as it was unable to cross the placenta due to its
large molecular weight (Gluckman et al. 1981; McMillen
et al. 1983). However, in a recent study it was shown that
when PRL is administered to rat dams throughout preg-
nancy, 60 % of the fetal PRL is derived from the maternal
blood (Yang et al. 2002). In rats the hypothalamus—pituitary
axis develops postnatally, while in sheep, in which the axis
matures before birth, fetal PRL synthesis and secretion are
well regulated (Phillips et al. 1999). There is an increase in
PRL and gene expression in both the circulation and the
pituitary during the last 10-15d of gestation in the sheep
fetus (Gluckman et al. 1981; Merei et al. 1993; Phillips
et al. 1996). These changes in circulating PRL are
dependent on an intact hypothalamus (Phillips et al. 1996).
This process coincides with tissue-specific increases in the
abundance of the PRLR, of which there are two forms, long
and short. The isoforms differ in the length and composition
of their cytoplasmic tails (Bole-Feysot ef al. 1998). mRNA
for both forms of the receptor, long and short, have been
found in the fetal perirenal adipose tissue during late
gestation in the sheep fetus, with mRNA expression
increasing between 90 and 125 d of gestation and declining
before term (Symonds et al. 1998). The rise in PRLR
mRNA in perirenal adipose tissue is observed before the
increase in plasma cortisol or rises in any of the other
circulating hormones, e.g. PRL or thyroid hormones
(Symonds et al. 1998). The stage of gestation at which
PRLR expression peaks in fetal adipose tissue coincides
with the first appearance of brown adipose tissue (BAT)-
specific uncoupling protein (UCP) 1 (Fig. 1). It has been
shown that the mRNA for the PRLR is then translated into
protein for both forms of the PRLR in the fetal adipose
tissue (Bispham ef al. 1999).
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Fig. 1. Effect of gestational age on (a) the thermogenic potential of
uncoupling protein (UCP) 1 (Symonds et al. 2001) and (b) prolactin
receptor (PRLR) abundance (short form (zz), long form (e)) in ovine
perirenal adipose tissue, as described by Symonds et al. (1998).
Values are means with their standard errors represented by vertical
bars.

Brown adipose tissue and uncoupling protein 1

BAT has been shown to be present in the majority of
mammals studied to date (Klaus et al. 1991) and is the main
source of non-shivering thermogenesis. In neonates of
precocial species, including lambs and human infants, non-
shivering thermogenesis and uncoupled oxidation within
BAT mitochondria are crucial for heat production in the first
few days of life (Cannon ef al. 1988). In contrast, in altricial
species, e.g. rats and mice, offspring huddle in a nest for the
first few days of life and heat production by non-shivering
thermogenesis becomes important only when the young
emerge from the nest (Cannon et al. 1988). Depending on
species, BAT is highly abundant and well developed at
birth, when the main stimulus for non-shivering thermo-
genesis is the steep decline in temperature at parturition
(Clarke et al. 1997¢). BAT is present throughout neonatal
and adult life in rodents, where it can be activated by
cold exposure (i.e. for cold-induced thermogenesis), by
diet-induced thermogenesis (e.g. by a cafeteria diet;
Gemmel et al. 1972; Ricquier & Bouillaud, 20005) and
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during emergence from hibernation (Ricquier & Bouillaud,
2000a). BAT is found in characteristic depots around the
body, with the main areas being interscapular, axillar,
perirenal, thoracic and between the neck muscles (Ricquier
& Bouillaud, 20005). In fetal and neonatal lambs 80 % of
the BAT is found surrounding the kidney, and is therefore
termed perirenal adipose tissue.

BAT is unique in its ability to produce large amounts of
heat and is the only tissue in the mammalian body dedicated
to this role (Nedergaard & Cannon, 1992). The neonatal
sheep can produce on average 350-500 W heat’kg BAT
(Nicholls & Locke, 1983) compared with 1-3 W/kg in other
tissues (Power, 1989). BAT is specialised for its role in heat
production in a number of ways. It has a high extent of
vascularisation, which is important for transporting O, to the
tissue and allowing the heat produced to be effectively
distributed around the body. It also possesses a large store of
triacylglycerol droplets, which can be used as a fuel to
produce immediate heat when necessary (Cannon et al.
1988). The other important specialisation of BAT is the
presence of a large number of mitochondria that are filled
with many cristae (Gemmel ef al. 1972).

BAT is unique in being able to produce large amounts of
heat rapidly, due to the presence on its inner mitochondrial
membrane of the protein UCP1, or thermogenin, which can
produce heat as a result of the uncoupling of ATP oxidation.
Protons generated from the respiratory chain return to the
matrix of the mitochondria through UCP1, thus producing
heat (Lowell, 1998; Fig. 2). Activation of UCPI is highly
regulated so that heat is only produced under specific
conditions, when necessary. The overall capacity of BAT to
produce heat is dependent on the amount of UCP1 present in
the tissue and its thermogenic potential.
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Fig. 2. Schematic diagram showing possible interaction between
prolactin and its receptor (PRLR) to increase uncoupling protein
(UCP) 1 activity. FFA, non-esterified fatty acids; +, promotion of
hydrogen ions across the inner mitochondrial membrane via UCP1;
X, prolactin is not increasing the synthesis of UCP1 protein from
UCP1 mRNA.

https://doi.org/10.1079/PNS2003246 Published online by Cambridge University Press

BAT is present in the perirenal region of the sheep fetus
from 70 d of gestation and increases relative to body weight
until day 110. Sympathetic innervation is present at 130 d of
gestation and increases until term (day 147 in the sheep;
Symonds et al. 2001). UCPI is present in the mitochondria
of BAT of human infants and lambs. In lambs UCP1 is
present from the beginning of the third trimester and peaks
around the time of birth (Casteilla et al. 1987; Lean, 1989;
Clarke et al. 1997a). The activity of UCP1 also increases
with gestational age and reaches a maximum just after birth
(Clarke et al. 1997¢).

From birth to 30 d postnatally in sheep perirenal adipose
tissue develops further in two distinct phases, representing
the change from BAT to white adipose tissue. The first
phase occurs between birth and up to 1 week of age. During
this phase high quantities of UCP1 mRNA are maintained,
with a peak in the activity of UCP1 occurring at about day 4
(Clarke et al. 1997b). 1t is also during this phase that both
plasma leptin protein and mRNA increase to a maximum at
day 7 of postnatal life (Bispham et al. 2002). In the second
phase of this development, between days 7 and 30, there is
an increase in both the weight and lipid content of the
adipose tissue; this change coincides with complete loss of
both UCP1 mRNA and protein (Clarke et al. 1997b). It has
been suggested that these phases of development of BAT
could be directly linked to changes in body temperature
(Clarke et al. 1997b).

Prolactin receptor and uncoupling protein 2 in the
pregnant uterus

PRL is thought to be responsible in part for maintaining a
constant environment for embryo and fetal development.
PRLR-knockout models result in implantation failure and
fetal loss in early pregnancy; however, successful pregnancy
can be achieved with additional progesterone, suggesting an
association between pregnancy and PRLR (Reese et al.
2000). PRLR mRNA has been shown to be localised in the
ovine endometrium during pregnancy and to increase with
gestation (Cassy et al. 1999). The function of uterine PRLR
is unknown; however, it is thought to be vital for the
maintenance of pregnancy in late gestation (Reese et al.
2000). UCP2 mRNA is expressed in the uterus of rodents
(Fleury et al. 1997; Masaki et al. 1999); its expression
increases from mid-gestation, reaching a maximum level in
late gestation (Masaki et al. 1999). UCP2 is a mitochondrial
protein of the same family as UCP1 and was identified more
recently than UCP1 (Fleury et al. 1997; Gimeo et al. 1997).
Unlike UCP1, which is specific to BAT, UCP2 is expressed
in a variety of tissues, e.g. ovine brain, spleen, lung, liver
and white adipose tissue (Mostyn, 2001). At present, the
role of UCP2 is uncertain; it is thought to be involved in
lipid metabolism, resting metabolism and the regulation
of reactive oxygen species (Fleury & Sanchis, 1999;
Arsenijevic et al. 2000).

In view of the temporal association between UCP1 and
PRLR in BAT, it was decided to investigate the relative
abundance of PRLR and UCP2 protein in the ovine uterus
from mid- (85d) to late (135d) gestation. An increase in
both the long and the short forms of PRLR was found
between 85 and 99 d of gestation, and at 99 d abundance was
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Fig. 3. Ontogeny of the abundance of uncoupling protein (UCP) 2
and the long (38 kDa isoform) and short (29 kDa isoform) forms of the
prolactin receptor (PRLR1 and 2 respectively) in the pregnant ovine
uterus as described by Pearce et al. (2003). (a) Western blots for
UCP2 and PLRL1 at the gestational ages shown. (b) Abundance of
UCP2 (=) and PRLR 1 (zz) and 2 (). Values are means with their
standard errors represented by vertical bars.2.c.d.e Mean values with
the same superscript letter were significantly different (P <0-05).

maximal. In addition, UCP2 abundance increased with
gestation to reach a maximum at 114 d of gestation (Pearce
et al. 2003; Fig. 3). This relationship in the pregnant uterus
is similar to that reported between PRLR and UCP1 in BAT
(Fig. 1) and may implicate PRL as a ‘permissive’ factor in
the induction of UCP expression.

Nutritional and endocrine regulation of fetal adipose
tissue development

A number of factors, including fetal number and maternal
nutrition during pregnancy, have been shown to alter the
abundance of PRLR and UCP1 in the neonatal lamb. The
deposition of fetal adipose tissue decreases with fetal
number (Alexander, 1978; Budge et al. 2003) and following
maternal nutrient restriction in late gestation (Budge et al.
2003). Twins sampled during late gestation and at birth have
significantly less (P<0-05) perirenal adipose tissue than
singletons at the same gestational age (Alexander, 1978;
Budge et al. 2003), and this finding correlates with
singletons having higher colonic temperatures than multiple
births. Twins also showed an increase in the abundance of
the short form of the PRLR compared with singletons
(Budge et al. 2002a). Being a twin may also have an effect
on the nutrition experienced whilst in ufero; twin fetuses
have lower plasma glucose levels than singletons (Symonds
et al. 2000).
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Increased nutrition during the second half of gestation
(from day 80 to day 140) has been shown to increase plasma
PRL levels (Symonds ef al. 2001) and lamb weight. These
heavier lambs had less adipose tissue with a higher
abundance of UCP1 and increased activity compared with
the control lambs (Budge ef al. 2000).

In sheep models in which nutritional or placental
restriction have been investigated differential effects have
been observed. In near-term fetuses from placentally-
restricted ewes, in which both O, and nutrient supply were
limited, there was an increase in UCP1 mRNA expression.
However, in fetuses from nutrient-restricted ewes, in which
intake was restricted to 50 % from 115 d of gestation, there
was a decrease in the expression of UCP1 (Budge et al.
2002a). Maternal plasma PRL concentrations were reduced
in ewes when they were nutrient restricted in the last third of
pregnancy, while fetal plasma PRL concentrations remained
unaltered (Koritnik et al. 1981).

Effect of prolactin on uncoupling protein 1 in the
neonatal and fetal rat

Although PRLR is expressed in BAT its role remains to be
established. It was shown recently that when pregnant rats
are infused with PRL throughout gestation there is a
reduction in the number of visible lipid droplets at birth
(Yang et al. 2001) and an increase in the abundance of
UCP1 (Budge et al. 2002b). PRL appears to increase
thermogenic activity in pups and this increase is associated
with an increase in the plasma leptin levels (Budge et al.
2002b). However, in lactating rat dams the opposite effect is
observed, with an increase in circulating PRL levels being
associated with a decrease in UCP1 (Chan & Swaminathan,
1990). In non-lactating adult rats PRL administration
stimulates leptin secretion (Gualillo ef al. 1999), which may
further act to increase UCP1 expression (Scarpace et al.
1997). When PRL was administered to rats at 15, 35 and
60d of age, however, a decrease in UCP1 abundance was
observed after 35d (Pearce et al. 2001). Both leptin and
PRL-releasing peptide have recently been shown to increase
core body temperature in rodents when administered
individually, with a greater effect seen when they were
administered together (Ellacott et al. 2002). These findings
suggest that the effects of PRL on thermogenesis in rodents
are dependent on both age and gender. Taken together these
findings suggest that PRLR could be an important factor in
the regulation of UCP abundance during pregnancy and
in later life.

Effect of chronic prolactin treatment to neonatal lambs

In order to determine whether PRL can promote thermo-
regulation in the newborn, a study was carried out in which
its effect on thermogenesis over the first 7 d of postnatal life
was investigated. Weight-matched 1-d-old triplet lambs
were included in the study and randomly assigned to
treatment with PRL (2mg ovine PRL/d) or a vehicle.
Colonic temperature and blood samples were taken daily
before treatment. Perirenal adipose tissue samples were
taken on day 7 for immunoblotting analysis using an ovine-
specific UCP1 antibody (Schermer et al. 1996).
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Fig. 4. The effect of chronic prolactin (PRL) treatment (2 mg/ml per
d) on colonic temperature in pairs of 1-d-old lambs treated daily with
either prolactin (e —e) or vehicle (0——0) for the first week of post-
natal life. Values are means with their standard errors represented
by vertical bars. Mean values for PRL-treated lambs were
significantly higher than those for the controls: *P<0.-05. (From
Pearce et al. 2000.)

This dose of PRL was sufficient to increase plasma PRL
levels fivefold (Stephenson et al. 2001), a level similar to
those observed during long days (Bassett ef al. 1989). There
was no difference in lamb body weight between the PRL-
and vehicle-treated groups during the study (Pearce et al.
2000). There is a natural decline in lamb colonic temper-
ature over the first 2 d of postnatal life, which is followed by
an increase up to day 7, reaching a level that is maintained
once independent feeding is established (Clarke et al.
1997b). The PRL-treated lambs did not exhibit this normal
decline in colonic temperature between days 1 and 2 of
postnatal life, and therefore had a significantly higher
(P <0-05) colonic temperature on day 2 (Pearce et al. 2000;
Fig. 4). There was no difference in the UCP1 abundance
between groups, but PRL-treated lambs had BAT with a
greater thermogenic potential than the controls (Genever
et al. 2001). This effect may be mediated by an increase in
non-esterified fatty acids since they activate UCP1 by
unmasking the guanosine diphosphate-binding site (Cannon
& Nedergaard, 1985), thereby increasing the amount of heat
produced. Fetal sheep have low plasma non-esterified fatty
acid concentrations. However, within the first few hours
after birth non-esterified fatty acids are rapidly mobilised
from triacylglycerol stores, and by day 2 these levels decline
(Noble et al. 1971).

Effect of acute prolactin treatment on neonatal lambs

In order to determine the acute physiological and molecular
changes that occur immediately before the colonic temper-
ature was increased by PRL, a more detailed investigation
was undertaken using 1-d-old lambs. Colonic temperature
and blood samples were taken from each lamb before and
during PRL administration (2mg ovine PRL) and up to
120 min post treatment.

PRL-treated lambs exhibited a significant (P <0-05)
increase in colonic temperature, which peaked at 40 min
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Fig. 5. The effect of acute prolactin (PRL) treatment (2 mg/ml) on
(a) colonic temperature 40min after treatment and (b) plasma
non-esterified fatty acid (NEFA) concentrations 2 h after treatment in
pairs of 1-d-old lambs treated on day 1 of postnatal life with either
PRL (e=) or vehicle (). Values are means with their standard errors
represented by vertical bars. Mean values for PRL-treated lambs
were significantly higher than those for the controls: * P<0-05.

post administration (Fig. 5(a)). This response was not
associated with any change in the abundance of UCP1, but
there was a marked increase in the plasma non-esterified
fatty acid concentration (Fig. 5(b)). These effects were
observed in the absence of any visible shivering, suggesting
that the response is likely to be due to non-shivering
thermogenesis in the BAT.

Conclusion

The positive relationship between PRLR abundance and
UCP during development in BAT and in the pregnant uterus
suggests that PRLR may be important in regulating
increases in UCP abundance in these tissues. PRL adminis-
tered to pregnant rats and neonatal lambs results in an
increase in UCP1 or improved thermoregulation, an effect
that is mediated in part by an increase in lipolysis. Future
research aimed at further understanding this action of PRL
has the potential to improve the health and viability of
infants and lambs.
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