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Abstract

Introduction Prolactin is a peptide hormone mainly syn-
thetized and secreted by the anterior pituitary gland, but also
by extrapituitary tissues, such as mammary gland, decidua,
prostate, skin, and possibly the brain. Similarly, prolactin
receptor is expressed in the pituitary gland, many peripheral
tissues, and in contrast to prolactin, its receptor has been
consistently detected in several brain regions, such as cer-
ebral cortex, olfactory bulb, hypothalamus, hippocampus,
amygdala, among others. Classically, prolactin function has
been related to the stimulation of lactogenesis and galac-
topoiesis, however, it is well known that prolactin induces a
wide range of functions in different brain areas.

Purpose The aim of this review is to summarize recent
reports on prolactin and prolactin receptor synthesis and
localization, as well as recapitulate both the classic func-
tions attributed to this hormone in the brain and the recently
described functions such as neurogenesis, neurodevelop-
ment, sleep, learning and memory, and neuroprotection.
Conclusion The distribution and putative expression of
prolactin and its receptors in several neuronal tissues sug-
gests that this hormone has pleiotropic functions in the
brain.

Keywords Prolactin * Prolactin receptor * Extra-pituitary
prolactin - Neuroprotection * Neurogenesis * Excitotoxicity
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Introduction

Prolactin (PRL) is a pleiotropic hormone with a complex
expression regulation that modulates diverse physiological
processes, including angiogenesis, immune response,
osmoregulation, reproductive behavior, and lactogenesis.

There are some important reviews about the molecular
aspects of the regulation and function of PRL in several
organisms [1, 2], and others related to specific hypothalamic
areas involved in the control of lactation [3]. The aim of this
review is to describe evidence about PRL expression and its
physiological effects in several brain areas, including clas-
sical functions such as lactation as well as more recently
discovered effects on neurogenesis, neural plasticity, and
neuroprotection.

PRL and its pathway of molecular actions

PRL a single-chain polypeptide hormone, discovered in
mammals around the 1930s by Oscar Riddle [4], was found
in humans in 1970, by Friesen et al. It is mainly synthetized
by the lactotrophs of the anterior pituitary gland [2, 5-7],
but it seems to be locally produced by the central nervous
system. PRL can also enter the brain via specific transpor-
ters located in the membranes of the choroid plexus [8]. A
recent study reported that PRL transport into the mouse
brain is independent of the prolactin receptor (PRL-R), and
requires a transporter that has not been yet identified [9].
It has been reported that PRL is also synthetized and
secreted by extra-pituitary tissues, including many target
tissues, such as mammary gland, ovary, decidua, and
immune tissues, where PRL can act as a local autocrine/
paracrine factor with physiological/pathological sig-
nificance [2, 5-7]. Some pioneering data suggest that PRL
de novo synthesis and release occur in several extrapituitary
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Fig. 1 Expression of prolactin (PRL) and prolactin receptor (PRL-R)
in the brain. The figure shows a sagittal section of the rat brain with
indications of the areas containing putative cells expressing PRL,
PRL-R or both of them. The regions containing PRL are indicated by a

localizations including neuronal tissues in humans [5].
Importantly, human PRL gene is more complex than that of
rodents: PRL gene possesses a supradistal promoter, which
allows its extrapituitary expression (for more details see
review [5]). Various reports have consistently evidenced by
reverse transcription polymerase chain reaction (RT-PCR),
even after hypophysectomy, the expression of PRL tran-
scripts in different brain areas, such as the amygdala, tha-
lamus, cortex, caudate, hippocampus, cerebellum and
brainstem of the rat [10-15], and in hypothalamus and
cerebellum of rats and humans [10, 11]. In medial preoptic
area (mPOA) [14], periventricular preoptic nucleus, bed
nucleus of the stria terminalis (BNST), and paraventricular
nucleus of the hypothalamus, particularly, the ventral
region, PRL mRNA has been detected by in situ hybridi-
zation in sheep [14]. Importantly, PRL protein has only
been detected by Western blot in amygdala, preoptic area
and olfactory bulb in 135 day-old male sheep fetus [14].
The brain areas in which PRL expression has been detected
by different methodological approaches are summarized in
Fig. 1 and Table 1.

At the molecular level, PRL expression and regulation
are tissue-specific. There are distinct PRL variants, which
result from either alternative splicing or posttranslational
modifications. The occurrence of PRL variants is respon-
sible for some of the pleiotropic actions of this hormone,
since PRL can form dimers, polymers, and aggregates.
Marano and Ben-Jonathan published an extensive and
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black circle and regions containing PRL-R are labeled by a white
circle. In the figure, hypothalamic nuclei expressing PRL-R are shown.
C-P caudate-putamen, BNST bed nucleus of the stria terminalis, GP
globus pallidus

complete revision of the molecular aspects of PRL synthesis
and regulation in 2014 [2].

The biological actions of PRL are mediated by PRL-R,
which is expressed in many PRL target tissues and in the
brain [16—18]. The classical PRL-R consists of a single
transmembrane domain, a ligand-binding extracellular
domain, and a cytoplasmic domain required for signal
transduction. Within the cytoplasmic part of PRL-R, there is
a proline-rich BOX-1 domain—the JAK-2 kinase docking
site [1, 19].

It has been demonstrated that some isoforms of PRL-R
result from alternative splicing and proteolytic cleavage [,
17]. The most common isoforms described for PRL-R are
the long, intermediate, and short forms which result from
the proteolytic cleavage of membrane-bound PRL-R [17,
20]. Short and long PRL-R forms have been also reported in
different brain regions, such as: brainstem [10, 12, 13],
choroid plexus [21-27], hippocampus [10, 28-30] and the
hypothalamus [21-23, 26, 27, 30-35]. It has been reported
that PRL-R long-long dimers activate second messenger
pathways, via the activation of JAK-STAT-dependent sig-
naling pathway that involves the phosphorylation of STAT5
in the brain [36]. Also, PRL-R modulates the mitogen-
activated protein kinase pathway in the brain [2].

Although the classic role of PRL in female mammals is
the stimulation of lactogenesis and galactopoiesis, this
hormone induces a large number of functions, including
over 300 separate actions that have been reported in both
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[22, 28-30, 48] [114]

[15, 115]

(10, 30]

RT-PCR

Neuroprotection against excitotoxicity

Immunohistochemistry

RT-PCR, in situ hibridization

Radioimmunoassay,

Possible increase in dendritic sprouting,

Thalamus

immunocytochemistry

[15, 115]

synaptogenesis or neurogenesis

[31]

[21, 22, 40]

Regulation of endocrine and behavioral events [10]

Western blot, RT-PCR, in situ hibridization -

RT-PCR

Possible anxiolytic against stress in the

peripartum period

Amygdala

immunocytochemistry

14, 15

[21, 22, 27]

10, 14

RT-PCR, Southern blot

[155]

RT-PCR

[10]

Unknown

Basal ganglia

Radioimmunoassay,

RT-PCR, SAGE

Unknown

Cerebellum

immunocytochemistry
[15, 115, 165, 166]

[10, 11, 164]

females and males [17, 37—41]. In the brain, PRL actions
are related to sexual behavior [1, 17, 18, 41], maternal
behavior [10, 21, 42], neuroprotection [42—45], and neu-
rogenesis [44] among others. Moreover, an overexpression
of PRL and PRL-R has been reported in the brain and the
pituitary gland in lactation [46], stress [1, 47], and exposure
to injury induced by hypoxia and ischemia [28].

PRL action in different brain areas
Olfactory bulb
Maternal care (licking/grooming)

It has been found a relationship between some maternal-
specific behaviors of postpartum female rats and an increase
in PRL-R gene expression in the olfactory bulb [48]. This
area is important for the ability to discriminate different
odors in postpartum (for example, pups or intruders) [49],
thus, at the end of pregnancy and in parturition occur
important changes in the regulation of olfaction that prepare
the expecting mother to positively respond to the stimulus
coming from the newborn [50]. Licking/grooming fre-
quency has been used as a parameter to evaluate maternal
care of pups, and some studies report that olfaction is cri-
tical for the onset of this behavior [48, 50]. A recent study
shows that two sub-populations with high frequencies of
licking/grooming (HL) and low frequencies of licking/
grooming (LL) differ in PRL-R expression, HL mothers
express more receptors in the olfactory bulb compared to
LL [48], indicating that PRL is essential for the proper
display of licking/grooming behavior. However, a limitation
of this study is that only PRL-R mRNA expression was
evaluated and not the translated protein.

Moreover, in female mice the immunoreactivity of
phosphorylated (active) signal transducer and activator of
transcription 5 (pSTATS5-ir) during late pregnancy and
lactation in this area was observed [51]. Interestingly, PRL-
R mRNA was not detected in the olfactory bulb of C57BL/
6] male mice [32], nevertheless, PRL-R mRNA has been
detected by in situ hybridization in male and female fetus
and newborn rats [52].

Neurogenesis

In the last two decades, several studies have revealed the
potential role of PRL to regulate neurogenesis in the adult
brain. PRL has been implicated in some maternal behavior
in rodents. One of these adaptations is an increase in
neurogenesis in the subventricular zone (SVZ) due to ele-
vated PRL secretion in pregnant and lactating female mice
[53, 54] to mediate several reproductive behaviors including
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paternal recognition of offspring, and male pheromone
preference in females.

PRL-dependent increase in new neurons incorporated
into the olfactory bulb that is correlated with the enhanced
maternal behavior is observed after pregnancy [53]. Neu-
rogenesis and PRL-R gene overexpression in females may
contribute to adaptive behaviors during mating, pregnancy,
and postpartum.

Interestingly, when PRL is administered during neonatal
period, neurogenesis in hippocampal dentate gyrus and
olfactory bulb is reduced, and produces psychopathological
alterations during adult life [55].

Neurodevelopment

In fetal (60-135 gestation days) and adult sheep, the mRNA
and protein of PRL was detected by RT-PCR, in situ
hybridization and Western blot in different brain areas,
suggesting PRL effects in sheep neurodevelopment [14].
Besides, in adult rat, PRL-R is expressed at low levels in the
olfactory bulb but it is detected in abundance in the olfac-
tory bulb of the fetal rat in late gestation. PRL-R mRNA
and immunoreactive protein were detected in the olfactory
bulb on embryonic day 18, and in postnatal day 5, PRL-R
was expressed in abundance in mitral and tufted cells of the
olfactory bulb. This evidence suggests that PRL participates
in olfactory differentiation and development, and possible
regulation of neonatal offspring behavior and
maternal-infant interactions [52].

Cerebral cortex

mRNA and protein expression of PRL has been found in the
cerebral cortex by RT-PCR [10], even after hypophy-
sectomy in rodents, by radioimmunoanalysis, immunocy-
tochemistryl, and immunoprecipitation assays [15]. It has
been reported that PRL increases during hypoxic ischemic
injury in this brain area in juvenile rats [28]. Nevertheless,
the use of immunohistological methods cannot discriminate
between pituitary and locally produced PRL, and cannot
distinguish PRL variants or molecules with similar epitopes
[5].

Besides, many cerebral cortex areas also express PRL-R
(the cingulate cortex, neocortex, prefrontal cortex and par-
ietal cortex), in young and adult rats, in different physio-
logical conditions, by different methods including in situ
hybridization, RT-PCR, immunocytochemistry, and Wes-
tern blot [21, 23, 28, 31, 33, 35, 48]. The cerebral cortex
mainly contains mRNA for the expression of the long form
of PRL-R [21, 22]. In lactating rats, there is an increase in
the mRNA of the long form of PRL-R in hypothalamic
nuclei and parietal cortex [23]. However, studies performed
by RT-PCR in these areas may be inaccurate since

dissection of each of the structures confers some difficulty
and the wrong dissection of an area could cause masking or
dilution of results. Contradictory data have been reported by
Pi and Grattan [31] who did not observe significant staining
in the cerebral cortex of either male or estrogen-treated
ovariectomized rats [31]. In addition, other reports have not
found PRL-R expression in male adult intact mice by in situ
hybridization [32]. Also, recent studies report that in female
mice there is an increase in pSTATS-ir in different brain
structures during late pregnancy and lactation [51].

Lactating rats have lower reactivity to stress than virgin
rats, but display more aggressive behavior toward adult
intruders. During the lactation period, c-fos increases in
parietal and prefrontal cortices, indicating the activation of
these areas [56] Hence, motherhood is associated with
neuronal changes and plasticity in sensory systems, parti-
cularly in the brain cortex. Mother—pup interactions develop
shortly after delivery and have a long-term impact on the
brain and behavior of the former [57]. Certain maternal
behaviors are regulated by auditory and olfactory cues
given by the newborn, which activate some areas of the
cortex [50, 58, 59]. Whether the activation of sensory sys-
tems during lactation are related with PRL action, merits
further attention.

Additionally, PRL participates in glial responses fol-
lowing cortical injury caused by hypoxia. After damage,
PRL-R protein and mRNA content increase in glia more
than in neurons in cortex [28]. Astrocytes within the
penumbra and within the glial scar (reactive cellular process
that occurs after injury as a mechanism to protect and begin
the healing process in the nervous system) express PRL and
PRL-R, suggesting that hypoxia ischemia induces an acti-
vation of the PRL axis in regions of the cerebral cortex
affected by injury [28].

Corpus callosum

It has been reported that the long form of PRL-R can be
detected in the corpus callosum of adult virgin female rats
using RT-PCR and Western blotting [60], suggesting that
the cells of the corpus callosum respond to PRL. In contrast,
other studies have shown no PRL-R mRNA expression in
this area, but in adjacent areas [21]. In the gestational per-
iod, this tissue contributes to the proliferation or survival of
oligodendrocytes. It has been suggested that one mechanism
underlying the increased oligodendrocyte turnover seen in
lactating females compared to virgin females is mediated by
PRL. Interestingly, oligodendrocyte number in corpus cal-
losum seems to increase in relation with PRL levels.
Additionally, oligodendrocyte number positively correlated
with the size of the litter, suggesting that PRL, whose
concentration varies in accordance with the number of
lactating pups, contributes to oligodendrocyte proliferation
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and/or survival [61]. Besides, in pregnant or virgin female
mice treated with PRL an increase in the number of oli-
godendrocyte precursor cells and in the total number of
myelinated axons in the corpus callosum has been observed
[60].

Bed nucleus of the stria terminalis

Several authors have reported that PRL-R mRNA is
expressed in this brain area by hybridization [21, 22, 27,
34], while PRL mRNA has been detected by in situ
hybridization in adult and fetal sheep [14]. There is a slight
increase in the number of cells expressing the long form of
the receptor in the BNST on day 21 of gestation in the rat
(near delivery) [51] and at 2h postpartum [62]. In late
pregnant and lactating female mice, there was a higher
pSTATS immunoreactive cell density as compared with
virgin females [51].

Lesions in BNST have shown that it is an important
structure in the regulation of maternal care [63, 64] that it
has also been implicated in male intruder-induced maternal
aggression [65] and in the protection of pups from predators
[66]. However, more research is required to determine the
specific role of PRL in this brain area.

Choroid plexus

The highest levels and expression of short and long form
PRL-R detected in the mammalian rat brain have been
reported in the choroid plexus by Scatchard plot analysis,
by RT-PCR, followed by Southern blot hybridization of
PCR products, in situ hybridization and immunohis-
tochemistry [18, 21-23, 26, 27]. It has been shown that PRL
concentration increases in the choroid plexus after vascular
injection of radiolabeled PRL [67]. Some studies have
reported an increase in PRL-R mRNA levels in the choroid
plexus during lactation that correlates with an increase in
plasma PRL levels [51, 68]. It has been reported that PRL-R
gene possesses five alternative first exons and its expression
changes between tissues and physiological conditions.
During lactation in mice, the expression levels of murine
PRL-R gene exon variants (mEl;, mEl4 and mEls)
increase as compared with diestrus mice in choroid plexus.
Interestingly, in the choroid plexus PRL administration
induces an increase in PRL-R under mE1, expression [69].
Besides, it has been reported that PRL-R mRNA expression
in this tissue is mediated by mE1, in both male and female
rats during postnatal development as detected by real time
RT-PCR [25].

A recent report using knockout PRL-R mice demon-
strated that PRL enter into the brain independently from its
receptor. Importantly, the authors reported that PRL

@ Springer

transport occurs mainly from the cerebral vasculature rather
than the choroid plexus [9].

Additionally, it has been reported that restraint stress in
male and female rats is followed by a prolonged increase in
PRL plasma levels and in mRNA expression of long form
PRL-R in choroid plexus likely to contribute to attenuate
stress [24].

Hypothalamus

There are various reports that have detected mRNA
expression of PRL in several nuclei of the hypothalamus in
the female rat and fetus and adults sheep using RT-PCR,
real time RT-PCR techniques and in situ hybridization [10,
11, 14, 26, 30, 70], and the protein has been detected by
Western blot and immunocytochemistry [19, 71]. In this
brain area, the increase in PRL during lactation and other
physiological conditions induced PRL-R expression [21—
23, 26, 27, 30-35, 70] in some hypothalamic nuclei, such as
the ventromedial (VMN), supraoptic, paraventricular, arc-
uate [23], suprachiasmatic nucleus, and mPOA [19, 72]. It
is important to mention that when microdissecting hypo-
thalamic nuclei, there is a possible mixing of hypothalamic
nuclei due to their small size and closeness. However, in
histological studies the expression of PRL-R in situ has
been recently reported in several hypothalamic nuclei
(involved in sociosexual and maternal behavior), such as
mPOA, arcuate, paraventricular, supraoptic, and VMN [51].

Ventromedial nucleus (VMN)

It has been reported that PRL-R mRNA expression in the
VMN of female rat is not modified during pregnancy [22],
but increases during lactation [23]. In contrast, PRL-R
protein has been detected in the ovariectomized plus
estrogen-treated rat or in diestrous rat [31]. PRL-R in the
VMN has been implicated in the increased food intake of
lactating rats [23].

The VMN is involved in feeding behavior control, evi-
denced by the fact that lesions in this area cause hyper-
phagia or weight gains in mammals, including rats [73],
monkeys [74], and humans [73, 74]. Interestingly, intra-
cerebroventricular PRL administration to virgin and ovar-
iectomized female rats causes an increase in food intake
[75, 76].

Supraoptic and paraventricular nuclei

During breastfeeding, magnocellular neurons in the
supraoptic and paraventricular nuclei synthesize oxytocin
and vasopressin, which in turn induce milk ejection [72, 77,
78], and maternal care behavior in mothers or even in virgin
females [79-81]. An increase in PRL has been related to
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maternal care and milk ejection after delivery, both neces-
sary for the survival of the offspring. In addition, PRL
administration in virgin female rats promotes an increase in
oxytocin and vasopressin plasma levels [82]. Recently, it
was reported that pSTATS, whose expression changes via
activation PRL-R, is expressed in most oxytocin neurons of
late-pregnant and lactating rats, but almost absent in oxy-
tocin neurons of virgin rats, thus contributing to the adap-
tations required for offspring care [83]. Consistently, mice
show an increase in pSTATS-ir in paraventricular and
supraoptic nuclei, during late pregnancy and lactation [51].

Vasopressin neurons are related to osmoregulation,
increasing reabsorption of water in the kidney, which in
conjunction with augmented drinking behavior restores the
tonicity of blood. In pregnant rats (near to delivery), there is
a decrease in serum osmotic pressure related to a high
vasopressin status, in a similar manner during lactation,
suckling stimulation induces release of vasopressin, which
could dilute the blood, resulting in the increase in circu-
lating blood volume [84]. However, recent data show that
vasopressin increase during lactation could not be com-
pletely attributed to PRL, since only some vasopressin
neurons express pSTATS in the supraoptic nucleus of late
pregnant and lactating rats [83]. Additionally, intracer-
ebroventricular PRL administration diminishes
corticotropin-releasing factor in the parvocellular part of the
paraventricular nucleus of ovariectomized estradiol-treated
rats after acute restraint stress [85], suggesting that PRL
helps to mitigate the stress response.

Apart from the classical functions in the hypothalamus,
PRL has an important role in sleep regulation. It has been
recognized that PRL is the major mediator to induce rapid
eye movement sleep (REMS) after different stressors.
Besides, it has been demonstrated that PRL exerts sleep
effects that have been related with the activation of the
corticotropin—corticosterone axis, which promotes PRL
secretion in rats, increasing REMS [86—88]. The stimulation
of PRL expression mediated by vasoactive intestinal peptide
and peptide histidine methionine enhances REMS in rats,
cats, and rabbits [89]. In agreement, the exposures to ether
vapor [87], social defeat stress [90], and restraint stress [87,
90, 91] increase both PRL expression in lateral hypothala-
mus [91] and serum PRL levels [90, 91], promoting REMS
[87, 90, 91] and NON-REMS [90, 92]. The molecular
mechanism involved in the regulation of sleep by PRL
remains unclear.

Arcuate nucleus

PRL has been involved in the suppression of fertility during
lactation through the reduction of luteinizing hormone (LH)
and gonadotropin-releasing hormone secretion into the
portal blood [1, 3, 93, 94]. Kisspeptin neurons in the arcuate

nucleus regulate LH pulsatility secretion [95] and most of
neurons in this nucleus co-express PRL-R [96]. Thus, lac-
tating rats present high PRL levels and reduced LH plasma
levels. Also, virgin ovariectomized rats treated with PRL
show a reduction of kisspeptin expression in the arcuate
nucleus as well as low LH plasma levels [94, 97].

The arcuate nucleus is implicated in the negative feed-
back regulation of PRL secretion by an increase in tuber-
oinfundibular dopamine (TIDA) neuronal activity [98],
which show an increase in dopamine turnover in response to
PRL [46]. In this sense, the highest density of pSTATS-ir
cells was observed in the arcuate nucleus of female mice
probably including TIDA neurons [51].

Recent findings show that another neuronal population,
Al5 dopaminergic neurons, of the rostral hypothalamus
could participate in the regulation of GnRH secretion and
negative feedback regulation of PRL. The pSTATS
expression is induced during lactation or by the exogenous
PRL administration to diestrus rats, accompanied by an
increase in dopamine turnover, nevertheless, the role of
these neurons is unclear, since A15 dopamine neurons co-
express kisspeptin and innervate GnRH neurons that could
participate in the suppression of fertility [46].

Medial preoptic area (mPOA)

Additionally, it has been observed that mRNA expression
for the long form of PRL-R slightly increases in mPOA of
female rats before delivery [22]. Treatment of experienced
female rats with PRL increases PRL-R and PRL in this area,
which has been involved in maternal behavior [99]. Simi-
larly, the mPOA of female mice displayed high levels of
pSTATS labeling at the end of pregnancy and in lactation
[51]. It has been shown by RT-PCR, Western blot, and
radioimmunoassays that suckling can induce synthesis and
release of PRL in mPOA and PVN of lactating rats [100].

mPOA plays a crucial role in the full expression of
maternal behavior and peripartum adaptations in lactating
rats [64, 101]. Bilateral administration of PRL into mPOA
promotes a rapid onset of maternal care in virgin female rats
that have been pretreated with estradiol and progesterone
[102]. Tt has been demonstrated that PRL-R is essential for
appropriate performance of maternal behavior, PRL-R—/—
females are sterile, but heterozygote PRL-R+/— mothers
have offspring that show alterations in maternal behavior
[17].

Suprachiasmatic nucleus
Neurons expressing the short form of PRL-R mRNA have
been found in the suprachiasmatic nucleus [21, 31], which

coordinates circadian events [103]. It is well known that
suprachiasmatic nucleus regulates PRL secretion [104], and
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it has also been suggested that this nucleus is necessary for
the circadian signal involved in the preovulatory surge of
PRL during proestrus day in rodents. A lesion in this
nucleus annuls the PRL surges [105-107]. Additionally, in
many species of wild animals that breed seasonally such as
sheep, PRL production shows an annual cycle and there is
increased PRL secretion during the spring and summer
season, regardless of the timing of the breeding season [108,
109].

PRL and endocrine development

Besides having effect in adults, some reports suggest that
PRL is important for development of the hypothalamus of
neonatal rats [17, 110]. In many mammals, PRL is present
in maternal milk and can be absorbed by the intestinal
epithelium of neonatal animals, and then transfer to the
circulation [111]. Moreover, PRL-R expression is very high
in the fetal brain but decreases in adulthood [112], sug-
gesting that it should have significant effects during
development. A decrease in milk PRL levels in lactating
mothers (by daily injections of bromocriptine) during a
critical postpartum period impaired the activity of the TIDA
system in pups [110], and in their adulthood showed an
increased latency to display maternal behavior in compar-
ison to offspring of control mothers [113]. These data
suggest that breast milk-PRL participates during the early
postnatal period in the development of neural circuits that
control negative feedback regulation of PRL and maternal
behavior and negative feedback regulation of PRL [110,
113].

Hippocampus

Some studies have described the expression of PRL and
PRL-R in in vivo and in vitro studies of rat hippocampus
[10, 15,22, 28, 30, 48, 114, 115]. This is an important brain
region implicated in multiple physiological behaviors,
including spatial information acquisition and retrieval, as
well as consolidation and storage of memory, among others
[116]. However, it has not traditionally been associated with
motherhood.

Memory, cognition and learning

Scarce studies have analyzed the participation of PRL
related to memory and learning, and the results of these
limited reports are controversial. Compared to nulliparous
rats, maternity is related to improved cognitive performance
in primiparous and multiparous animals, which exhibited
improved spatial memory in the dry land maze, greater
exploration in the elevated plus-maze [117], and better
performance in a radial arm maze [118-121]. In
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primiparous female rats, there was enhanced spatial work-
ing and reference memory compared with nulliparous
females, although these memory-associated parameters did
not improve with subsequent pregnancies [120]. Con-
versely, in pregnant women, high levels of PRL and steroid
hormones (estradiol, progesterone, testosterone and cortisol)
are associated with cognitive impairment in verbal recall
and in tasks involving processing speed [121].

Studies in male rats with hyperprolactinemia show
impaired object recognition without modifications in spatial
learning [39]. In older men, higher PRL levels have been
associated with lower cognitive performance in verbal and
working memory [122]. On the other hand, studies on
hippocampus-dependent memory show that PRL-R loss in
null mice results in learning and memory deficits in both
males and females [123]. Interestingly, kainic acid (KA)
administration induces cognitive deficit in novel object
recognition tests, that is prevented with PRL 1h after KA
administration [124]. Also, PRL null mice have learning
and memory deficits in the Morris water maze test and Y-
maze test that were reversed by PRL administration into the
hippocampus, reinforcing the evidence that PRL is required
for the acquisition of normal learning and memory in the
adult mouse hippocampus [123].

Neurogenesis

PRL is also implicated in hippocampal neurogenesis [125,
126] and neuroprotection [114]. The hippocampal sub-
granular zone of the dentate gyrus is one of the two areas of
the brain known to originate adult stem cells [127]. Dif-
ferent studies of hippocampal anatomy have also revealed
that motherhood modifies cell proliferation and survival in
the dentate gyrus of the hippocampus [125]. For example,
PRL mediates the increase in SVZ neurogenesis associated
with pregnancy [53], and male pheromone-stimulated neu-
rogenesis in the adult female brain [128]. This increase
could be mediated by PRL-R, since reduction of PRL-R
diminishes neurogenesis [17].

Moreover, it has been demonstrated that infusion of PRL
into the lateral ventricle of male mice significantly increases
proliferation in the dentate gyrus [126]. Contrarily, psy-
chosocial and physical stress impairs hippocampal cell
proliferation and neurogenesis [129, 130]. The administra-
tion of PRL protects hippocampal neurogenesis in the
dentate gyrus of chronically stressed adult male mice [29],
in contrast, in newly born rats PRL reduces neurogenesis
and cell survival in both dentate gyrus and olfactory bulb
[55]. In this context, PRL-R-null female and male mice
have a reduced number of hippocampal precursors, while
the infusion of PRL into the adult dentate gyrus is able to
promote the activation of a pool of latent precursor cells in
this brain area [123]. Conversely, in an excitotoxicity
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model, KA administration causes pyramidal loss in CAl,
CA3 and CA4 of the hippocampus of the female rat, and
PRL treatment did not modify the neurogenesis rate [128].
Recent reports show that addition of exogenous PRL to
primary culture adult hippocampal cells resulted in an
increase in neurosphere number. Accordingly, PRL admi-
nistered into the adult dentate gyrus significantly increased
the neurosphere number. Additionally, PRL null mice
showed a reduction in the number of hippocampal-derived
neurospheres compared to wild type mice [123].

Neurodevelopment

PRL effects during neurodevelopment have been poorly
studied and different effects have been observed depending
on the age of the animal. Recently, it has been reported that
the lack of PRL in breast milk produces different endocrine
disruption in the hypothalamus [109, 112]. As we pre-
viously mentioned, neonatal administration of PRL on days
1-14 of postnatal life decreases hippocampal neurogenesis
and olfactory bulb cell survival in pups. It is important to
mention that PRL treatments were additional to PRL
breastmilk source during lactation [55], which gives evi-
dence to support that changes in PRL may affect the
development of different circuits in the brain.

Interestingly, pregnant rats exposed to 20h of REMS
restriction (14th to 20th gestational day) exhibited an
increase in plasma PRL levels, and their fetuses showed an
increase of brain-derived neurotrophic factor in hippo-
campus [127] possibly due to PRL augment.

Neuroplasticity

PRL significantly participates in the neuroplasticity
observed during pregnancy and lactation. For example,
dendritic spines represent one cellular substrate of
experience-related plasticity and synaptic stability [131].
Besides, it has been reported that there is an increase in
dendritic spines in the CAl region of the hippocampus
during late pregnancy and early postpartum, an effect pre-
sumably brought about by the increase in PRL during these
periods [132]. Similarly, some studies have shown that
compared to nulliparous women, primiparous and multi-
parous females present dendritic remodeling in the CA1 and
CA3 hippocampal regions. For instance, multiparity resul-
ted in an enhanced spine density in the CA1 region, which
was related to the number of male pups in the litter [133].
However, other studies reported no effects on the number of
synaptic spines in the CAl region during the postpartum
period [134].

Neuroprotection

PRL has also shown an important role in hippocampal
neuroprotection, evidenced by a decrease in the excitatory
glutamatergic activity in the hippocampus [43], and in the
cerebral cortex during lactation, with a diminished excita-
tory response to N-methyl-D-aspartate (NMDA) stimulation
[135]. It is known that pregnancy reduces binding to exci-
tatory amino acids in the hippocampus, including NMDA
and non-NMDA receptors [136]. In addition, glutamate
excitotoxicity has been involved in the development of
neurological disorders such as epilepsy and cell death
observed after hypoxia and ischemia [137, 138]. It has been
shown that PRL is released into the systemic circulation in
response to epileptic seizures, and long-term PRL treatment
modulates seizure activity [139].

Pregnancy decreases the frequency of spontaneous
recurrent seizures induced by KA [140]. Additionally,
during lactation there is greater resistance in the female
brain to NMDA-induced neuronal activity, expressed as a
decrease in seizures and the absence of c-fos expression in
specific regions of the brain [135]. Kainic acid administra-
tion mainly produced a loss of pyramidal cells of CA1l in
diestrus rats; in contrast, there was a neuroprotective effect
in lactating rats [43, 44, 141]. Since lactation protects pyr-
amidal neurons of the dorsal hippocampus against KA-
induced neuronal damage, it has been proposed as a natural
model of neuroprotection [43, 44]. Interestingly, further
studies have also demonstrated that pretreatment with sys-
temic PRL prevents intracranial KA-induced excitotoxic
damage in the dorsal hippocampus [42, 141], and dimin-
ishes the convulsive effects of KA on intact and OVX rats
[42, 141]. Recently, a neuroprotective effect of PRL
mediated by PRL-R was reported against glutamate exci-
totoxicity in an in vitro model using primary cell cultures of
hippocampal neurons [114]. This effect implicated in part
by NF-kB and restoration of the intracellular calcium
homeostasis and mitochondrial activity [142].

Thalamus

In the rat thalamus there is evidence of PRL mRNA
expression found by RT-PCR analysis [10] and the protein
has been detected by Western blot and immunocytochem-
istry [15, 115]. Moreover, the finding in pregnant rats of
scattered neurons expressing mRNA of the short form PRL-
R suggests that they influence the mediation and coordi-
nation of PRL-regulated endocrine and behavioral events
like reproduction, feeding, maternal care, and lactation,
among others [21, 22, 40]. Nevertheless, the fact that there
are so few cells expressing PRL-R in this structure suggests
that the role of this hormone is not too relevant.
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This brain area receives ascending afferents from sensory
and motor pathways and projects them to the middle layers
of the neocortex [143]. A higher level of N-acetylaspartate
was observed in the thalamus of pregnant rats, which may
be associated with increased dendritic sprouting, synapto-
genesis or neurogenesis in this area [144]; however, further
research is require to elucidate the role of PRL in this area.

Amygdala

The expression of PRL [10, 14, 15] and PRL-R [21, 22, 27]
has been detected in the amygdala of rats and mice. Addi-
tionally, pSTATS-ir was found in amygdala of pregnant and
lactating female mice suggesting activation of PRL-R in this
area [51]. However, its function in this area is not fully
elucidated, but one possibility is that it participates in the
circuit for maternal aggression, this network comprises
lateral septum, the BNST, amygdala, the mPOA, the para-
ventricular nucleus, the VMN, and the locus coeruleus,
among others [51]. Nevertheless, there was no significant
correlation between serum PRL levels and maternal
aggression to intruders in female mice [145].

Instead, pup-derived sensory stimulation of the mothers
has been proposed as the pivotal factor promoting maternal
aggression [51, 146]. Therefore, prolonged action of lac-
togenic agents (for example, PRL) during pregnancy and
not its acute action after parturition can promote the onset of
maternal aggression [51]. In accordance with this, vaso-
pressin intracerebral microdialysis within the central
amygdala of lactating Wistar rats has been positively cor-
related with the display of maternal aggressive behavior
[147].

Also, several authors have speculated that a possible role
of PRL in this brain region may be related to the modulation
of the neuroendocrine stress axis by the limbic system [51].
Stimulation of the amygdala results in an “arrest” char-
acteristic in the first phase of the stress response [148] and
an increase in the release of the adrenocorticotropic hor-
mone [149]. Chronic PRL treatment of virgin female rats
significantly reduces c-fos mRNA expression within the
central amygdala [150]. When acting on various relevant
brain regions, PRL works as an anxiolytic agent. Besides,
the intracerebroventricular and intravenous administration
of PRL produced anxiolytic effects in both male and virgin
female rats [150, 151]. Additionally, reports show low
anxiety levels in pregnant and lactating rats [152, 153].
Hence, it has been suggested that PRL contributes to the
attenuated stress response found in the peripartum period of
pregnant women [150, 151].

PRL increases NREMS and REMS during recovery after
stressors in hypothalamus and the dorsal raphe nucleus of
rats [91, 92], but a microinjection of PRL in the central
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nucleus of the amygdala decreases NREMS, while REMS
was not affected [154].

Basal ganglia

In the nuclei of basal ganglia, there is evidence of mRNA
expression of PRL [10] and the long and short PRL-R forms
(found by using RT-PCR combined with Southern hybri-
dization) in the substantia nigra, nucleus caudate, putamen,
globus pallidus, and ventral pallidum, in ovariectomized
rats [155]. The expression of both forms of PRL-R in these
brain areas provides evidence to support the hypothesis that
PRL has direct actions on these regions [155]. However,
more studies are required in this respect.

A high PRL concentration is involved in the pathogen-
esis of systemic lupus erythematosus in human beings, as
well as in the autoimmune disease model of NZB/NZWF
mice [156]. Some authors speculate that high PRL pro-
duction is related to a reduction in striatal dopamine activ-
ity. In this sense, an inhibition of PRL release has been
demonstrated in sheep following stimulation of the nucleus
accumbens and caudate-putamen [157]. Furthermore, in
NZB/NZWF mice model there was a significant increase in
dopamine transporter binding in subdivisions of the
caudate-putamen posterior nucleus [156], which suggests
the possible participation of striatal dopamine system in
PRL synthesis.

Raphe

Limited studies have been performed on PRL or PRL-R
expression in raphe. PRL. mRNA has been found in the
brain stem, but it is not known whether this expression
corresponds to the raphe nuclei or other nuclei located in
pons [10, 12, 13]. Recently, Brown and coworkers reported
expression of pSTATS5 in dorsal raphe and raphe obscurus
on lactation day 7, suggesting the activation of PRL-R in
these nuclei [158]. Additionally, serotonin (5-HT) stimu-
lates PRL secretion in female rats, while the inhibition of
the synthesis of 5-HT with p-chlorophenylalanine blocks
diurnal PRL release in early pregnancy [159-161]. The
serotonergic neurons of this tissue are involved in the reg-
ulation of suckling-induced PRL release in the hypothala-
mus [162]. Furthermore, neurotoxic lesions of the dorsal
raphe impaired suckling-induced PRL secretion and lacta-
tional performance [162]. Similarly, female rats treated with
a SHT2 receptor agonist decreased the latency to initiate
contact with pups and spent more time licking. Conversely,
the administration of agonists for the serotonin SHTIB
receptor increased maternal aggression after delivery.
Mothers with a genetic depletion of tryptophan hydroxylase
2, an enzyme responsible for the synthesis of 5-HT in the
brain, display increases in pup killing, for review see [163],
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indicating that 5-HT produced by the raphe nuclei could
indirectly regulate maternal behavior.

Recently, it has been reported that sleep deprivation
induces an increase in PRL in the hypothalamus and dorsal
raphe in the rat. In addition, PRL infusion into the dorsal
raphe nucleus increased the time and length of REMS
episodes 3 h after the administration [91].

Cerebellum

The expression of PRL mRNA and protein levels has been
reported in cerebellum of male and female rats, mice and
humans [10, 11, 15, 115, 164-166], with a decrease in its
expression during aging [150]. The expression of the PRL-
R has not been analyzed. Abs and collaborators [15] relate
cerebellar hypoplasia of congenital origin and cerebellar
ataxia with hypogonadotropic hypogonadism, a condition
with low serum gonadotropin and PRL levels. This study
mentions that there could be a relationship between
cerebellar-dependent coordination disorders and low levels
of hormones such as PRL [71], but no follow-up was done
to this study, so there are no more available data.

Summary

PRL is recognized as a pleiotropic hormone in reproductive
and peripheral tissues. More recently, evidence about its
involvement in different brain functions, including cogni-
tion, memory, and maternal behavior has been accumulated.
In the last few years, new functions have been attributed to
PRL, such as neuroprotection against excitotoxicity and
neurogenesis. In this context, continuous efforts in search-
ing molecules with neuroprotective properties and/or
stimulators of neurogenesis to treat different neurodegen-
erative diseases are in progress. In this sense, PRL becomes
a promissory candidate for the development of neuro-
regenerative therapies. The distribution and expression of
PRL-R and possible PRL in neuronal tissues, including the
forebrain and limbic system, suggest that this hormone has
many functions in the brain. Nevertheless, more investiga-
tion needs to be conducted to better understand other
functions of PRL and its mechanisms of action during
physiological and pathological processes in the brain.
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