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Abstract: 

It has previously been hypothesized that the state of prolonged hyperprolactinemia (elevated 

lactogenic hormones prolactin, placental lactogen I or placental lactogen II) during pregnancy 

signals to the brain to organize and coordinate all of the adaptations of pregnancy, including 

the reduction of anxiety and onset of normal maternal behavior postpartum. When this 

reduction in responsiveness to stress does not occur to the extent that it should, this can result 

in pathological postpartum anxiety. The aim of this study was to characterize serum prolactin 

levels during pregnancy and early lactation in mice, and additionally to determine when and 

where in the brain these lactogenic hormones act during this time. Immunohistochemistry for 

pSTAT5 was used to examine lactogenic induced activation of nuclei in the brain. 

Radioimmunoassay was used to evaluate serum prolactin levels in virgin mice in diestrus, on 

days 3, 7, 11, 17 and 19 of pregnancy, and on postpartum day 2. An additional group of mice 

were injected with progesterone twice daily from day 17 to day 18 of pregnancy and once on 

day 19 to prevent the pre-parturition drop in progesterone, and surge in prolactin. Serum 

prolactin levels were significantly elevated on day 3 of pregnancy during a crest, on day 19 of 

pregnancy and on postpartum day 2. Prolactin levels were significantly decreased on day 19 

of pregnancy in mice injected with progesterone compared to day 19 control mice. In the LS, 

BnST, RP3V, MPOA, PVN, ARC and VMN lactogenic induced signaling was significantly 

elevated in early pregnancy, compared to virgin controls. In these same regions in mid 

pregnancy and early lactation, there was a trend for an increase in lactogenic induced 

signaling, but the increase was not statistically significant. These results suggest that 

placental lactogens act through the JAK2/pSTAT5 pathway during pregnancy but not to the 

same extent as prolactin in early pregnancy. This may be due to chronically high levels of 

placental lactogens stimulating ligand induced receptor desensitization. Progesterone 

injections in late pregnancy prevented the pre-parturition surge in prolactin and resulted in an 
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increase in lactogenic-induced signalling in the RP3V, MPOA and VMN. Thus, the pre-

parturition drop in progesterone may be a requirement for the pre-parturition surge in 

prolactin. Furthermore, elevated progesterone levels may have a stimulatory effect on 

lactogenic induced signaling within the brain. These data demonstrate that the heightened 

sensitivity to prolactin that is seen postpartum in the maternal brain, which is correlated with 

normal expression of maternal behaviors, occurs by day 3 of pregnancy. These results 

contribute to the understanding of the mechanisms underlying the maternal adaptations 

necessary for maternal and fetal wellbeing, and thus, offer insight into new directions for 

future research identifying therapeutic treatments for impairments in maternal behaviors. 
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1.0 Introduction 

 

1.1 The Role of Lactogenic Hormones in Pregnancy Associated Adaptations 

The physiological state of pregnancy is associated with a large number of maternal 

adaptations necessary for maternal and fetal survival, including development of the breast 

(Ormandy 1997), increased appetite (Moore 1986), increased fat deposition (Freemark 2001), 

suppression of fertility (Ormandy 1997), onset of maternal behaviour (Grattan 2010; Larsen 

2010)  and a decreased response to certain stressors (Torner 2001). Many of the changes that 

develop during pregnancy are carried through into lactation, while others such as enhanced 

maternal responsiveness to offspring arise postpartum (Bridges 1997). Understanding why 

some of these changes occur is relatively straight forward, for example development of the 

breast is for milk production. What is not so easy to determine is how these changes occur 

and how they are organised and co-ordinated by the maternal brain. However, lactogenic 

hormone signalling induced by the pregnancy hormones prolactin and placental lactogen, has 

been linked to the development of a significant number of pregnancy associated adaptations 

(see figure 1.1 below). At least one of the lactogenic hormones; prolactin, placental lactogen I 

or placental lactogen II is elevated at any time point throughout pregnancy in rodents (Soares 

2004; Grattan 2008) and, for as long as suckling continues, into lactation (Grosvenor 1973). 

If lactogen levels are decreased during early pregnancy, or are blocked later in pregnancy 

normal maternal behaviours postpartum are significantly impaired (Bridges 1990; Grattan 

2010; Larsen 2010). Furthermore, genetically modified mice that lack the prolactin receptor 

display impairments in a number of the normal adaptations seen during pregnancy including 

mammary gland development, milk production and maternal behaviours (Binart 1988; 

Ormandy 1997). This has led to the hypothesis that it is the state of prolonged 
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hyperprolactinemia (elevated lactogenic hormone levels) during pregnancy that signals to the 

brain to organise and coordinate all of the adaptations of pregnancy (Grattan 2002). 

 

 

 

 

 

1.2 Post-Partum Anxiety 

One of the effects of a decrease in levels of lactogenic hormones during pregnancy is an 

increase in maternal anxiety postpartum. In humans, late pregnancy and lactation are 

normally anxiolytic states associated with a reduced responsiveness to physical and 

emotional stressors (Grattan 2002). The normal reduction in responsiveness to stress is 

postulated to be a physiological adaptation that assists the mother in coping with all of the 

changes associated with pregnancy, child birth and the additional stressors of the postpartum 

period (Grattan 2002). In some women this normal reduction in anxiety does not occur to the 

extent that it normally would, resulting in pathological levels of anxiety postpartum. 

Figure 1.1: Diagrammatic representation of a subset of the many adaptations which arise in pregnancy (Grattan, D. 

R, 2011). There has been an established link to either prolactin or placental lactogen in all of the adaptations listed 

with a *.  
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Postpartum anxiety is a debilitating disorder that affects at least 15% of women each year 

(Stowe 1995), with a higher rate of incidence among Maori women (Webster 1994). Why this 

disease affects some women and not others is not yet known but it does appear to be more 

prevalent within families, and thus a genetic or epigenetic basis is assumed (Tarantino 2011). 

The disorder is characterised by heightened levels of maternal anxiety during pregnancy, or 

after birth, which affects the mothers ability to carry out the normal day-to-day activities of 

daily living and thus, affects her ability to function as she normally would. This can be 

devastating for the mother, affecting her relationships with her partner and children (Barnett 

1991; O'Conner 2002; WHO 2011) and can also have long-term detrimental effects on the 

learning and behaviour of the offspring (Brouweres 2001; O'Conner 2002). If we could 

understand how altered levels of lactogenic hormones during pregnancy initiate postpartum 

anxiety, it may be possible to develop strategies for the prevention and treatment of a 

debilitating illness that detrimentally impacts on women, their infants, and their families. 

Unfortunately the understanding of this disorder has been hindered due to ethical constraints 

surrounding studies in humans, and until recently, by the lack of existence of an appropriate 

animal model.   

1.3 The Use of Rodent Models to Study Pregnancy Associated Adaptations 

Rodent models are increasingly being used to study the mechanisms underlying mood 

disorders during pregnancy and the postpartum period, and it is hoped that the results of these 

studies can be successfully transferred to our understanding of this disorder in humans 

(Neumann 2011). The high availability, small size, low cost, quick gestation time and 

aptitude for behavioural testing has made rodents particularly useful (Ben-Jonathan 2008), 

with mouse models becoming increasingly popular due to the availability of different strains 

of genetically modified mice (Ben-Jonathan 2008). However, while levels of lactogenic 

hormones have been well characterised in rats (Soares 2004; Grattan 2008), serum levels of 
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lactogenic hormones during pregnancy in mice, which are hypothesised to signal to the brain 

to cause the normal decrease in anxiety postpartum (Grattan 2002), have not yet been 

completely characterised.  

1.4 Signalling of Lactogenic Hormones  

Prolactin is secreted by spontaneous exocytosis from lactotroph cells of the anterior pituitary 

(Riddle O' Bates 1933; Wuttke 1977; Gershengorn 1986) whereas placental lactogen I and 

placental lactogen II are synthesised by placental trophoblast giant cells of the placenta (Faria 

1990).  All three lactogenic hormones are highly homologous in structure and function 

(Turkington 1966; Bridges 1996; Fujinaka 2007) and signal through binding to the prolactin 

receptor  with similar potency (Bridges 1996). Binding of prolactin to the long form of the 

prolactin receptor activates the Janus Kinase Signal Transducers and Activators of 

Transcription (JAK-STAT) intracellular signalling pathway (O'Neal 1994).  Specifically, in 

virgin rodents, binding of prolactin to the long form of the prolactin receptor in the brain 

primarily results in downstream activation of the intracellular JAK2/pSTAT signalling 

pathway (Grattan 2001; Brown 2010). Although there are three types of STAT’s that are 

implicated in this pathway (STAT-1, STAT-3 or STAT-5), STAT-5 has been shown to have 

vital roles in the biological actions of prolactin (Wakao 1994; Liu 1996; Bole-Fesot 1998), 

while the roles of STAT-1 and STAT-3 remain unclear. Each STAT molecule is 

characterised by six conserved domains; the amino terminal domain (~1-100aa), coiled coil 

domain (~100-300aa), DNA binding domain (~300-500aa), linker domain (~500-600aa), 

SH2 domain (~600-700aa) and the transcriptional activation domain (GAS motif) (~700+) 

(see figure 1.2 below) (Decker 1997).  
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The long form of the prolactin receptor is covalently associated with a janus kinase 2 protein 

(JAK2) (Lebrun 1994; Rui 1994). When lactogenic hormones bind at the cell membrane to a 

dimerized prolactin receptor complex, each JAK2 becomes activated and phosphorylates the 

receptor it is bound to at the tyrosine residue Tyr701 (Shuai 1993; Waters 1995) located 

within a proline rich region of the receptors cytoplasmic tail (DaSilva 1994; Lebrun 1995) 

(see figure 1.3 below). This activates the receptor by exposing binding sites for proteins with 

SH2 domains, such as STAT’s (Heim 1995). When STAT5 molecules are recruited to the 

activated receptor complex they are brought into close contact with JAK2, which 

phosphorylates these molecules at specific tyrosine, and sometimes serine residues (Kirken 

1997). Upon phosphorylation, STAT5 dissociates from the receptor and undergoes a 

conformational change, allowing the formation of STAT5 complexes such as STAT5 dimers 

or tetramers (Soldani 2000). These STAT5 complexes travel to the nucleus where they bind 

complex-specific interferon gamma-activated sequences of DNA (GAS motifs) (see figure 

1.3 below) (Decker 1997).  STAT5 homodimer GAS motifs share a common core 

TTC(T/C)n(G/A)GAA conventional GAS element sequence (Soldani 2000). Tetramer GAS 

Figure 1.2: Diagram depicting the generalised structure of STAT molecules from Schindler, C., 1999 (Schindler 1999). 

STAT molecules are characterised by 6 conserved domains : the amino terminal domain (NH2) (~1-100aa), coiled coil 

domain (~100-300aa), DNA binding domain (DBD) (~300-500aa), linker domain (~500-600aa) SH2 domain (~600-

700aa) and the transcriptional activation domain (TAD), also known as the GAS motif (~700+). 
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motifs have been shown to bind this same sequence, or a non-conventional sequence, as well 

as one half of another conventional GAS element sequence ~6bp away (Soldani 2000).  The 

binding of STAT5 complexes to specific GAS motifs promotes or prevents transcription of 

certain genes (Decker 1997). During pregnancy for example, complexes of STAT5 dimers 

and the protein tyrosine phosphatase SH2, enter the nucleus of mammary gland cells and bind  

the GAS motif  at position -87 to -99aa in the promoter of the B-casein gene. This binding  

promotes transcription of the B-casein gene involved in milk production (Chughtai 2002) . 
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Figure 1.3: Modified diagram from Freeman, M. E., et el, 2000 depicting long and short form prolactin receptor 

dimers and their proposed downstream signalling pathways (Freeman 2000). Long form prolactin receptor signalling 

is through the JAK2/pSTAT5 pathway (O'Neal 1994). When prolactin binds to long form prolactin receptor dimers, 

associated JAK-2 molecules are phosphorylated at tyrosine 701 (Shuai 1993; Waters 1995). This activates the 

receptor by exposing binding sites for molecules with SH2 domains, such as STAT5 (Heim 1995). When STAT5 

binds to the prolactin receptor it is brought into close contact with JAK2 which phosphorylates it at specific tyrosine 

and sometimes serine residues (Gouilleux 1994; Kirken 1997). Phosphorylation of STAT5 allows the dissociation of 

this molecule from the prolactin receptor and formation of complexes with other phosphorylated STAT molecules, 

such as dimers or tetramers (Soldani 2000). These STAT complexes travel into the nucleus of the cell where they 

bind complex specific interferon gamma activated sequences (GAS motifs) (Decker 1997). Binding of STAT5 

complexes to these GAS motifs promotes or prevents the transcription of certain genes, thus mediating certain 

biological effects (Decker 1997). Negative regulators of this pathway include molecules that prevent JAK2 tyrosine 

kinase activity (SOCS) (Endo 1997; Naka 1997; Starr 1997) or molecules with SH2 domains analogous for STAT5 

which act as competitive inhibitors for prolactin receptor binding (CIS) (Matsumoto 1997). 
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A number of negative regulators of this pathway exist, all of which belong to the suppressor 

of cytokine signalling (SOCS) family (Kile 2001; Krebs 2001). The negative regulators 

implicated in the JAK2/pSTAT5 pathway include the SH2 domain containing proteins CIS, 

SOCS-1 and SOCS-3 (Endo 1997; Naka 1997; Teglund 1998; Davey 1999).SOCS proteins 

inhibit prolactin receptor signalling by inhibiting the tyrosine kinase activity of JAK2, thus 

preventing any signal reaching the nucleus (Endo 1997; Naka 1997; Starr 1997). CIS proteins 

inhibit prolactin receptor signalling by binding to phosphorylated tyrosine on the prolactin 

receptor, preventing the association and subsequent phosphorylation of STAT molecules at 

this same site, thus also preventing any signal reaching the nucleus  (Matsumoto 1997). 

 

1.5 Lactogenic Hormone Levels during Pregnancy in Rodents 

Lactogenic hormone levels in the rat have been well characterised (Soares 2004; Grattan 

2008). Prolactin undergoes twice daily surges in early pregnancy (days 1 - 10), is low from 

mid-pregnancy (day 10 – day 19) and surges just prior to parturition (days 20 - 21) (see figure 

1.4 below).  Placental lactogen I surges briefly in mid-pregnancy (days 6 - 13) after which 

placental lactogen II rises and stays elevated until parturition (day 10 – term) (Soares 2004; 

Grattan 2008). Thus throughout the rat pregnancy, either prolactin, placental lactogen I or 

placental lactogen II is elevated at any point, with the exception of a slight dip occurring 

between the fall in placental lactogen I and rise in placental lactogen II. 
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Lactogenic hormone levels during pregnancy in mice have not been as extensively 

characterised. However, the pattern of secretion seems very similar to that seen in rats, with 

serum prolactin levels during early pregnancy also undergoing twice daily surges; a diurnal 

surge peaking immediately before lights off  (~360ng/ml) and a smaller nocturnal surge 

peaking one hour before lights on (~150 ng/ml) (Grattan 2010) (see figure 1.5 below). 

Female mice mated with castrated males enter a state of pseudopregnancy characterised by 

the same hormonal changes as those mated with sterile males up until mid-gestation, 

indicating that it is the mating stimulus not the presence of sperm that is responsible for 

initiating the pattern of prolactin secretion in early pregnancy (Yang 2009). The twice daily 

surges terminate at mid-pregnancy (day 8), and similar to rats a brief surge in placental 

lactogen I is followed by a longer lasting surge in placental lactogen II (Soares 1982; Orgen 

Figure 1.4:  Graph depicting levels of lactogenic hormones prolactin (PRL), placental lactogen I (PL-1) and 

placental lactogen II (PL-2) during pregnancy in the rat from Soares, M. J et al, 2004 (Soares 2004). Levels of 

lactogenic hormones are elevated throughout pregnancy in comparison to normal basal levels seen in non-pregnant 

animals. 
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1989). However, as repeated blood sampling is difficult to accomplish in mice, lactogenic 

hormone levels during pregnancy have not yet been fully characterised.  

 

 

 

 

1.6 Lactogenic Hormone Levels During Pregnancy in Humans 

In humans, serum prolactin levels have a very different pattern of secretion, with levels of 

maternal prolactin remaining low until 6 - 8 weeks of gestation (Ben-Jonathan 2008) (figure 

1.6 below). From this time point, prolactin levels begin to rise and continue to do so until 

parturition, reaching a peak level of 4000 - 5000ng/ml. The rise in serum prolactin is 

associated with an increase in lactotroph size and number in the pituitary (Ben-Jonathan 

2008). Placental lactogens begin to be secreted by the placenta at 6 weeks of gestation, and 

 

Figure 1.5:  Graph depicting levels of prolactin during the first four days of pregnancy in the mouse from Larsen, C. M., 

Grattan, D. R., 2010 (Grattan 2010). The grey bars indicated when lights are off. As in the rat, prolactin can be seen to 

undergo twice daily surges at this time; a diurnal surge peaking immediately before lights off  (~360ng/ml) and a smaller 

nocturnal surge peaking one hour before lights on (~150 ng/ml).  
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levels in maternal circulation also steadily increase until just prior to parturition (Ben-

Jonathan 2008). Thus, despite the initial difference in the secretory pattern of lactogen 

secretion, women are also exposed to sustained significantly elevated levels of lactogenic 

stimulation from early pregnancy until parturition. 

 

 

 

 

1.7 Control of Lactogenic Hormone Levels 

Prolactin synthesis and release primarily occurs in lactotroph cells of the anterior pituitary 

(Bole-Fesot 1998). However, the control of prolactin synthesis and release is uniquely 

different from that of other pituitary hormones, which are released in response to stimulatory 

factors (Guyton 2006). Prolactin secretion is instead predominantly inhibited by the 

 

Figure 1.6:  Graph depicting levels of maternal, amniotic and fetal prolactin and placental lactogen during pregnancy in 

humans from Ben-Jonathan, N., et al. 2008. Maternal prolactin increases in concentration from 6 - 8 weeks of pregnancy 

peaking just prior to  parturition at 4000-5000ng/ml. Placental lactogens increase in concentration from 6 weeks of 

pregnancy, peaking at a concentration 10x that of prolactin just prior to parturition. 
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hypothalamus, by a short loop negative feedback mechanism (see figure 1. 7 below) where 

prolactin acts directly on the brain to suppress its own secretion (Grattan 2008).  

 

 

 

 

 

 

To regulate its own release prolactin binds to three populations of dopaminergic neurons: 

tuberoinfundibular (TIDA), periventricular hypophysial (PHDA) and tuberohypophysial 

(THDA) neurons (De Maria 1999). Collectively these three neuronal populations are known 

as neuroendocrine dopaminergic neurons (NEDA) (Grattan 2008). TIDA neurons project 

from the dorsomedial arcuate nucleus to the median eminence (Bjorklund 1973). When 

Figure 1.7: The homeostatic short-loop negative feedback mechanism of prolactin (Grattan, D. R, 2002). Prolactin is 

secreted from lactotroph cells of the anterior pituitary into the bloodstream. Secreted prolactin travels around the periphery 

and binds to target cells and organs. Prolactin also accesses the central nervous system where it binds to the prolactin 

receptor on dopaminergic neruons, such as the arcuate tuberoinfundibular (TIDA) neurons depicted in this diagram. On 

binding to the TIDA neurons, dopamine release is stimulated at the median eminence. Dopamine travels through the portal 

blood supply to the anterior pituitary where it binds to D2 receptors on the surface of lactotroph cells and suppresses any 

further release of prolactin. 

. 
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prolactin binds to prolactin receptors on TIDA neurons, it stimulates the release of dopamine 

from terminals at the median eminence into the portal blood supply, which flows to the 

anterior pituitary. Dopamine binds to D2 receptors on lactotroph cells, activates the second 

messenger adenylate cyclase system, which signals to suppress prolactin secretion (Ben-

Jonathan 1985). In mice lacking D2 receptors, no feedback regulation can occur and a 

chronic state of hyperprolactinemia results (Kelly 1997). PHDA neurons arise in the 

periventricular nucleus and project to the intermediate lobe (Goudreau 1992) and THDA 

neurons arise in the rostral arcuate nucleus and project to the intermediate and posterior lobes 

(Fuxe 1964). Dopamine released by PHDA or THDA neurons in the intermediate or posterior 

lobes reaches the anterior pituitary via short portal vessels (Grattan 2008). Of the NEDA 

neurons, the TIDA neurons appear to be most important in controlling prolactin secretion 

with prolactin levels in the blood tightly correlating with TIDA neuronal activity (Voogt 

1991). Thus, when prolactin levels rise, increased dopaminergic signal reaches the lactotroph 

cells resulting in decreased prolactin secretion and vice versa. In mice which have a 

disconnected pituitary stalk, no inhibitory dopaminergic signal reaches the lactotroph cells 

and thus prolactin is secreted spontaneously, resulting in a state of hyperprolactinemia 

(Turkington 1971). The hyperprolactinemia can be reversed by administration of 

bromocriptine, a D2 dopamine receptor agonist (Prabhakar 2008).   

 

1.8 Late Pregnancy: Loss of Feedback Control  

 In the non-pregnant state and up until mid-pregnancy in rodents, prolactin binding to TIDA 

neurons stimulates increased dopamine release, which suppresses any further prolactin 

secretion (Voogt 1991). However, from mid-pregnancy serum levels of prolactin do not 

correlate with levels of TIDA neuronal activity (McKay 1982; Demarest 1983). In rats, 

pathways downstream of the prolactin receptor in TIDA neurons are chronically elevated 
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from around day 6 of pregnancy until just prior to parturition, despite prolactin being at basal 

levels following the final nocturnal surge on day 8 of pregnancy (Demarest 1983; Andrews 

2001). The twice daily prolactin surges terminate just as placental lactogen I levels begin to 

rise (Yogev 1980; Voogt 1982). As placental lactogens also bind to the prolactin receptor, it 

suggests that the presence of PL-I at mid-pregnancy terminates prolactin secretion at this time 

(Voogt 1996). However, as placental lactogen I implantation directly into the median 

eminence also suppresses prolactin secretion, the termination of prolactin secretion may not 

be entirely due to placental lactogen I binding to the prolactin receptor on arcuate TIDA 

neurons (Voogt 1996). 

 

In late pregnancy 24-36 hours prior to parturition in rodents (Grattan 2008), TIDA neurons 

change their responsiveness to  both prolactin and placental lactogens (Andrews 2001). Thus, 

in spite of the continued elevation in placental lactogen II (which also binds to the PRLR and 

hence stimulates the short-loop negative feedback pathway of prolactin), prolactin levels rise 

in an antepartum surge (Andrews 2001). The altered responsiveness of TIDA neurons to 

lactogenic stimulation is maintained throughout lactation, in part due to a suckling induced 

increase in hypothalamic mRNA of negative regulators of the JAK2/pSTAT5 signalling 

pathway, in particular CIS (Anderson 2006). The mechanism underlying the change in TIDA 

neuronal responsiveness to lactogenic stimulation during late pregnancy is not yet known, 

however a number of possibilities have so far been ruled out and a number of suggestions put 

forward. It is known that administration of bromocriptine in late pregnancy, a D2 dopamine 

receptor agonist that binds to dopamine receptors on lactotroph cells in the anterior pituitary, 

abolishes the antepartum prolactin surge (Grattan 1995; Grattan 2008). This indicates that 

feedback disruption must occur at the level of the TIDA neurons, and not at the level of the 

lactotroph (Grattan 1995; Grattan 2008). In addition it has been shown that the lack of 
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responsiveness is not due to prolactin receptor down-regulation, as throughout lactation 

changes in prolactin levels were not found to correlate with prolactin receptor mRNA 

quantity (Brown 2010). Suggestions for the feedback disruption mechanism include the 

increased estrogen: progesterone ratio at the end of pregnancy caused by the antepartum 

progesterone drop due to luteolysis (Arbogast 1991). As progesterone inhibits the presence of 

negative regulators of JAK2/pSTAT5 signalling, such as SOCS-1, SOCS-3 and CIS (Steyn 

2008), the drop in progesterone at the end of pregnancy would result in an increased presence 

of these negative regulators and thus a decreased response to prolactin. The pre-parturition 

drop in progesterone (see figure 1.8 below) occurs around the same time as the pre-

parturition surge in prolactin (see figure 1.4 above), however whether these two events are 

correlative or causative is not yet known. Opioids have also been implicated in the disruption 

of the prolactin negative feedback loop. Discovery of opioid involvement was made from the 

observation that Naloxone, a broad spectrum opioid antagonist, can abolish the antepartum 

prolactin surge (Andrews 2002). This indicates that the presence of opioids is critical for the 

disruption to the short loop negative feedback pathway of TIDA neurons prior to parturition 

to occur.  
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In humans the dopaminergic feedback system of prolactin is much less complicated than that 

of rodents with prolactin being the only factor able to influence dopamine levels acting back 

on lactotroph cells (Ben-Jonathan 2008). Thus during pregnancy in humans, placental 

lactogens have no influence on serum prolactin levels and no reduction in prolactin is seen 

upon placental lactogen secretion (Ben-Jonathan 2008).  However, prolactin secretion 

remains elevated from 6 – 8 weeks of gestation, thus a disruption to the short-loop negative 

feedback pathway during a human pregnancy must also occur. As in rodents, the mechanism 

behind the disruption to this short-loop negative feedback is not yet known.  Although there 

is no drop in progesterone when prolactin levels rise and the disruption to the short- loop 

negative feedback pathway must occur (progesterone instead steadily increases from 6 weeks 

of gestation until just prior to parturition), interestingly,  there is a dramatic drop in human 

chronic gonadotropin (hCG) at this time (see figure 1.9 below) (Guyton 2006). This hormone 

Figure 1.8: Graph depicting plasma progesterone concentrations during pregnancy in mice, from Hashimoto, H et al, 

2010  (Hashimoto 2010). Progesterone is elevated during pregnancy in mice until just prior to parturition when it drops, 

this is the opposite of prolactin levels which surge just prior to parturition. 
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is unique to humans and in early gestation stimulates production of progesterone from the 

corpus luteum to maintain pregnancy, as prolactin does in rodents (Guyton 2006). Again, 

further research is needed to establish whether there is a causative link between the drop in 

hCG levels and the disruption in prolactin negative feedback.   

 

 

 

 

 

 

 

 

 

 

     

 

 

1.9 Behavioural Implications of Lactogenic Signalling During Pregnancy 

In late pregnancy, increased prolactin signalling results in a decreased release of 

corticotrophin releasing factor (CRF) in the paraventricular nucleus (Neumann 2003). CRF is 

a regulator of the hypothalamo-pituitary-adrenal (HPA) axis, the system that responds to 

physical or emotional stimuli (Koob 1985; Smith 1988). Thus a decreased response in the 

Figure 1.9: Diagram depicting levels of human chronic gonadotropin, progesterone and estrogen during pregnancy in 

humans from Guyton, A. C. et al, 2006 (Guyton 2006). Human chronic gonadotropin increases in concentration from ~4 

weeks gestation, peaks ~8-10 weeks, then gradually decreases in concentration until around ~24 weeks after which levels 

stay relatively constant. Progesterone and estrogen increase gradually in concentration from fertilisation until ~20-24 weeks 

gestation when the rate of secretion increases until parturition. 
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HPA axis is purported to result in a decreased response to certain emotional stressors 

(Neumann 2003) and this may play a role in the decreased responsiveness to some stressors 

seen in mothers after parturition. In addition, increased prolactin signalling during early 

pregnancy is also essential for the normal decrease in maternal anxiety postpartum (Grattan 

2010; Larsen 2010). When prolactin is suppressed physiologically, or pharmacologically, for 

the first 3 days of pregnancy the normal increase in maternal gestational neurogenesis in the 

subventricular zone (SVZ) is prevented (Grattan 2010; Larsen 2010). The decrease in 

prolactin-induced neurogenesis results in increased maternal anxiety postpartum and impairs 

maternal behaviour to pups (Grattan 2010; Larsen 2010). However, the SVZ does not express 

prolactin receptor mRNA, nor is there any prolactin-induced pSTAT5, a marker of prolactin-

mediated signaling (Brown 2010). This suggests that prolactin action on neurogenesis in the 

SVZ must be mediated indirectly, potentially through prolactin-sensitive afferent neurons. 

Thus, high levels of lactogenic-induced signalling are necessary in early pregnancy for 

normal maternal behaviours to occur, and in late pregnancy for a reduced stress response. 

However, exactly when, where, and on which, specific neurons prolactin acts during 

pregnancy to have its effects is not known. 

1.10 Usefulness of Rodent Models in Studying Postpartum Anxiety 

 Although the lactogenic profile of humans during pregnancy differs from that of rodents (see 

figures 1.3 - 1.5), a sustained period of hyperprolactinemia occurs in both species during this 

time (Soares 2004; Ben-Jonathan 2008).  It is this sustained period of lactogenic elevation 

that is hypothesised to signal to the brain to organise and coordinate all of the adaptations of 

pregnancy, including the onset of maternal behaviours and reduction in maternal anxiety 

postpartum. In order for this hyperprolactinemia to occur, there is a disruption to the short-

loop negative feedback control of prolactin secretion, but as yet, the mechanism behind the 

disruption to this pathway is still unknown.  In humans, studies of postpartum anxiety have 
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been limited because of ethical constraints, however, there is evidence that prolactin is 

associated with certain behavioural traits during this time (Uvnas-Mobcrg 1990; Blyton 

2002). Thus, as postpartum maternal behaviours in both rodents and humans have been 

linked to the sustained elevation in lactogens seen during pregnancy, and as mice can be used 

to examine where lactogens act in the maternal brain, we propose to use mice to examine the 

normal physiological profile of lactogenic stimulation in the maternal brain. This study will 

increase understanding of where in the brain the gestational increase in lactogens acts to 

subsequently alter maternal mood and behaviours postpartum. This in turn, may eventually 

lead to new evidence-based methods to prevent the occurrence of perturbations in postpartum 

mood and behaviour in women.  

 

1.11 Hypotheses and Aims: 

The aims of this study are to firstly characterise prolactin levels in the blood by 

radioimmunoassay during pregnancy and in the postpartum period (on days 3, 7, 11, 17, and 

19 of pregnancy and on postpartum day 2). Hypothesis 1: Serum prolactin levels in the mouse 

will undergo twice daily surges in early pregnancy, drop to basal levels from mid-pregnancy 

and surge just prior to parturition. 

Secondly, we aim to examine levels of lactogenic activation of nuclei in the brain through the 

long form of the prolactin receptor at these same time points by immunohistochemistry for 

pSTAT5. Comparison of days 3 and 7 of pregnancy (when prolactin levels are high) with 

days 11 – 17 of pregnancy (when prolactin levels are assumed to be low, but placental 

lactogens are high) will elucidate whether placental lactogens act in the same manner as 

prolactin through the JAK2/pSTAT5 signalling pathway: Prediction 2: There will be an 

increase in the intensity of pSTAT5 staining during pregnancy within nuclei that respond to 

lactogenic stimulation compared to that seen in virgin mice. Also additional nuclei will 
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respond during pregnancy that are not activated in virgin mice. Further, placental lactogens 

will activate the same nuclei in the brain from mid-pregnancy to the same extent as prolactin 

in early pregnancy.  

We also aim to determine what effect, if any, the precipitous drop in progesterone just prior 

to parturition will have on lactogenic activation of brain nuclei, and on prolactin secretion. 

Hypothesis 3: The drop in progesterone levels just prior to parturition will not affect 

lactogenic activation in brain nuclei (as placental lactogen levels are high at this time) but it 

will prevent the pre-parturition rise in serum prolactin levels). 

 

 

 

 

 

 

 

 

 



 

 21 

2.0 Methods 

2.1 Animals and tissue collection 

Virgin female C57BL/6J 9-12 week old mice were individually housed in the behavioural 

phenotyping unit in individually vented cages. Some mice were sacrificed during the diestrus 

stage of the estrous cycle. The day of diestrus was ascertained by vaginal smearing and 

observation of the cells stained with toludine blue using a light microscope at low power. 

Other mice were mated with a stud male mouse. Day 1 of pregnancy was ascertained by the 

presence of a vaginal plug. Pregnant mice were sacrificed on day 3, 7, 11, 17 or 19 of 

pregnancy and on postpartum day 2 (see figure 2.1 below). Mice sacrificed on days 3 and 7 

of pregnancy (when prolactin undergoes twice daily surges (Grattan 2010)) were culled 

during the time of a diurnal surge at 5 pm. Mice sacrificed on days 11, 17, and 19 of 

pregnancy (when prolactin levels are assumed to be relatively constant) were culled at 11am. 

Once pregnant, each mouse was left undisturbed until sacrifice, apart from one group of mice 

that were injected with 1 mg progesterone twice daily (for details see section 2.2 below) on 

days 17 and 18 of pregnancy (at 10 am and 5 pm), and once on day 19 at 9am, one hour prior 

to sacrifice at 11 am (Hashimoto 2010). Virgin mice and PPD2 mice were also culled at 11 

am. Some mice were sacrificed by decapitation at each time point for the collection of trunk 

blood for radioimmunoassay. Blood was collected into eppendorf tubes and centrifuged at 

5000 rpm for 5 minutes to separate serum and plasma components. Serum was transferred 

into a new eppendorf tube and stored at - 20° C until used, plasma was disregarded. Other 

mice were injected intraperitoneally with an overdose of 2 ml pentobarbitone (see appendix 

A) for immunohistochemistry. Once pedal reflexes were absent, the mice were perfused 

transcardially with 15 ml of 4 % paraformaldehyde (see appendix B). Brains were dissected 

out and post-fixed in 4 % paraformaldehyde at 4° C, prior to immersion in 30 % sucrose (see 
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appendix C) for 48 hours until they sunk. Mice were kept on a 12 hour light/12 hour dark 

cycle (lights on at 6am) with ad-libitum access to food and water. All experiments were 

approved by the University of Otago Animal Ethics Committee (AEC # 52/10).  

 

 Virgin Day 3 

Pregnancy 

Day 7 

Pregnancy 

Day 11 

Pregnancy 

Day 17 

Pregnancy 

Day 19 

Pregnancy 

Day 19 

Pregnancy 

(+P4) 

PPD2 

Blood  n = 6 n = 3 n = 3 n = 6 n = 6 n = 6 n = 6 n = 6 

Perfused  n = 6 n = 3 n = 3 n = 6 n = 6 n = 6 n = 6 n = 3 

 

 

2.2 Progesterone injections 

70 mg of powdered progesterone (99 % minimum, SIGMA, batch 115K0688) was dissolved 

in 7 ml of sesame seed oil to make a concentration of 1 mg progesterone/0.1 ml sesame seed 

oil. Each mouse was subcutaneously injected with 0.1 ml (1 mg) twice daily at 9 am and 5 

pm on days 17 and 18 of pregnancy, and at 9 am on day 19 of pregnancy one hour prior to 

sacrifice (Hashimoto 2010). 

2.3 Radioimmunoassay: 

Trunk blood was analysed for serum prolactin levels using radioimmunoassay (Colosi 1981). 

This is a highly specific and sensitive method that can be used to detect very small 

Table 2.1: Table summarizing the animals used in this study. One group of mice were sacrificed for the collection of trunk 

blood. Another group were perfused with 4% paraformaldehyde for the collection of brains for immunohistochemistry. 

Mice within each group were sacrificed in diestrus, or on day 3, 7, 11, 17 or 19 of pregnancy, or on postpartum day 2 

(PPD2). Mice sacrificed on days 3 and 7 were culled at 5 pm at the time of a diurnal surged (Grattan 2010). Virgin mice in 

diestrous, pregnant mice on days 11, 17 and 19 of pregnancy and PPD2 mice were culled at 11 am. A set of mice from each 

group were included that were injected with 1 mg of progesterone twice daily on days 17 and 18 of pregnancy and once on 

day 19 one hour prior to sacrifice (Hashimoto 2010). This prevented the pre-parturition drop in progesterone.  
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concentrations of substances, such as hormones in the blood (Goldsmith 1975). The 

technique uses the competition of radioactively labelled and unlabelled antigen binding to a 

limited amount of radioactively labelled antibody (Goldsmith 1975). Initially a standard 

curve is constructed of labelled antigen that is antibody bound (B), to labelled antigen that is 

unbound (F), over various concentrations of unlabelled antigen when labelled antigen and 

labelled antibody concentrations are kept constant. As the concentration of unlabelled antigen 

decreases, so proportionately does the B: F ratio of labelled antigen increase. Thus for each 

concentration of unlabelled antibody present there is a specific corresponding B: F ratio 

(Goldsmith 1975).  

In this study, to measure prolactin levels in the blood, prolactin is the antigen of interest. A 

standard curve was constructed by determining various B: F ratios of labelled prolactin over 

various concentrations of unlabelled prolactin when labelled prolactin and labelled prolactin 

antibody concentrations were kept constant. When these same concentrations of labelled 

prolactin and labelled prolactin antibody were added to a sample of blood, the concentration 

of prolactin in that sample (unlabelled prolactin) was determined by calculating the B: F ratio 

of that sample and reading off the corresponding concentration of unlabelled prolactin from 

the standard curve. Radioimmunoassay for prolactin does not show cross reactivity with the 

structurally similar mouse placental lactogens or growth hormone (Colosi 1981). 

Day 1: In order to construct a standard curve, standards were generated through multiple 

serial dilutions of the highest standard (1042 ng/ml) until the lowest standard (2 ng/ml) was 

reached. The highest standard was constructed through the addition of 19.2 ul of National 

Institute of Diabetes and Digestive and Kidney Diseases (NIDKK) mouse prolactin (4 ug/ml, 

Washington DC, USA, batch AFP 6476C) to 55.8 ul RIA buffer (see appendix D). Standards 

were run in triplicate with 10 ul of each being added to a separate labelled test tube (for 
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template of tube array see appendix E). Samples and high and low quality controls were run 

in duplicate with 10 ul of each being added to separate test tubes. To the non-specific binding 

and total binding tubes, an additional 10 ul RIA buffer was added (see appendix D). To all 

tubes except the non-specific binding and total count tubes, an additional 50 ul primary 

antibody, NIDKK rabbit anti-mouse prolactin-RIA 9 (1:70,000, Washington DC, USA, batch 

AFP 131078) was added. Finally to all tubes an additional 50 ul of 
125

Iodine-labelled mouse 

prolactin (diluted to 3000 cmp/50 ul in RIA buffer containing normal rabbit serum) was 

added (see appendix F for chloramine-T iodination protocol). Each tube was individually 

vortexed and incubated at 4° C overnight. 

Day 2: Following incubation, to all tubes excluding the total count tubes, 50 ul of  secondary 

antibody, NIDKK goat anti-rabbit serum (1:35, Invermay, Dunedin, New Zealand, batch 

SAR 10AB2) in RIA buffer was added. Tubes were again individually vortexed and 

incubated at 4° C overnight.  

Day 3: Following overnight incubation, 1 ml of polyethelene glycol (PEG buffer) was added 

to all tubes except total count tubes (see appendix I). Tubes were centrifuged at 3500 rpm at 

4° C for 30 minutes subsequent to decantation. The B: F ratio of radioactively labelled 

prolactin bound to radioactively labelled antibody for each tube was determined in a single 

assay run of all tubes, using the Packard Cobra II Auto-Gamma Counter (GMI, London, 

England). All samples were run in a single assay. The intra-assay coefficient of variation was 

2.5 % and sensitivity was 2 ng/ml. Results were analysed using Assay Zap (Premier Biosoft, 

California, USA). This programme creates a standard curve using the standards then uses the 

B: F ratio of each tube to determine the corresponding concentration of unlabelled prolactin 

(prolactin in the serum) for each sample (for standard curve see figure 2.2 below).  
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2.4 Immunohistochemistry: 

Immunohistochemistry is a technique used to detect particular proteins of interest (antigens) 

in a tissue sample through the detection of specifically designed antigen-antibody interactions 

(Ramos-Vara 2005). In order to detect these interactions, antibodies are labelled with a 

reporter, such as an enzyme that produces a coloured product or a fluorescent probe (Baszler 

2008). Alternatively, to increase specificity (Baszler 2008), a secondary antibody that is able 

to bind the primary antibody may be labelled. The technique is able to detect cellular 

activation when antibodies are designed that bind molecules (antigens) specific to an 

activated signal transduction pathway.  

Figure 2.2: Radioimmunoassay standard curve used to calculate serum prolactin levels (ng/ml). On the X axis are 

known concentrations of labelled prolactin. On the Y axis is the B: F ratio of labelled antibody that is bound to 

labelled prolactin divided by labelled antibody that is unbound (B/BO).  
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This study aimed to characterise lactogenic induced signalling in the mouse brain during 

pregnancy. The signal transduction pathway activated by lactogenic signalling in the brain is 

predominantly the JAK2/pSTAT5 pathway (Grattan 2001; Brown 2010), the activation of 

which invokes phosphorylation of STAT5 molecules (Bole-Fesot 1998). Thus, 

immunohistochemistry to detect cells containing phosphorylated STAT5 (pSTAT5) can be 

used to detect lactogenic activated nuclei in the brain (Grattan 2001; Brown 2010). Therefore, 

in this study, we used immunohistochemistry for the antigen pSTAT5 to determine 

lactogenic-induced signalling in the brain during pregnancy.  

Perfused brains (collected as in section 2.1 above) were removed from sucrose solution and 

rapidly frozen on dry ice. A sliding microtome was used to cut each entire brain into 30 um 

sections. Sections were cut in a series of four (i.e. each brain was serially divided into four 

wells) and placed into cyroprotectant (see appendix J). Only one well for each brain was 

stained (i.e. 1 in 4 serial samples), the rest were stored  in cyroprotectant at - 20° C.   

Day 1: Sections were washed three times in 1 x Tris Buffered Saline (TBS) (see appendix K). 

Antigen retrieval, which is necessary for detection of pSTAT5, was undertaken by incubating 

sections for 5 minutes in 0.01M Tris-HCL (see appendix L) heated to 90° C using a heating 

block. This perforated the cells allowing antibodies to enter (Baszler 2008). To minimize 

damage to the sections that become more fragile once heated, sections were left to cool to 

room temperature prior to the next step. Once cool, sections were incubated for 10 minutes in 

incubation solution (see appendix M). This contained the detergent Triton-X, which reduces 

surface tension, thus allowing a more even spread of subsequent staining. The incubation 

solution also contains the blocking agent bovine serum antigen (BSA), which increases 

reaction specificity and reduces background staining by preventing the possible binding of 

labelled antibody to non-specific sites (Baszler 2008). Following immersion in incubation 

solution, sections were washed three times in 1 x TBS (see appendix K) and incubated 
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overnight in a solution of primary antibody, rabbit anti-pSTAT5 Tyr 694 at a dilution of 1: 

400 (Signalling Technology, Beverly, MA, batch 93515).  

Day 2:  Following overnight incubation, sections were washed three times in 1 x TBS (see 

appendix K), to rinse away unbound primary antibody. Sections were then incubated for 2 

hours in a solution of secondary antibody, goat anti-rabbit IgG (H+L) at a dilution of 1: 200 

(Vector Laboratories Inc, Berlingame, CA, batch XO212 ). Secondary antibody binds 

primary antibody which is in turn bound to intracellular pSTAT5. The secondary antibody 

was then biotinylated with the reporter enzyme horse radish peroxidise. Biotinylation was 

performed through incubating sections in ABC Vectastin Elite Solution (1 drop of reagent A 

and reagent B was added to 2.5 ml of PBS and left on a slow shaker for 30 minutes prior to 

use, Vectastain ABC Elite kit, Vector Laboratories) for 90 minutes. Sections were then 

washed three times in 1 x TBS (see appendix K) to rinse away any unbound enzyme. The 

reporter dye nickel-diaminobenzidine tetrahydrochloride (DAB) (DAB substrate kit for 

peroxidase, Vector Laboratories), which turns blue-black in the presence of horse radish 

peroxidise was then added. As pSTAT5 is found within the nucleus of cells, this stained the 

nuclei of any lactogenic activated cells blue-black. Sections were then washed in 1 x TBS 

(see appendix K), prior to being mounted on slides, left to dry for 24 hours and then 

coverslipped using DPX. 

 Brain regions counted were those known to express the prolactin receptor and that are 

implicated in the regulation of maternal behaviours; lateral septum (LS), bed nucleus of the 

stria terminalis (BnST), rostral periventricular area of the third ventricle (RP3V), median 

preoptic nucleus (MnPO), medial preoptic area (MPOA), paraventricular nucleus (PVN), 

arcuate nucleus (ARC), dorsomedial hypothalamic nucleus (DMN), ventromedial nucleus 

(VMN) and amygdala (AMG) (Brown 2010) (see figure 2.3 – 2.6 below). The number of 

cells in each region with blue-black stained nuclei (a positive result for lactogenic activation) 



 

 28 

were counted by eye using a light microscope under x 20 magnification. The level of staining 

intensity indicative of a positive result was decided to be anything darker than background 

staining present in each individual section. Sections chosen for counting each region were at 

a specific coronal stereotaxic position (Allen Institute for Brain Science 2009) and the total 

area counted for each region was the same. The LS, MnPO, RP3V and BnST were counted at 

~bregma 0.26, the PVN was counted at ~bregma -0.34, the MPOA was counted at ~bregma 

0.02 and the AMG, DMN, VMN and ARC were counted at ~bregma -1.34 (Allen Institute 

for Brain Science 2009). The total number of pSTAT5 labelled cells in both hemispheres (i.e. 

both sides of the brain), of two sections of the RP3V, MPOA, BnST, LS, DMN and VMN of 

each brain were analysed. In the PVN, MnPO and AMG, the total number of pSTAT5 

labelled cells in both hemispheres of one section per one hemisphere for each brain was 

analysed. In the ARC, the total number of pSTAT5 labelled cells in one hemisphere (i.e. one 

side of the brain), of three sections of each brain was analysed. 

MnPO

LS

BnST

RP3V

 

Figure 2.3: Diagram from Allen Mouse Brain Atlas (2009) showing the location of the lateral septum (LS), bed 

nucleus of the stria terminalis (BnST), median preoptic nucleus (MnPO) and the rostal periventricular area of the 

third ventricle (RP3V) in the mouse (Allen Institute for Brain Science 2009). These regions were analysed for 

lactogenic signalling using immunohistochemistry for pSTAT5. 
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PVN

 

 

 

 

MPOA

 

Figure 2.4: Diagram from Allen Mouse Brain Atlas (2009) showing the location of the paraventricular nucleus 

(PVN) in the mouse (Allen Institute for Brain Science 2009). This region was analysed for lactogenic signalling 

using immunohistochemistry for pSTAT5. 

Figure 2.5: Diagram from Allen Mouse Brain Atlas (2009) showing the location of the medial preoptic area 

(MPOA) in the mouse (Allen Institute for Brain Science 2009). This region was analysed for lactogenic 

signalling using immunohistochemistry for pSTAT5. 
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2.5 Statistical Analysis 

All data were compared by one-way ANOVA using Graphpad Prism 5 Software (Graphpad 

Prism Software, La Jolla, CA). Where a significant F statistic was obtained, to compare 

pregnancy and postpartum data to the virgin controls, post-hoc comparison was made using 

Dunnets Multiple Comparison test. The level of significance was set at p < 0.05 and data are 

expressed as mean ± SEM.  

 

 

Figure 2.6: Diagram from Allen Mouse Brain Atlas (2009) showing the location of the amygdala (AMG), 

dorsomedial hypothalamic nucleus (DMN) ventromedial hypothalamic nucleus (VMN) and arcuate nucleus 

(ARC) in the mouse (Allen Institute for Brain Science 2009). These regions were analysed for lactogenic 

signalling using immunohistochemistry for pSTAT5. 
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3.0 Results 

3.1 Radioimmunoassay 

Serum prolactin levels during pregnancy and on postpartum day 2 were measured by 

radioimmunoassay. Samples from day 3 and day 7 of pregnancy were assessed at the 

expected time of the diurnal surge. Serum samples were also assessed on days 11, 17 and 19 

of pregnancy and on postpartum day 2.  

Serum prolactin levels were significantly elevated on day 3 and day 19 of pregnancy and on 

postpartum day 2 compared to serum prolactin levels in virgin mice (figure 1.3, *, p < 0.05). 

No significant differences were seen at any other time points measured. All other measured 

time points were not significantly different from levels seen in virgin mice. Mice injected 

with progesterone twice daily from day 17 to day 19 of pregnancy, to prevent the pre-

parturition drop in progesterone levels, had significantly lower levels of serum prolactin on 

day 19 of pregnancy, compared to control day 19 pregnant mice (figure 3.1, #,  p < 0.05).  
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Figure 3.1: Serum prolactin levels during pregnancy and early lactation in the mouse were determined by 

radioimmunoassay. Serum prolactin on days 3 and 19 of pregnancy, and on PPD2, were significantly 

elevated compared to virgin levels (*, p < 0.05). Mice that had progesterone injections from day 17 to 19 of 

pregnancy had significantly lower prolactin levels on day 19 of pregnancy, compared to day 19 control mice 

(#, p < 0.05). Data are expressed as mean ± SEM. 

* 

* 
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3.2 Immunohistochemistry 

Immunohistochemistry for pSTAT5 was used to characterise lactogenic-induced siganlling in 

the brain on days 3, 7, 11, 17 and 19 of pregnancy and on postpartum day 2. Regions looked 

at were those previously shown to express the prolactin receptor and that have been shown to 

be implicated in the regulation of maternal behavior (LS, BnST, RP3V, MnPO, MPOA, 

PVN, ARC, DMN, VMN, AMG).  

There was a significant increase in the number of nuclei activated by lactogenic-induced 

signaling on day 3 of pregnancy in the LS, BnST, RP3V, MPOA, PVN, ARC and VMN 

compared to virgin controls (figures 3.2A, 3.3A, 3.4A, 3.6A, 3.7A. 3.8A, 3.10A, *, p < 0.05). 

Levels in the MPOA, ARC and VMN were also significantly increased on day 7 of 

pregnancy compared to levels seen in virgin controls (see figures 3.7A, 3.9A, 3.11A, *, p < 

0.05). On day 11 of pregnancy levels of pSTAT5 were significantly decreased in the PVN (# 

< 0.05) and significantly increased in the AMG (*, p < 0.05) compared to virgin controls (see 

figures 3.7A, 3.11A). Mice that were injected with progesterone from day 17 to 19 of 

pregnancy, to prevent the pre-parturition progesterone drop in progesterone levels, had a 

statistically significant increase in pSTAT5 staining in the MPOA, ARC and VMN compared 

to virgin controls, (see figures 3.6A, 3.8A, 3.10A, *, p < 0.05). Representative images at low 

(x4), medium (x10) and high (x20) power of pSTAT5 labeled nuclei have in each region 

follow each graph (see figures 3.2B, 3.3B, 3.4B, 3.5B, 3.6B, 3.7B, 3.8B, 3.9B, 3.10B, 3.11B, 

3.12B). 
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Figure 3.2A: Graph showing the number of pSTAT5 labelled nuclei in the lateral septum (LS) in virgin mice, in 

mice on days 3, 7, 11, 17 and 19 of pregnancy and on postpartum day 2. An additional group of mice at day 19 of 

pregnancy were included that were given progesterone injections from day 17 - 19 of pregnancy. Levels of pSTAT5 

staining in the LS were significantly elevated on days 3 and 11 of pregnancy, when compared to levels in virgin mice 

(*, p < 0.05). There were no significant differences at all other time points. Data are expressed as mean ± SEM. 

  



 

 35 

 

 

 

 

Figure 3.2B: Representative photos of pSTAT5 staining seen in the lateral septum (LS) in virgin mice, in mice on days 3, 7, 11, 17 

and 19 of pregnancy and on postpartum day 2. An additional group of mice at day 19 of pregnancy were included that were given 

progesterone injections from day 17 to day 19 of pregnancy. Level of pSTAT5 signalling in the LS were significantly elevated on 

days 3 and 11 of pregnancy, compared to levels in virgin mice. There were no significant differences at other measured time 

points. 
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Figure 3.3A: Graph showing the number of pSTAT5 labelled nuclei in the bed nucleus of the stria terminalis 

(BnST) in virgin mice, in mice on days 3, 7, 11, 17 and 19 of pregnancy and on postpartum day 2. An additional 

group of mice at day 19 of pregnancy were included that were given progesterone injections from day 17 - 19 of 

pregnancy. Levels of pSTAT5 staining in the BnST were significantly elevated on day 3 of pregnancy, when 

compared to levels in virgin mice (*, p < 0.05). There were no significant differences at all other time points. Data 

are expressed as mean ± SEM. 
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Figure 3.3B: Representative photos of pSTAT5 staining seen in the bed nucleus of the stria terminalis (BnST) in virgin mice, in 

mice on days 3, 7, 11, 17 and 19 of pregnancy and on postpartum day 2. An additional group of mice at day 19 of pregnancy 

were included that were given progesterone injections from day 17 to day 19 of pregnancy. Level of pSTAT5 signalling in the 

BnST were significantly elevated on day 3 of pregnancy, compared to levels in virgin mice. There were no significant differences 

at other measured time points.  
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Figure 3.4A: Graph showing the number of pSTAT5 labelled nuclei in the rostral periventricualr area of the third ventricle 

(RP3V) in virgin mice, in mice on days 3, 7, 11, 17 and 19 of pregnancy and on postpartum day 2. An additional group of 

mice at day 19 of pregnancy were included that were given progesterone injections from day 17 - 19 of pregnancy. Levels of 

pSTAT5 staining in the RP3V were significantly elevated on day 3 of pregnancy, when compared to levels in virgin mice (*, p 

< 0.05). There were no significant differences at all other time points. Data are expressed as mean ± SEM. 
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Figure 3.4B: Representative photos of pSTAT5 staining seen in the rostral periventricular area of the third ventricle (RP3V) in virgin 

mice, in mice on days 3, 7, 11, 17 and 19 of pregnancy and on postpartum day 2. An additional group of mice at day 19 of pregnancy 

were included that were given progesterone injections from day 17 to day 19 of pregnancy. Level of pSTAT5 signalling in the RP3V 

were significantly elevated on day 3  of pregnancy, compared to levels in virgin mice. There were no significant differences at other 

measured time points. 
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Figure 3.5A: Graph showing the number of pSTAT5 labelled nuclei in the median preoptic nucleus (MnPO) in virgin 

mice, in mice on days 3, 7, 11, 17 and 19 of pregnancy and on postpartum day 2. An additional group of mice at day 19 

of pregnancy were included that were given progesterone injections from day 17 - 19 of pregnancy. There were no 

significant differences at any other time points in the level of pSTAT5 signalling compared to levels in virgin mice. 

Data are expressed as mean ± SEM. 
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Figure 3.5B: Representative photos of pSTAT5 staining seen in the median preoptic nucleus (MnPO) in virgin mice, in mice on 

days 3, 7, 11, 17 and 19 of pregnancy and on postpartum day 2. An additional group of mice at day 19 of pregnancy were included 

that were given progesterone injections from day 17 to day 19 of pregnancy. There were no significant differences at any other time 

points in the level of pSTAT5 signalling compared to levels in virgin mice. 
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Figure 3.6A: Graph showing the number of pSTAT5 labelled nuclei in the medial preoptic area (MPOA) in virgin mice, in 

mice on days 3, 7, 11, 17 and 19 of pregnancy and on postpartum day 2. An additional group of mice at day 19 of 

pregnancy were included that were given progesterone injections from day 17 - 19 of pregnancy. Levels of pSTAT5 

staining in the RP3V were significantly elevated on days 3 and 7 of pregnancy and on day 19 of pregnancy following 

progesterone injections when compared to levels in virgin mice (*, p < 0.05). There were no significant differences at all 

other time points. Data are expressed as mean ± SEM. 
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Figure 3.6B: Representative photos of pSTAT5 staining seen in the medial preoptic area (MPOA) in virgin mice, in mice on days 

3, 7, 11, 17 and 19 of pregnancy and on postpartum day 2. An additional group of mice at day 19 of pregnancy were included that 

were given progesterone injections from day 17 to day 19 of pregnancy. Level of pSTAT5 signalling in the MPOA were 

significantly elevated on days 3 and 7 of pregnancy and on day 19 following progesterone injections, compared to levels in virgin 

mice. There were no significant differences at other measured time points. 
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Figure 3.7A: Graph showing the number of pSTAT5 labelled nuclei in the paraventricular nucleus (PVN) in virgin mice, in 

mice on days 3, 7, 11, 17 and 19 of pregnancy and on postpartum day 2. An additional group of mice at day 19 of 

pregnancy were included that were given progesterone injections from day 17 - 19 of pregnancy. Levels of pSTAT5 

staining in the PVN were significantly elevated on day 3 of pregnancy (*, p < 0.05), and significantly reduced on day 11 of 

pregnancy (#, p < 0.05) when compared to levels in virgin mice . There were no significant differences at all other time 

points. Data are expressed as mean ± SEM. 
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Figure 3.7B: Representative photos of pSTAT5 staining seen in the paraventricular nucleus (PVN) in virgin mice, in mice on days 3, 

7, 11, 17 and 19 of pregnancy and on postpartum day 2. An additional group of mice at day 19 of pregnancy were included that were 

given progesterone injections from day 17 to day 19 of pregnancy. Level of pSTAT5 signalling in the PVN were significantly elevated 

on day 3 of pregnancy) and were significantly reduced on day 11 of pregnancy, compared to levels in virgin mice. There were no 

significant differences at other measured time points. 
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Figure 3.8A: Graph showing the number of pSTAT5 labelled nuclei in the arcuate nucleus (ARC) in virgin mice, 

in mice on days 3, 7, 11, 17 and 19 of pregnancy and on postpartum day 2. An additional group of mice at day 19 

of pregnancy were included that were given progesterone injections from day 17 - 19 of pregnancy. Levels of 

pSTAT5 staining in the ARC were significantly elevated on days 3 and 7 of pregnancy, and on day 19 of 

pregnancy following progesterone injections, when compared to levels in virgin mice (*, p < 0.05). There were no 

significant differences at all other time points. Data are expressed as mean ± SEM. 
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Figure 3.8B: Representative photos of pSTAT5 staining seen in the Arcuate (ARC) in virgin mice, in mice on days 3, 7, 11, 17 and 

19 of pregnancy and on postpartum day 2. An additional group of mice at day 19 of pregnancy were included that were given 

progesterone injections from day 17 to day 19 of pregnancy. Levels of pSTAT5 signalling in the ARC were significantly elevated on 

days 3 and 7 of pregnancy, and on day 19 of pregnancy when progesterone was elevated, compared to levels in virgin mice. There 

were no significant differences at other measured time points.  
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Figure 3.9A: Graph showing the number of pSTAT5 labelled nuclei in the dorsomedial nucleus (DMN) in virgin mice, in 

mice on days 3, 7, 11, 17 and 19 of pregnancy and on postpartum day 2. An additional group of mice at day 19 of pregnancy 

were included that were given progesterone injections from day 17 - 19 of pregnancy. There were no significant differences 

at any time points in levels of pSTAT5 staining compared to virgin levels. Data are expressed as mean ± SEM. 
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Figure 3.9B: Representative photos of pSTAT5 staining seen in the dorsrsomedial nucleus (DMN) in virgin mice, in mice on 

days 3, 7, 11, 17 and 19 of pregnancy and on postpartum day 2. An additional group of mice at day 19 of pregnancy were 

included that were given progesterone injections from day 17 to day 19 of pregnancy. There were no significant differences at all 

time points in levels of pSTAT5 staining compared to virgin levels. Data are expressed as mean ± SEM. 
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Figure 3.10A: Graph showing the number of pSTAT5 labelled nuclei in the ventromedial nucleus (VMN) in virgin mice, in 

mice on days 3, 7, 11, 17 and 19 of pregnancy and on postpartum day 2. An additional group of mice at day 19 of pregnancy 

were included that were given progesterone injections from day 17 - 19 of pregnancy. Levels of pSTAT5 staining in the  

VMN were significantly elevated on days 3 and 7 of pregnancy, and on day 19 of pregnancy progesterone injections, when 

compared to levels in virgin mice (*, p < 0.05). There were no significant differences at all other time points. Data are 

expressed as mean ± SEM. 
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Figure 3.10B: Representative photos of pSTAT5 staining seen in the Arcuate (ARC) in virgin mice, in mice on days 3, 7, 11, 17 and 

19 of pregnancy and on postpartum day 2. An additional group of mice at day 19 of pregnancy were included that were given 

progesterone injections from day 17 to day 19 of pregnancy. Levels of pSTAT5 signalling in the VMN were significantly elevated on 

days 3 and 7 of pregnancy, and on day 19 of pregnancy when progesterone was elevated, compared to levels in virgin mice. There 

were no significant differences at other measured time points. 
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Figure 3.11A: Graph showing the number of pSTAT5 labelled nuclei in the amygdala (AMG) in virgin mice, in 

mice on days 3, 7, 11, 17 and 19 of pregnancy and on postpartum day 2. An additional group of mice at day 19 of 

pregnancy were included that were given progesterone injections from day 17 - 19 of pregnancy. Levels of pSTAT5 

staining in the AMG were significantly elevated on day 3 of pregnancy, when compared to levels in virgin mice (*, p 

< 0.05). There were no significant differences at all other time points. Data are expressed as mean ± SEM. 

  



 

 53 

 

 

 

 

Figure 3.11B: Representative photos of pSTAT5 staining seen in the amygdala (AMG) in virgin mice, in mice on days 3, 7, 11, 17 

and 19 of pregnancy and on postpartum day 2. An additional group of mice at day 19 of pregnancy were included that were given 

progesterone injections from day 17 to day 19 of pregnancy. Levels of pSTAT5 signalling in the AMG were significantly elevated 

on day 3 of pregnancy compared to levels in virgin mice (# = P < 0.05). There were no significant differences at other measured 

time points. Data are expressed as mean ± SEM. 
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4.0 Discussion: 

4.1 Serum Prolactin Levels During Pregnancy in Mice 

In mice, serum prolactin was elevated in early pregnancy (days 3 of pregnancy), low in mid 

pregnancy (days 7– 17 of pregnancy) and surged just prior to parturition (day 19 of 

pregnancy). In early lactation prolactin levels were also elevated (postpartum day 2, PPD2). 

Interestingly, prolactin was significantly elevated on day 3 of pregnancy compared to virgin 

levels, but not on day 7 of pregnancy when measured by an ANOVA with a Dunnets post hoc 

test. In rats which have a similar duration of pregnancy, prolactin levels are still significantly 

elevated on day 7 of pregnancy. However, when the data was compared using Neuman Keuls 

post hoc test followed by an ANOVA, or when the virgin and day 7 groups were directly 

compared using a t-test, these two days were significantly different (p = 0.0477). The 

downward trend in prolactin secretion at this time could be the initial stage in the dramatic 

drop of prolactin to basal levels, which occurs as placental lactogen levels start to rise 

between day 7 to 11 of a rodent pregnancy (Soares 2004; Grattan 2008) Placental lactogens 

also bind to the prolactin receptor on TIDA neurons and stimulate the short loop negative 

feedback pathway of prolactin to suppress prolactin secretion (Voogt 1996). Thus, the drop in 

prolactin levels seen on day 7 of pregnancy may indicate that placental lactogen levels are 

rising at this time. However, to confirm this hypothesis, 4 hourly blood samples would need 

to be taken from day 6 of pregnancy, and serum levels of prolactin and placental lactogen 

assessed. 

4.2 The Effect of Progesterone Injections from day 17 to 19 of Pregnancy 

Prolactin levels surge just prior to parturition due to a disruption to the short-loop negative 

feedback pathway (Andrews 2001). The mechanism underlying this disruption is not yet 
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known, however, these results suggest that the drop in progesterone at this time may be 

involved. When serum progesterone levels were artificially maintained at an elevated level in 

late pregnancy by progesterone injections, the pre-parturition surge in prolactin did not occur.  

Thus, it appears that the pre-parturition drop in progesterone is a potential requirement for the 

surge in prolactin at this time. Exogenous administration of estrogen into the ARC to 

ovarectomised non-pregnant rats results in an increased presence of negative regulators of the 

JAK2/pSTAT5 signalling pathway, such as SOCS-1, SOCS-3 and CIS (Steyn 2008). In 

contrast, prolonged exogenous administration of progesterone reverses this effect (Steyn 

2008). Observations by Steyn et al, 2008 are in agreement with the increased estrogen: 

progesterone ratio hypothesis (Arbogast 1991), where the  withdrawal of progesterone in late 

pregnancy is postulated to suppress prolactin secretion by resulting in an increased expression 

of negative regulators of the JAK2/pSTAT5 signalling pathway in the ARC, which disrupts 

the short loop negative feedback pathway (Steyn 2008).  The results from this study agree 

with the estrogen: progesterone theory, however, again more work would need to be done to 

establish that this is the mechanism underlying the disruption in negative feedback that 

occurs immediately prior to parturition.  

4.3 Characterisation of lactogenic activated nuclei  

Early Pregnancy 

In rodents, prolactin surges twice-daily in early pregnancy (Grattan 2010), while placental 

lactogens are non-existent due to placental immaturity (Soares 2004; Grattan 2008). On day 3 

of pregnancy there was a statistically significant increase in levels of pSTAT5 within most 

regions analysed at the expected time of the diurnal surge (MPOA, AVPV, PVN, ARC, LS, 

BnST and VMN). This increase was also seen in the ARC, MPOA and VMN on 7 of 

pregnancy at the time of the diurnal surge, though to a lesser extent. Interestingly, this 
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correlates well with serum prolactin levels, as when serum prolactin was significantly 

elevated on day 3 of pregnancy more pSTAT5 expression was seen, and when levels of 

serum prolactin were lower on day 7 of pregnancy pSTAT5 was also expressed at lower 

levels. This is in agreement with other results published in the literature that show that levels 

of pSTAT5 directly correlate with levels of serum prolactin (Brown 2010) and with prolactin 

receptor mRNA expression (Brown 2010). Thus similar to virgin mice (Brown 2010), 

prolactin levels in early pregnancy correlate well with prolactin-induced activation of brain 

nuclei. In virgin mice, prolactin injections stimulate pSTAT5 expression in the AVPV, ARC, 

DMN, and AMG (Brown 2010). By contrast, pSTAT5 expression is seen in additional areas 

during lactation (MPOA, BnST, PVN and AMG) (Brown 2010). pSTAT5 was expressed in 

these additional nuclei on day 3 of pregnancy, indicating that the heightened sensitivity to 

prolactin that occurs postpartum is initiated by day 3 of pregnancy.  

Mid-Pregnancy 

In rodents, the twice daily surges of prolactin terminate at mid-pregnancy and prolactin drops 

to low basal levels (Soares 2004; Grattan 2008). Around this time placental lactogen I begins 

to be secreted by the placenta, followed by placental lactogen II, thus from mid-pregnancy 

until parturition, either placental lactogen I or placental lactogen II is elevated (Soares 1982; 

Orgen 1989; Soares 2004; Grattan 2008). In the majority of brain regions that were analysed 

(MPOA, AVPV, PVN, ARC, LS, BnST and VMN), although there did appear to be a trend 

for an increase in the level of JAK2/pSTAT5 signalling from days 11 – 17 or pregnancy,  in 

no region was this increase statistically significant (excluding the LS on day 11). Thus, 

although placental lactogens have been shown to bind to the prolactin receptor and activate 

downstream signalling pathways (Turkington 1966; Bridges 1996; Fujinaka 2007), it appears 

that they do not act through the JAK2/pSTAT5 signalling pathway to the same extent as 

prolactin does in early pregnancy. The change in responsiveness of brain nuclei to prolactin 
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in early pregnancy, and to placental lactogens in mid-pregnancy, cannot be the result of a 

change in prolactin receptor expression, as this has been found to be relatively constant 

throughout pregnancy (Brown 2010). Furthermore, it cannot be due to differing affinities of 

prolactin, placental lactogen I and placental lactogen II for the prolactin receptor, as these 

three hormones have been shown to bind this receptor with equal affinity (Bridges 1996). 

One potential explanation for the apparent change in responsiveness of nuclei to these 

lactogenic hormones throughout pregnancy, is the change in the secretory pattern of these 

lactogens during this time. In early pregnancy prolactin is secreted in twice daily surges, 

whereas from mid-pregnancy placental lactogen I or II levels are chronically elevated, or at 

least undergo a much slower rate of change (Soares 2004; Grattan 2008). It is plausible that 

short bursts of lactogenic hormone elevation are much more efficient at stimulating 

lactogenic signalling than chronic sustained periods of elevation, which may result in a 

ligand-induced receptor desensitization event (Shankaran 2007). This phenomenon of ligand-

induced desensitization has previously been reported for the rat growth hormone receptor 

(Fernandes 1998). This receptor is highly similar to the prolactin receptor with ligand binding 

also being able to stimulate the JAK2/pSTAT5 signalling pathway (Kelly 1991). In vivo 

studies of the rat growth hormone receptor have found that chronic exposure of this receptor 

to its ligand (growth hormone), results in a decrease in pSTAT5 DNA binding activity, as 

well as a reduction in any further intracellular STAT5 activation (Fernandes 1998). In 

contrast, periodic exposure of the growth hormone receptor to its ligand results in recurring 

STAT5 activation and subsequent efficient pSTAT5 DNA binding (Fernandes 1998). 

Interestingly, growth hormone is secreted periodically in all species but the frequency of 

secretion in adult rats has been found to be sex dependent (Eden 1979). In males, peak 

amplitude is higher and the time between peaks is longer (Eden 1979), thus the nature of 

secretion is more periodic in males and more chronic in females.  Evidence suggests that the 
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sexual dimorphism in secretory pattern of growth hormone is important for differential 

regulation of certain proteins such as cytochrome P450 (Legaverend 1992). Therefore, it is 

plausible that the difference in the secretory pattern of lactogenic hormones throughout 

pregnancy could be an important adaptation of pregnancy that results in differential protein 

regulation to determine the timing of onset of specific changes important for maternal and 

fetal wellbeing. 

On day 11 of pregnancy, a statistically significant increase in lactogenic induced pSTAT5 

signalling was seen in the LS. The elevation in expression of pSTAT5 cannot be due to 

lingering high levels prolactin in the blood as prolactin levels by this time are at basal levels. 

Perhaps this is an experimental anomaly as it seems odd that there is only a large amount of 

signalling on day 11 in this one area, and that this elevated level is not sustained through to 

day 17 when placental lactogens continue to be elevated. Future studies would need to be 

undertaken to determine whether this result is an oddity relatable only to the group of mice 

used in this study, or a true occurrence relatable to all mice of this strain.  

In the PVN, a statistically significant decrease in lactogenic induced signalling was seen on 

day 11 of pregnancy, and interestingly, in the AMG the level of signalling also appeared to be 

particularly low on day 11 of pregnancy compared to virgin controls. Perhaps, in the PVN 

and AMG the inhibition of lactogenic induced signalling on day 11 of pregnancy is a 

pregnancy-induced adaptation necessary for either maternal or fetal well-being, however, it 

may be that these results are not representative of normal lactogenic nuclei activation in these 

regions at this time point. Thus, again, future studies should be performed to determine 

whether this result is a true occurrence relatable to all mice of this strain.  
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Late Pregnancy 

Day 19 of pregnancy is the final day of gestation in the mice used in this study. At this time 

placental lactogen II  levels are elevated, a pre-parturition surge in prolactin occurs, as well as 

a pre-parturition drop in progesterone (Hashimoto 2010). Although there did appear to be an 

increase in the level of pSTAT5 signalling in most regions analysed at this time (PVN, 

AVPV, MPOA, BnST, ARC, DMN, LS, AMG and VMN), in no region was this increase 

found to be statistically significant. Chronic stimulation may result in a ligand-dependent 

desensitization event (Shankaran 2007). Thus, as in mid-pregnancy, despite the surge in 

prolactin, the chronic elevation in levels of placental lactogen may inhibit any increase in 

lactogenic-induced pSTAT5 signalling. Alternatively, progesterone withdrawal at this time 

may result in a global increase in expression of negative regulators of the JAK2/pSTAT5 

signalling pathway. This hypothesis has previously been confined to the ARC (Steyn 2008). 

However, it is possible that the expression of these negative regulators is not just confined to 

the ARC, but also occurs in other brain nuclei, thus, potentially accounting for the slight 

increase in lactogenic signalling seen at this time, despite the surge in serum levels of 

prolactin.  

Early Lactation 

In early lactation levels of serum prolactin are elevated, and placental lactogens are absent 

due to the expulsion of the placenta after birth. Levels of serum prolactin during the 

postpartum period are suckling dependent (Terkel 1972). Thus, prolactin at this time is 

secreted at high levels in a periodic nature, in a similar pattern to that which occurs in early 

pregnancy (Grattan 2010).  At this time, the level of signalling in most regions (PVN, AVPV, 

MPOA, BnST, ARC, LS, AMG, VMN) was similar to that seen in mid and late pregnancy, 
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appearing to be higher than that of virgin controls, but not so high as to be statistically 

significant.  

This level of lactogenic signalling cannot be due to ligand - dependent desensitization as 

prolactin secretion at this time is periodic, not chronic in nature. Thus prolactin binding to the 

prolactin receptor should result in recurring pSTAT5 activation, and subsequent efficient 

pSTAT5 DNA binding (Fernandes 1998). A potential explanation is that again, as in late 

pregnancy, the decreased level of lactogenic signalling is due a global increase in the 

expression of negative regulators at this time. Immunoflouresence studies have shown that 

the suckling stimulus results in an increased expression of negative regulators of the 

JAK2/pSTAT5 signalling pathway in TIDA neurons of the ARC, particularly CIS (Anderson 

2006). It is again plausible that the expression of these negative regulators is not just confined 

to the ARC but is more global. It should be noted however, that the level of pSTAT5 

activation reported in this study on postpartum day 2 is much lower than that previously 

reported on postpartum day 7 by Brown et al in 2010 (Brown 2010). This may mean that 

there is a difference in prolactin-induced pSTAT5 signalling between early and mid lactation 

(lactation lasts for approximately 21 days in a mouse), or alternatively, that a larger n was 

required to attain representative results at this time point.   

4.4 The Effect of Preventing the Pre-parturition Drop in Progesterone Levels, on 

Lactogenic Signalling in the Brain 

In the ARC, MPOA and VMN, preventing the drop in levels of progesterone in late 

pregnancy resulted in a statistically significant increase in the level of lactogenic-induced 

pSTAT5 signalling on day 19 of pregnancy. In the PVN, BnST, LS, AMG and DMN, there 

also appeared to be an increase in lactogenic-induced pSTAT5 signalling at this same time, 

however this increase was not statistically significant. In this group, serum prolactin levels 
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are at basal levels as preventing the drop in progesterone levels prevented the pre-parturition 

surge in prolactin levels. Thus, the increase in pSTAT5 activation within the brain on day 19 

of pregnancy may be induced by placental lactogen II, which is elevated at this time. As the 

increase in lactogenic signalling on day 19 is not seen when progesterone levels are low, 

elevated progesterone levels at this time enhance lactogenic signalling through the 

JAK2/pSTAT5 signalling pathway. It is surprising that expression of lactogenic-induced 

activation of pSTAT5 on day 19 (when progesterone and placental lactogen II levels are 

elevated) is not similar to  the expression of pSTAT5 seen on days 11 – 17 of pregnancy 

(when progesterone and placental lactogen II levels are also elevated). By contrast, it appears 

that in most regions the level of lactogenic-induced activation was higher on day 19 of 

pregnancy when progesterone was exogenously elevated than on days 11 – 17 of pregnancy 

when progesterone was endogenously elevated. The increase in pSTAT5 expression may be 

due to the dose of progesterone administered. A 0.1 ml dose of 1 mg/0.1 ml progesterone was 

chosen as this has been determined to be the lowest dose that consistently delays parturition 

from occurring (Hashimoto 2010). The dose was given twice a day to avoid any artificially-

induced drop in progesterone levels from initiating early onset of parturition.  In mice, from 

early to mid pregnancy serum progesterone levels endogenously increase to approximately 

150 - 200 ng/ml, compared to virgin basal levels of 30ng/ml (Hashimoto 2010). Exogenous 

administration of 1mg of progesterone once daily in late pregnancy in mice increases serum 

progesterone levels to approximately 700 - 800ng/ml (Hashimoto 2010). After 48 hours, this 

level drops down to ~450 - 600ng/ml, which is still significantly greater than the 150 - 

200ng/ml normally seen during pregnancy. Therefore, a smaller dose may have needed to be 

given in order to mimic the normal levels of serum progesterone seen in late pregnancy 

(Hashimoto 2010), and to examine the effect on lactogenic-induced signalling in the brain.  
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Therefore, the increase in lactogenic-induced signalling at this time may be an artifact 

induced by the artificially raised levels of progesterone.  

4.5 Behavioural Implications 

It has previously been shown that the increased prolactin levels in early pregnancy are crucial 

for the development of normal behaviours postpartum, including the onset of maternal 

behaviour and reduced response to stressors (Grattan 2010). The results in this study show 

that for most regions of the brain analysed, lactogenic induced signalling was highest in early 

pregnancy, including in the MPOA, a region implicated in maternal behaviour onset 

(Jacobson 1980), and in the PVN, a region involved in stress responsiveness (Hermann 

1997). Thus, these results indicate that elevated levels of lactogenic-induced signalling in 

early pregnancy, are present in regions of the brain important in the development of normal 

behaviours postpartum, and thus, corroborate previous published reports.  

Exogenous injections of progesterone in late pregnancy to maintain elevated progesterone 

levels had a stimulatory effect on lactogenic induced signalling. This effect may be due to 

progesterone inhibiting negative regulators of the JAK2/pSTAT5 signalling pathway, such as 

SOCS-1, SOCS-2 and CIS. However, so far this has only been reported in the ARC (Steyn 

2008).  If impaired maternal behaviours are due to decreased or impaired JAK2/pSTAT5 

signalling in late pregnancy (perhaps due to altered levels of serum progesterone or 

prolactin), it is plausible that pharmaceutical administration of progesterone at this time may 

enhance lactogenic signalling, and enhance maternal behaviours. Interestingly, in humans 

bio-identical progesterone supplements during lactation are currently used as a treatment for 

postpartum anxiety, however, effectiveness of this treatment has been highly variable and 

thus its use is controversial (Cindy-Lee 2004). As research suggests that early to mid 

pregnancy is the period most critical for the onset of normal behavioural adaptations after 
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birth (Grattan 2010), perhaps progesterone administration earlier in pregnancy to elevate 

lactogenic induced signalling at this time may prevent maternal anxiety postpartum. This has 

not been looked at yet, but is potentially an interesting area for future research. 

4.6 Study Limitations and Areas of Future Research 

A limitation of this study was that characterisation of serum prolactin levels during 

pregnancy and early lactation in mice was incomplete as only 6 time points were examined. 

A future study with more time points could be carried out in order to determine when 

prolactin levels drop during mid-pregnancy, and at what rate the drop occurs. This is also true 

for the pre-parturition surge in prolactin in late pregnancy. Although data show that prolactin 

is at basal levels on day 17 of pregnancy, and that by day 19 of pregnancy prolactin levels are 

elevated, the exact rate and timing of this pre-parturition prolactin surge has not been fully 

determined. 

Another limitation of this study was that the phenotype of nuclei activated by prolactin was 

not determined. Although it is assumed that the majority of neurons activated by prolactin in 

the ARC are TIDA neurons, this cannot be confirmed. To determine what type of neurons in 

each region are being activated by prolactin, double-label immunohistochemistry or double-

label immunoflouresent studies specific for particular neuronal phenotypes, and for pSTAT5, 

could be performed. This would help in analysing the role of lactogenic induced signalling 

within each region.  

Further research could also be done to analyse the effect of periodic versus chronic levels of 

lactogenic hormones on signalling pathways activated downstream of the prolactin receptor, 

and on the resulting genes transcribed, and in particular, to examine whether the prolactin 

receptor undergoes ligand-dependent desensitization. 
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In addition, levels of pSTAT5 staining in the brain in early pregnancy and behavioural 

responses postpartum could be correlated with behaviour postpartum in mice with postpartum 

anxiety that have had progesterone levels artificially elevated in early pregnancy. This would 

determine if elevated progesterone levels in early pregnancy can prevent postpartum anxiety, 

and thus, potentially lead to new therapeutic tools to treat postpartum mood disorders. 

Finally, the distribution and expression level of negative regulators of the JAK2/pSTAT5 

signalling pathway during pregnancy and early lactation could be analysed, as this study 

suggests that the changes in expression of these may not just be confined to the ARC.   

4.7 Conclusion (see figure 4.2 below for a diagrammatic summary of this study) 

Serum prolactin was found to be elevated in early pregnancy, low in mid-pregnancy and 

underwent a surge just prior to parturition (Acceptance of Hypothesis 1: Serum prolactin 

levels in the mouse will undergo twice daily surges in early pregnancy, drop to basal levels 

from mid-pregnancy and surge just prior to parturition). The level of lactogenic-induced 

activation within most brain nuclei analysed was significantly increased in early pregnancy 

compared to virgin controls. Throughout the rest of pregnancy, and in early lactation, the 

level of lactogenic-induced activation did appear to be higher than virgin controls, but this 

increase was not statistically significant (Acceptance of first part of Prediction 2: There will 

be an increase in the intensity of staining during pregnancy within nuclei that respond to 

lactogenic stimulation compared to that seen in virgin mice. Also additional nuclei will 

respond during pregnancy that are not activated in virgin mice. Rejection of second part of 

Prediction 2: Further, we hypothesise that placental lactogens will activate the same nuclei 

in the brain from mid-pregnancy and to the same extent as prolactin does in early 

pregnancy). This difference in the level of lactogenic-induced activation of brain nuclei may 

be due to the contrasting nature of lactogen secretion, with prolactin being released 
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periodically in early pregnancy, whereas placental lactogens are chronically elevated from 

mid pregnancy. Furthermore, in late pregnancy and early lactation, there may be a global 

increase in the presence of negative regulators of lactogenic signalling as elevated 

progesterone levels in late pregnancy resulted in an increase in lactogenic signalling within 

the brain in some regions and prevented the pre-parturition surge in prolactin (Rejection of 

the first part of Hypothesis 3: The drop in progesterone levels just prior to parturition will 

not affect lactogenic activation of brain nuclei), and  prevented the pre-parturition surge in 

prolactin (Acceptance of the second part of Hypothesis 3: The drop in progesterone levels 

just prior to parturition will prevent the pre-parturition rise in serum prolactin levels). These 

results demonstrate that the heightened responsiveness to prolactin that is seen in the 

maternal brain postpartum which is purported to be essential for normal maternal behaviours 

postpartum occurs by day 3 of pregnancy. These results reinforce the potential importance of 

lactogenic hormones in shaping the maternal brain to co-ordinate the adaptations of 

pregnancy, such as normal onset of maternal behaviour and reduced anxiety postpartum. 
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Figure 4.2: Diagram summarising lactogenic hormone levels during pregnancy and early lactation in 

the mouse (placental lactogens levels from extrapolation of rat data (Soares 2004; Grattan 2008) in 

comparison to the general level of lactogenic signalling in the MPOA, AVPV, PVN, ARCN, LS, 

BnST and VMN. Potential explanations are given for the levels of lactogenic signalling in relation to 

lactogenic hormone levels in early pregnancy, mid-pregnancy, late-pregnancy and early lactation. 
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Appendices 

A. Pentobarbitone 

Pentobarbitone (300 M)    [Provet, batch 090324]  

      

To make pentobarbitone (30 M) dilute 1: 10 in saline solution. Mice were injected with 0.1ml 

(lethal overdose). 

 

B. Paraformaldehyde Solution 

Phosphate Buffer (0.2 M): 

NaH2PO4H2O (0.5 M)    40 ml    [BioLab (Aust), batch 239290] 

Na2HPO42H20 (pH 7.3)   160 ml              [BioLab (Aust), batch 251840] 

 

Made up to 500ml with Milli-Q H20 

 

Paraformaldehyde: 

Paraformaldehyde    4 g  [Acros Organics, batch AO287022] 

Milli- Q H20     100 ml 

NaOH     1-3 drops 

phosphate buffer (0.1M)  100 ml   

 

 Milli - Q H20 was warmed for 30 seconds in the microwave. In the fumehood the 

paraformaldehyde was added to the heated H20, and a few drops of NaOH added to assist the 

paraformaldehyde to dissolve. The solution was continuously stirred while being heated to 

50° C (the flashpoint of paraformaldehyde is just over 60° C). Once the paraformaldehyde 

was fully dissolved, it was poured through filter paper into a marked collection bottle and 

cooled on ice, at which point filtered 0.2 M phosphate buffer was added. 



 

 74 

C. 30% Sucrose Solution 

Sucrose    90 g  [BioLab (Aust), batch 255673] 

Phosphate buffer (0.2 M)  125 ml   

Milli Q H20    125 ml 

 

 

D. RIA Buffer 

Bovine Serum Antigen (BSA) 5 g  [Sigma, batch 040M1755] 

EDTA (10 mM)   3.75 g   

NaCl (150 mM)   8.75 g  [BDH Laboratory Supplies,  

batch K20417298] 

PO4 Buffer (0.05 M)   80 ml 

 

Made up to 1L with Milli-Q H20 then PH to 7.1 
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E. Tube Array Sheet  

 

 

 
 

 

 

 

 

 

Prolactin radioimmunoassay tube template array sheet showing the contents added to each tube. Tubes 1-

39 were used to calibrate the standard curve. Tubes 40 – 177 contained serum samples analysed for 

prolactin concentration. 
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F: Chloramine-T Iodination Method 

The Chloramine T method (Hunter 1962) was used to iodinate National institute of diabetes 

and digestive kidney diseases (NIDKK) mouse prolactin (4ug/ml Washington DC, USA, 

batch AFP 6476C).  This procedure initially involves the oxidisation of stable 
125

I
-  

with 

chloramine-T, using the oxidant metabisulfate, to produce γ-emitting  reactive species 
125

I2  or 

125
I
+ 

(Bailey 2002). These reactive species are substituted with specific tyrosine residues of 

mouse prolactin (Bailey 2002), thus enabling the detection of mouse prolactin through the 

detection of γ-emission.    

5 ul of NIDKK mouse prolactin (4ug/ml Washington DC, USA, batch AFP 6476C) was 

added to a glass vial. To bring the pH of the vial to neutral, 25ul of 0.5M phosphate buffer 

(see appendix G) was added subsequent to the addition of 5ul of 
125

I
-
. To oxidise 

125
I
-  

to the 

γ-emitting  reactive species 
125

I2 or 
125

I
+
, 10ul of 0.05M phosphate buffer (see appendix G) 

and 10mg of chloramine-T were mixed and the resulting 1mg/ml Chloramine-T solution was 

added to the vial. The oxidant metabisulfate (NaSO4) was added 20s later, then after a further 

20s, 100 ul of 1 % BSA buffer (see appendix H) was added. The resulting solution was 

vortexed to enable efficient substitution of 
125

I2 or 
125

I
+
 into any prolactin molecules present, 

resulting in a final solution of iodinated mouse prolactin. 

To separate iodinated and non-iodinated mouse prolactin, the vile was run through a Sepadex 

G-25 column through which 100 ul of 5 % BSA buffer (see appendix H) was previously run, 

followed by 50 ul of the blue marker dye Dextran blue. To ensure the column was kept moist 

and the iodinated prolactin flowed to the bottom of the column, 0.05 M phosphate buffer (see 

appendix G) was added to the top of the column and allowed to run through. When the 

iodinated prolactin neared the bottom of the column, as shown by the position of the Dextran 

blue marker dye, serial 0.5 ml samples were collected in individual tubes. The γ-emission 

radioactive count of each of these tubes was determined through running each tube in a 

Packard Cobra II Auto-Gamma-Counter (Gregor Mendel Institute, London, England). 200ul 

of 5% BSA buffer (see appendix H) was added to the two tubes with the highest γ-emission 

counts. These tubes were labelled and stored at 4° C until used in serum prolactin-

radioimmunoassay (see methods section 2.3). Thank you to Pene Knowles for carrying out 

this step. 
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G: Phosphate Buffer (0.5 M) 

NaH2PO4  (250 mM)    35.5 g 

Na2HPO4   (250 mM)    44.5 g 

 

Make up to 1 L with Milli-Q H20, pH to 7.2. To make 0.05 M phosphate buffer, dilute 1:1000 

with Milli-Q H20. To make 0.1 M phosphate buffer, dilute 1:5 with Milli-Q H20. 

 

 

H: 5 % BSA Buffer  

Bovine Serum Antigen (BSA)  5 g  [Sigma, batch 040M175]  

Phosphate Buffer (0.05 M)    100 ml 

 

To make 1 % BSA buffer, dilute 1:5 with Milli-Q H20 

 

 

I.  PEG Buffer 

Polyethelene Glycol (PEG)    1 g  [Fisher Scientific,  

batch1092445] 

PO4 Buffer (0.05 M)    100 ml 

 

 

J: Cyroprotectant  

Phosphate Buffer (0.1 M)   200 ml 

Sucrose    150 g  [BioLab (Aust), batch 255673] 

Ethelene Glycol    150 ml 

Mix, then add more 0.01 M Phosphate Buffer to make up to 500 ml. Store at - 20° C. 
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K: 10 x TBS (0.05 M) 

Tris Hydrochloric Acid (TRIS-HCL)            121.2g         [Fisher Bioreagent,  

batch 106X34] 

Tris Base     27.6g  [Fisher Bioreagent,  

batch 093487] 

Sodium Chloride (NaCl)   174g  [BDH Laboratory Supplies,  

batch K20417298] 

 

Made up to 2 L with Milli-Q H20, pH to 7.6. To make 1 x TBS dilute 1:10 with Milli-Q H20, 

to make 0.05 x TBS dilute 1:20 with Milli-Q H20. 

 

L: Tris-HCL (1M) 

Tris Hydrochloric Acid (TRIS-HCL)  78.8 g  [Fisher Bioreagent,  

batch 106X34] 

 

Made up to 500ml with Milli-Q H20, pH to 10.0. To make Tris-HCL (0.01 M), dilute  1:100 

with Milli-Q H20. 

 

 

M: Incubation Solution 

1 x TBS      500 ml   

Bovine Serum Antigen (BSA)  1.25 g  [Sigma, batch 040M1755] 

Triton-X-100     1.5 ml      [Acros Organics, batch 

           AO290152]             

 


