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Abstract
Pregnancy is associated with a significant increase in food intake. This
occurs in order to supply the mother with sufficient energy to support both
herself and the developing fetus throughout pregnancy and lactation when
metabolic demand is high. This increase in food intake occurs despite an
elevation in circulating levels of the appetite-suppressing hormone leptin.
Hence, pregnancy is considered a state of leptin resistance. The hormone
prolactin, the levels of which are significantly increased during pregnancy,
is thought to be involved in increasing food intake during pregnancy.
Exogenous administration of prolactin in rodents is associated with
increased food intake and reduced response to leptin. As such, it is possible
that the pregnancy-induced increases in prolactin may have the same effect.
We hypothesised that prolactin acts centrally to mediate the changes in food
intake that occur during pregnancy. Thus, the aim of this experiment was to
measure food intake during pregnancy in mice that specifically lack
prolactin receptors in the brain.

To characterise food intake in these mice, food intake and bodyweight
were measured daily in non-pregnant, pregnant and lactating neuronspecific prolactin receptor knockout mice and controls. This neuron-specific
prolactin receptor knockout model has lost prolactin receptors throughout
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the brain and thus exhibits impaired central prolactin response.
Immunohistochemistry for phosphorylated signal transducer and activator
of transcription 5 (pSTAT5), a marker of prolactin receptor activation, was
performed in order to assess the success of the knockout animal. Finally,
because there appeared to be a difference in bodyweight in the non-pregnant
knockout animals, non-pregnant mice were subjected to a fast and refeed
protocol and then placed on a high fat diet in order to further characterise
their food intake regulatory systems.

Food intake increased significantly over pregnancy and was higher still
during lactation in both animal groups. Bodyweight also increased over
pregnancy, then remained stable during the lactation period. Food intake
was significantly higher throughout pregnancy in the knockout animals
compared with the controls. Unexpectedly, food intake and bodyweight
were significantly higher in the non-pregnant knockout animals compared
with the controls suggesting a basal difference in bodyweight regulation.
Immunohistochemistry for pSTAT5 demonstrated significant, but not
complete loss, of the prolactin receptor throughout the brain, specifically in
the arcuate nucleus and medial preoptic area. There was no significant
difference between the animal groups in the fast and refeed protocol. The
high fat diet data demonstrated that the knockout animals on a high fat diet
gained significantly more weight than the control animals on a control diet.
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The results obtained did not support our hypothesis that prolactin action
in the brain critically mediates changes in food intake during pregnancy.
However, interpretation of these results was complicated by the nonpregnant animal results and the incomplete nature of the knockout. It
remains possible the remaining prolactin-responsive neurons in the brain
may mediate prolactin action to stimulate food intake. This latter
interpretation is supported by the changes in bodyweight in the nonpregnant knockout animals. Despite the failure to support or disprove our
hypothesis, a significant step towards characterisation of this knockout
model was made.
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1.0 Introduction
1.1: Overview
The expression “eating for two” is often used to justify the significant
increase in food intake associated with pregnancy. Pregnant females must
not only ensure their own energy needs are met, they must also supply
nutrients to the growing fetus and produce energy stores that can be used
during the metabolically-demanding period of lactation. However, this
change in food intake begins long before it is required by any significant
alteration in metabolic activity. Thus, early pregnancy is characterised by a
period of positive energy balance. The increase in food intake during
pregnancy occurs despite an increase in levels of the appetite suppressing
hormone leptin. This suggests that the body must somehow override the
normal food intake regulatory mechanisms in order to facilitate the state of
pregnancy-induced hyperphagia (1).

1.2 Food intake regulation in the non-pregnant individual
In the non-pregnant individual, energy balance is tightly regulated
through the actions of various homeostatic mechanisms. Long-term energy
3

regulation is achieved through the activity of hormones such as leptin and
insulin. Mice unable to produce leptin (ob/ob mice) and those lacking a
functional leptin receptor (db/db) have considerably increased food intake
and are grossly obese (2-4). These animals demonstrate the critical role
leptin plays in food intake regulation.

Leptin, which is produced in the periphery, acts centrally to reduce food
intake. It is secreted predominantly by adipocytes in proportion to the fat
mass of an individual, with the stomach and the placenta producing lesser
amounts (5, 6). Leptin's food intake regulatory actions are mediated through
a number of different pathways. In the arcuate nucleus (ARC) of the
hypothalamus, a key site of food intake regulation, leptin acts directly upon
pro-opiomelanocortin neurons (POMC) and neuropeptide-Y (NPY)/agoutirelated peptide (AGRP) expressing neurons (7). These anatomically distinct
neuronal populations have opposing effects. POMC neuron activation
causes release of the anorectic peptide ɑ-melanocyte-stimulating hormone
(ɑ-MSH) whilst activation of NPY/AGRP expressing neurons increases the
release of these two orexigenic neuropeptides. Leptin stimulates POMC
neuron activation and thus increases ɑ-MSH levels while simultaneously
inhibiting NPY/AGRP neurons (8). This causes an overall increase in
anorectic and decrease in orexigenic signals respectively, with a consequent
decrease in food intake.
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In addition to leptin, there are other factors involved in the regulation of
food intake. Both the stomach and the gut release hormones on a daily basis
which act, in the short term, to either stimulate or suppress appetite (9).
These include hormones such as cholecystokinin, an anorectic peptide that
is released from the gut (9) and ghrelin, a centrally-acting orexigenic
peptide that is released from the stomach (10). These signals combine to
form an integrated system which ensures energy balance is appropriately
regulated in the non-pregnant individual.

1.3 Energy Homeostasis During Pregnancy
A pregnancy-associated increase in food intake has been well established
in both rats and mice (11-15). A number of alterations in the homeostatic
mechanisms responsible for regulating energy balance facilitate the
development of this pregnancy-induced hyperphagia (16). Pregnancy is
associated with a paradoxical increase in leptin levels (11, 17, 18). In a nonpregnant individual, this state of hyperleptinemia would cause a reduction
in food intake. However, pregnancy is thought to induce a state of central
leptin resistance, which means that these leptin-induced appetitesuppressive effects are lost. This pregnancy-induced leptin resistance is
associated with a decrease in the leptin-induced activation of signal
transducer and activator of transcription 3 (STAT3) and downregulation of
5

leptin receptor mRNA in the hypothalamus (11, 19). This decrease in leptin
responsiveness means that hyperphagia can be maintained throughout
pregnancy and excess energy consumed stored as fat deposits. The
mechanism by which pregnancy-induced leptin resistance develops is not
clear, but it is thought to be caused by changes in hormone levels during
pregnancy.

1.4 Prolactin
During pregnancy, there is an increase in prolactin receptor activity due
to increasing levels of prolactin and its placental homologues, placental
lactogens (20). Prolactin plays a wide range of roles in the body, including
development and maintenance of the mammary glands (21), stimulation of
neurogenesis (22) and maternal behavioural adaptations (23). It has also
been implicated in this state of pregnancy-induced central leptin resistance.

The hormone prolactin is also thought to play a role in the regulation of
energy balance. Prolactin receptors have been identified in a number of
tissue types such as adipose and liver tissue (24), and in areas of the brain
involved in maintaining energy homeostasis including the ARC,
paraventricular nucleus of the hypothalamus (PVN) and ventromedial
nucleus of the hypothalamus (VMH) (25). Prolactin exerts its effects
6

through signalling via the JAK/STAT pathway (see figure 1.1) (26). When
prolactin binds to its receptor, receptor-associated JAK proteins are
activated. These JAK proteins phosphorylate signal transducer and activator
of transcription 5 (STAT5) molecules. These phosphorylated STAT5
(pSTAT5) molecules dimerise, then translocate to the nucleus where they
regulate gene transcription.

Figure 1.1: Prolactin signalling via the JAK/STAT pathway. Adapted
from Grattan, 2002, Reproduction (27)
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Numerous studies have supported a role for prolactin in increasing food
intake in both birds (28-30) and mammals (31, 32). Noel and Woodside (32)
demonstrated that in female rats, prolactin administered peripherally and
centrally increased food intake independent of the dose. Further research
confirmed the results of the above study but whether the observed effect
was dose dependent is inconclusive (33, 34). It seems that the appearance of
these prolactin-induced hyperphagic effects depends on the length of
treatment time. Prolactin treatment for seven days or less has been shown to
be ineffective. In order for a significant hyperphagic effect to be displayed,
a treatment period of nine (35) or more (31, 36) days is required.
Furthermore, constantly elevated prolactin levels are more effective at
inducing hyperphagia than phasic prolactin administration (34). The route
of prolactin administration must also be considered, as it may influence the
mechanism by which this hyperphagia occurs. Indeed, research has shown
that prolactin administered peripherally can induce acyclicity in female rats
(37). Acyclicity is also associated with increased food intake.

Initially, it was proposed that the hyperphagic effects of prolactin were
possibly mediated through activation of receptors for an alternative peptide.
However, injection of an anti-prolactin receptor antibody antagonised this
prolactin-induced increase in food intake suggesting that this effect was a
direct consequence of prolactin receptor activation (30). While it is
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hypothesised that prolactin promotes hyperphagia through altering the leptin
response in both pregnant and non-pregnant animals, the exact role
prolactin plays in this process has not yet been determined.

1.5 The role of prolactin in leptin resistance
Attenuation of the leptin response after simultaneous treatment with both
prolactin and leptin in non-pregnant rats has further supported the role of
prolactin in the induction of leptin resistance. Central leptin injections (4
µg) were sufficient to considerably reduce food intake in saline-infused rats.
In contrast, this treatment did not reduce food intake in rats subjected to
chronic infusions of prolactin (5µg/h) for 10 days. There was also a
significant decrease in pSTAT3 expression (a marker of leptin response) in
the prolactin treated rats compared with control (34). The appetite
suppressive effects of leptin were also lost in pseudopregnant rats treated
with chronic prolactin infusion further supporting this idea of prolactininduced central leptin resistance (38).

It has been proposed that prolactin may impair the leptin response by
inducing downregulation of leptin receptors in the brain. Decreased leptin
receptor mRNA expression was seen in leptin resistant male rats following
prolonged leptin infusion (39). Additionally, Ladyman and Grattan
9

demonstrated that leptin mRNA expression in the VMH is significantly
lower during pregnancy but whether this is a direct result of prolactin
signalling is yet to be determined (19). It is also a possibility that prolactin
may directly interfere with leptin signalling. Prolactin acts to increase
expression of suppressor of cytokine signalling 3 molecule (SOCS3) (40,
41). SOCS3 expression causes subsequent downregulation of STAT
signalling and consequently, impairs leptin signalling which is dependent on
STAT3 activation (42). However, both of these theories require neurons that
are dually responsive to prolactin and leptin. Prolactin receptors have been
identified in a number of neurons in the VMH and paraventricular nucleus
(PVN) but colocalisation of leptin receptors on these neurons has not yet
been demonstrated.

There is significant evidence suggesting that prolactin can induce
changes in food intake. As such, we hypothesised that prolactin is critically
involved in causing leptin resistance and therefore increasing food intake
during pregnancy. Assessing food intake in pregnant, prolactin-receptor
knockout animals would help clarify the role of prolactin in these changes
but global loss of the prolactin-receptor causes infertility. Recent advances
in transgenic techniques have facilitated the development of a novel,
neuron-specific prolactin receptor knockout mouse. The aim of this project
was to measure food intake during pregnancy in both neuron-specific
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prolactin receptor knockout and control mice. If prolactin plays an
important role in pregnancy-related central leptin resistance, then the
hyperphagic state that would normally occur during pregnancy would not be
observed.
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2.0 Methods
2.1 Overview
This thesis was comprised of three experimental components. The aim of
the first component was to assess daily food intake, body weight and litter
weight (where applicable) in non-pregnant, pregnant and lactating neuronspecific prolactin receptor knockout animals and controls. The second
experiment was to confirm loss of the prolactin receptor in the brain of
these mice to validate the experimental model. This was achieved through
immunohistochemistry for pSTAT5 as a marker of functional prolactin
response. Based on initial observations in experiment 1 that suggested
appetite might be different in the knockout mice, a third experiment was
added to the project. The third experiment was to examine the post-fasting
feeding behaviours of animals and changes in body weight when fed a high
fat diet in non-pregnant neuron-specific prolactin receptor knockout animals
and controls.

2.2 Generation of Conditional Knockout Mice
Animals used in the experiments were CamK-II-Cre;Prlrflox/flox adult
female mice. These animals were generated using two different transgenic
12

strains. A female prolactin receptor floxed mouse (Prlrflox/flox), in which the
critical coding region for the prolactin receptor gene was flanked by loxP
sites, was mated with a CamKII-Cre expressing male animal, which
expresses cre-recombinase neuron-specifically (43).A second round of
mating between the heterozygous CamKII-Cre;Prlrflox/wt and Prlrflox/flox
generated animals which were homozygous for the floxed gene and either
cre-positive or cre-negative. These cre-positive mice would undergo cremediated recombination of the coding sequence between the loxP sites and
thus functional loss of the prolactin receptor in cells expressing the CamKII
promoter. Control mice were homozygotic for the floxed gene but did not
express cre. The floxed prolactin receptor construct was such that when
recombined by cre, it would activate green fluorescent protein (GFP), as an
indicator of successful recombination.

2.3 Animals
Animals were individually housed in controlled temperature (22 ± 1°C)
and lighting (12L:12D cycles, with lights-on at 0600 h). All animals were
allowed free access to food (unless otherwise stated) and water. All animal
manipulations and protocols required for this thesis were approved by the
University of Otago Committee on Ethics in the Care and Use of Laboratory
Animals (Ethics Number 106/10).
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2.4: Experiment 1: Food intake, body weight and litter growth
during different reproductive states

The food intake and body weight of female, virgin mice were monitored
daily using a FX300i Wp scale (range 0-320g, accuracy 0.001g, M&D
Company Ltd). Estrous cyclicity was also monitored using daily vaginal
smearing. After 14 days, females were paired with male mice in order to
achieve pregnancy and were checked daily for the presence of a vaginal
plug. Appearance of a vaginal plug was used to indicate pregnancy day 1.
Food intake and body weight were measured throughout gestation until
parturition on day 19. Litters were normalised to five pups and
measurements including bodyweight, food intake and pup weight
recommenced six days post-delivery in order to monitor growth and food
intake during lactation without interfering with establishment of maternal
behaviour. Measurements were taken until weaning at 21 days postpartum.

2.4.1 Estrous Cycle Assessment
The estrous cycle was assessed through daily vaginal smearing between
0900 and 1000 hours. This involved insertion of a small wire loop into the
vaginal opening of a mouse which was gently rotated to collect cells from
the vaginal epithelium. Any displaced cells collected on the loop were then
14

transferred to a glass slide. The slide was then stained with 3 drops of
0.05% Toluidine blue and left for 1 minute. The cells were then examined
under a light microscope at low magnification. The stage of the estrous
cycle was based on epithelial cell morphology and distribution using the
following guidelines:

Proestrus: Predominantly round, nucleated epithelial cells arranged
in clusters.
Estrus: Large numbers of enucleated, cornified epithelial cells.
Metestrus: Cornified epithelial cells and large numbers of small,
granular leukocytes.
Diestrus: Small number of epithelial cells and/or leukocytes.

2.5: Experiment 2: Confirmation of prolactin receptor deletion
in the brain

At the conclusion of experiment 1, all pups were culled and the female
mice left for 1-3 weeks before the brains were collected for
immunohistochemistry for prolactin-induced pSTAT5 as a marker of
functional prolactin response in the brain. These animals were subjected to a
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series of subcutaneous bromocriptine (5 mg/ml, 200 µl volume) injections
twenty four hours, twelve hours and two hours prior to perfusion in order to
suppress endogenous prolactin. Forty minutes before perfusion, animals
were administered prolactin (5mg/kg) via intraperitoneal (i.p) injection.
Mice were then anesthetised using a single i.p. injection of sodium
pentobarbitone (15 mg/ml, 150 µl volume). Once loss of the pedal
withdrawal reflex indicated that the animal was deeply anesthetized, a small
incision was made in the abdomen just below the final rib exposing the
diaphragm. The diaphragm was then pierced using surgical scissors and the
rib cage removed allowing access to the heart. A 22 gauge needle was then
inserted into the left ventricle of the heart and 20 mls of 4%
paraformaldehyde (Appendix A) injected over two minutes. Rigidity of the
body was used to indicate successful perfusion. Brains were collected and
post-fixed for 1 hour in the same fixative then placed in 30% sucrose
(Appendix A) in phosphate buffered saline (Appendix A) at 4oC until they
sank. They were then flash frozen using powdered dry ice and stored at 80oC until tissue processing.

The brain stem and cerebellum were removed from the posterior aspect
of the mouse brain with a single cut through the level of the pons and the
brain

was

mounted

cut

surface

down

in

TissueTek®

(O.C.T.

Compound;Sakura Finetek USA Inc., CA, USA) onto a cryostat chuck.
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Thirty µm thick coronal sections were sliced at -21°C in three series, each
containing sections 90 µm apart. Slices were collected from the beginning
of the medial preoptic area (MPOA) (0.26 mm relative to Bregma) to the
end of the VMH (approximately -2.06 mm relative to Bregma) and placed
in a 24 well multiplate (44). Sections were placed in cryoprotectant
(Appendix B) and refrigerated at -20°C until further processing.

2.5.1 Immunohistochemistry for pSTAT5
Immunohistochemistry allows for visualisation of a protein of interest
through utilising the binding properties of an antibody conjugated to a
visual marker to a specific antigen. A tissue specimen is exposed to primary
antibody specific for the desired protein. A biotinylated secondary antibody
is then added which binds to the primary antibody amplifying the signal and
this complex is then visualised with a streptavidin complex bound to
horseradish peroxidase, using diaminobenzidine (DAB) as the colour
reagent. Appendix B describes the details of all buffer and solution
protocols used in the immunohistochemical process.

One series of sections was processed for immunohistochemistry for
pSTAT5. All steps were carried out on an orbital shaker unless otherwise
stated. Sections were washed in 1x tris-buffered saline (TBS; Appendix B)
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6 times for 10 minutes each, to remove any remaining cryoprotectant. Any
further wash steps involved 3 times 10 minute TBS washes. Antigen
retrieval was then achieved through transferring sections into just boiled
0.01 M Tris (pH 10) for 5 minutes. Sections were then cooled for 10
minutes on the bench and placed in blocking solution (see Appendix B) for
10 minutes and then washed. The sections were then incubated for 36 hours
at 4oC in 1 ml of blocking solution (Appendix B) containing the primary
antibody (rabbit anti-pSTAT5, tyr 649, Cell Signalling Technology) at a
1:1000 dilution and 2% normal goat serum. Following this, sections were
washed and then incubated at room temperature for 90 minutes in
biotinylated goat anti-rabbit antibody (1:300 dilution, BA-1000, Vector
Laboratories, Inc., CA, USA). This solution was washed off and sections
incubated in Vectastain Elite avidin-biotin complex (ABC) solution (Vector
Laboratories, Inc., CA, USA; Appendix B). After 60 minutes the sections
were washed again and then reacted with nickel-enhanced DAB (Vector
Laboratories, Inc., CA, USA). The DAB reaction progress was monitored
under a light microscope to ensure sufficient visualisation of the desired
proteins. A final wash was performed. The sections were then floatmounted onto ATS-coated slides in TBS+0.3% TritonX and left to dry
overnight. Slides were dehydrated using graded alcohol (3 minutes per step)
and then two 3-minute xylene incubations. Finally, a few drops of 1,3-
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diethyl-8-phenylxanthine (DPX; Merck (N.Z.) Ltd, N.Z.) were added and
the slide coverslipped and left to dry.

2.5.2 Immunohistochemistry for GFP
A second series of sections was processed for immunohistochemistry for
green fluorescent protein. All steps took place on an orbital shaker at room
temperature except where stated. Sections were washed in TBS six times for
10 minutes each to remove any residual cryoprotectant. All subsequent
wash steps involve 3 washes in TBS for ten minutes each. Tissue was
incubated, without shaking, in 0.3% H2O2 for 10 minutes and washed.
Sections were placed in blocking solution (Appendix B) for 1 hour then
directly transferred into 2 ml of primary antibody (1:20,000 dilution, antiGFP rabbit polyclonal [A6455], Invitrogen) diluted in blocking buffer for
72 hours at 4oC then washed. Following this, sections were transferred into
secondary antibody (1:200 dilution, biotinylated goat anti-rabbit, Vector
BA-1000) in TBS+0.3% TritonX for 1 hour and washed. While the sections
were incubating, the ABC (Vector Laboratories, Inc., CA, USA; Appendix
B) solution was made and left at room temperature for 30 minutes. Sections
were then transferred to the ABC solution for 60 minutes then washed.
Tissue was reacted with DAB complex and the reaction monitored under a
light microscope. Following this, the sections were placed in a final wash.
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Sections were then float-mounted, dehydrated and coverslipped using the
procedure detailed above.

2.5.3 Immunohistochemical Analysis
All immunohistochemical analysis was purely qualitative with no formal
quantitative analysis performed. Each section was photographed using an
Olympus AX70 research microscope (10x objective) with a digital camera
attached. For the pSTAT5 immunohistochemical staining, four different
brain regions were assessed: the MPOA, PVN, ARC and VMH. Each region
was defined using the mouse brain atlas (44). Each of these regions in a
knockout animal was compared to a similar area in a control animal to
examine the differential pSTAT5 expression. A similar procedure was used
to assess GFP staining however only the PVN was assessed in these slides
due to difficulties with tissue sections.

2.6 Experiment 3: Postfasting feeding behaviours and response
to a high fat diet
The original goal of our experiments was to describe food intake and
bodyweight changes in neuron-specific prolactin receptor knockout animals
and controls. However, based on initial observations from experiment 1 that
20

the non-pregnant knockout animals displayed higher bodyweight and food
intake compared with control, a third experiment was added. In order to
gain further insight into the possible mechanisms behind these increases in
bodyweight and food intake in our non-pregnant knockout animals a fast
and refeed study and a high fat diet study were performed (45).

2.6.1 Fast and Refeed Study
Fourteen female mice (6 controls and 8 knockouts) were fasted for 24
hours. Food was returned and food intake and body weight measurements
taken daily for seven days post-fast.

2.6.2 High Fat Diet Study
Mice included in the fast and refeed study and an additional 8 mice were
placed on either a high fat (45% kilojoules from fat, D12451, Research
Diets, NJ, USA) diet (HFD) (control n=5, knockout n=7) or a control diet
(10% kilojoules from fat, D1245B, Research Diets, NJ, USA) (control n=5,
knockout n=5). Food intake and body weight were measured daily for five
days. After this initial period the measurements were taken every three days
for a further three weeks.
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2.7 Statistical Analysis
Daily food intake and bodyweight in non-pregnant animals and
cumulative litter weight gain from day 7 to day 19 was assessed using a
paired, Students t-test. Data collected for daily food intake and bodyweight
during pregnancy and lactation and litter weight over lactation were
analysed using repeated measures ANOVA to assess the effect of
interaction, time and animal group. Bonferroni post-hoc tests were used
where necessary. One way ANOVA with a Dunnet post-hoc test was then
performed on daily food intake and bodyweight data during pregnancy and
lactation for each animal group to determine the point in time at which these
parameters changed. Grubbs outliers test was used to assess whether there
were any significantly outlying data points in cumulative litter weight gain
from day 7 to day 19 data. Food intake post high fat diet administration was
analysed using a two-way ANOVA. Bonferroni post-hoc tests were
performed where appropriate. In all instances, results were deemed
statistically significant at P value <0.05.
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3.0 Results
3.1 Experiment 1

3.1.1 Neuron-specific prolactin receptor knockout mice have abnormal
estrus cycles
Time spent in each stage of the estrous cycle was different between the
two knockout and control animals (figure 3.1A). Both groups spent 8% of
time in proestrus. However, time spent in estrus and in metestrus and
diestrus differed. The control animals spent considerably more time in
estrus (34.0%) compared with the knockout animals (11%). By contrast, the
knockout animals spent the majority of their time in met/diestrus (81.4%)
while the control animals spent 57.0% of time met/diestrus. This abnormal
estrous cyclicity was indicative of a pseudopregnancy state.

There was considerable disparity between the knockout and control
groups in the number of animals that were housed with a male mouse and
achieved pregnancy (figure 3.1B). In the wildtype group, 72.7% (16 of 22)
of animals that were mated became pregnant. This percentage decreased in
the knockout animals with only 42.8% (12 of 28) of the animals house with
a male achieving pregnancy. It also took significantly longer for knockout
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animals to get pregnant (19 days) compared with the controls (12 days)
(figure 3.1C).
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Figure 3.1: A: Columns represent percentage of time spent in each stage of
the estrus cycle over a 14 day period (n=9 per group). B: Columns represent
percentage of animals that were housed with a breeder male that achieved
pregnancy (n control= 22, n knockout= 28). C: Columns represent
mean±SEM number of days from placing a female with a breeder male to
pregnancy (n control= 22, n knockout= 28). * p<0.05. Animals that did not
get pregnant after 4 weeks were allocated a value of 28. Individual points
represent individual animal values.
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3.1.2 Food intake and bodyweight during different reproductive states
Mean food intake over the fourteen day period in non-pregnant control
animals was 3.7±0.05 g. Unexpectedly, food intake was significantly higher
in our knockout animals with mean food intake in this group 4.0±0.04 g
(figure 3.2A). During pregnancy, food intake increased significantly over
the course of pregnancy with food intake significantly higher by day 10 in
the control and day 15 in the knockout animals. Furthermore there was a
significant effect of genotype between the two animal groups with the
knockouts eating significantly more overall during pregnancy than the
controls (figure 3.2B).

There was no overall difference in food intake during lactation between
the knockout and control groups (figure 3.2C). However, food intake did
change over time, with food intake in the control animals starting to
increase significantly compared to day 6 of lactation by day 12. In contrast,
food intake was not significantly different from day 6 at any point during
lactation in the knockout group.

Bodyweight was significantly higher in the non-pregnant knockout
animals compared with controls (figure 3.3A). During pregnancy,
bodyweight increased dramatically in both animal groups with the control
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animals displaying significantly increased bodyweight by day 11 of
pregnancy and the knockout animals by day 12 (3.3A). There was no
significant difference between the knockout and control animals in overall
bodyweight gain during this time. From day 6 of lactation, bodyweight
remained relatively stable in both animal groups (3.3B). Again, no
significant difference in overall weight gain between the two animal groups
was found.

3.1.3 Litter Weight Gain During Lactation
During the experiment, the subjective impression was that the litter
produced by the knockout animals had significantly lower growth rates
during lactation compared with control. While there was a significant
difference in litter growth pattern over time, there was no significant overall
difference in growth between the two groups (figure 3.4A). Furthermore,
there was no significant difference in cumulative litter weight gain from day
7 to day 19 between the knockout and control litters (figure 3.4B). One
animal appeared to be different from the rest of the group when litter weight
gain from day 7 to day 19 was analysed. However, a Grubbs outlier test
demonstrated that this point was not a significant outlier. Nevertheless,
removal of this point brings the litter growth from day 7 to day 19 to
statistical significance.
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Figure 3.2: A: Bars represent mean±S.E.M food intake over a 14 day
period in virgin mice (n=9 per group). * p<0.05 B: Daily food intake over
the 18 days of pregnancy prior to birth on day 19 (n control=10, n
knockout=8). Values represent mean±SEM. * significant with respect to
food intake on day 1 in control animals p<0.05. ** significant with respect
to food intake on day 1 in control animals p<0.05. C: Daily food intake
from day 6 to day 20 of lactation (n control=10, n knockout=8). Values
represent mean±SEM. * significant with respect to food intake on day 6 in
control animals p<0.05.
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Figure 3.3: A: Columns represent the mean±S.E.M bodyweight over a
14 day period in virgin mice (n=9 per group). * p<0.05 B: Daily
bodyweight over the 18 days of pregnancy prior to birth on day 19 (n
control=10, n knockout=8). Values represent mean±SEM. * significant with
respect to bodyweight on day 6 in control animals p<0.05. ** significant
with respect to food intake on day 1 in control animals p<0.05. C: Daily
bodyweight from day 6 to day 21 of lactation (n control=10, n knockout=8).
Values represent mean±SEM.
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lactation. Individual points represent individual animal values.
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3.2 Experiment 2

3.2.1 pSTAT5 Immunohistochemistry
The MPOA, PVN, ARC and VMH were qualitatively assessed for
pSTAT5 expression (figure 3.5). Prolactin treatment resulted in our control
animals displaying dense staining for pSTAT5 in all brain regions assessed.
However, our knockout animals displayed differential pSTAT5 distribution
based on the brain region of interest. There was considerable pSTAT5
expression in the MPOA of the control animals. In the knockout animal
brain, there was only scattered pSTAT5 expression in this area (figure 3.6).
The PVN of the hypothalamus showed some pSTAT5 expression in the
control animals. By contrast, there was no staining seen in this area in the
knockout animals (figure 3.7). The ARC showed extensive, but not
complete, loss of prolactin induced pSTAT5 in the knockout animals
compared with the controls (figure 3.8). There was almost complete loss of
pSTAT5 staining in the VMH in the knockouts compared with controls
(figure 3.9).

3.2.2 GFP Immunohistochemistry
Technical difficulties meant that only limited brain regions were
assessable. The PVN of the hypothalamus showed considerable GFP
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expression in the knockout animals compared with control (figure 3.10).
This corroborates with the pSTAT5 data which showed no pSTAT5 staining
in this area.
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Figure 3.5: Diagram of coronal mouse brain section indicating areas
assessed for the presence of cells positive for pSTAT5 and GFP. Areas of
interest included medial preoptic area (top), paraventricular nucleus
(middle), arcuate nucleus and ventromedial nucleus (bottom).
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Figure 3.6: Representative images of pSTAT5 staining in the medial
preoptic area (outlined in red) in control (top) and knockout (bottom)
animals. Black dots (indicated by red arrows) indicate a cell positive for
pSTAT5 and therefore the prolactin receptor. Inset scale bar approximately
100µm. 3V=Third ventricle, OC=optic chiasm.
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Figure 3.7: Representative images of pSTAT5 staining in the
paraventricular nucleus of the hypothalamus (outlined in red) in control
(top) and knockout (bottom) animals. Black dots (indicated by red arrows)
indicate a cell positive for pSTAT5 and therefore the prolactin receptor.
Inset scale bar approximately 100µm. 3V=Third ventricle
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Figure 3.8: Representative images of pSTAT5 staining in the arcuate
nucleus of the hypothalamus (outlined in red) in control (top) and knockout
(bottom) animals. Black dots (indicated by red arrows) indicate a cell
positive for pSTAT5 and therefore the prolactin receptor. Inset scale bar
approximately 100µm. 3V=Third ventricle, ME=median eminence
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Figure 3.9: Representative images of pSTAT5 staining in the
ventromedial nucleus of the hypothalamus (outlined in red) in control (top)
and knockout (bottom) animals. Black dots (indicated by red arrows)
indicate a cell positive for pSTAT5 and therefore the prolactin receptor.
Inset scale bar approximately 100µm. 3V=Third ventricle
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Figure 3.10: Representative images of GFP staining in the
paraventricular nucleus of the hypothalamus (outlined in red) in control
(top) and knockout (bottom) animals. Black dots (indicated by red arrows)
indicate a cell positive for GFP. Inset scale bar approximately
100µm.3V=Third ventricle
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3.3 Experiment 3

3.3.1 Fast and Refeed:
There was no significant difference in food intake immediately after the
fast, basal food intake levels or food intake over the 7 days after the fast
between the two animal groups (figures 3.11A, 3.11 B and 3.11C).
However, the knockout animals had significantly higher mean bodyweight
(25.1±0.9 g) compared with the controls (21.3±0.6 g) (figure 3.11D ).

3.3.2 Response to a High Fat Diet
There was a decrease in food intake after the first day animals were
placed on a high fat diet (figure 3.12A). This change did not differ
significantly between the knockout and control animal groups. The
knockout animals placed on a high fat diet gained significantly more weight
(1.8±0.6 g) than the control animals on the same diet (figure 3.12B).
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Figure 3.11: A and B: Columns represent mean±S.E.M food intake
immediately post-fast and basal food intake respectively. C: Food intake for
the 7 days postfast each point represents mean±S.E.M. D: Columns
represent mean±S.E.M bodyweight over the 7 day measurement period (n
control=6, n knockout=8). * p<0.05.
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4.0 Discussion
4.1 Overview
Pregnancy is associated with a substantial increase in energy
requirements. A number of adaptations during pregnancy, such as increased
food intake and increased nutrient absorption, allow the maternal body to
meet these demands. Pregnancy-induced hyperphagia is accompanied by a
paradoxical increase in leptin levels, suggesting that the maternal brain is
leptin resistant. Indeed, exogenous leptin administration to pregnant rodents
failed to elicit appetite-suppressive effects such as those seen in nonpregnant

animals

(11,

46).

Pregnancy

is

also

associated

with

downregulation of leptin receptor mRNA and leptin-induced STAT3
phosphorylation, further supporting this idea of pregnancy-induced leptin
resistance accompanied by hyperphagia (19, 46). The exact mechanism by
which these changes occur is yet to be determined, however the pregnancy
hormone prolactin is thought to be involved. There is significant evidence
demonstrating that exogenous prolactin can increase food intake in a
number of species (29, 31, 35). Additionally, central prolactin infusion has
been shown to inhibit responses to exogenous leptin through induction of
central leptin resistance (34, 38). Thus, the aim of this study was to block
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prolactin action in the brain using a recently developed transgenic knockout
mouse to see if this prevented the expected increases in food intake during
pregnancy.

To investigate the role of prolactin in pregnancy-induced changes in
food intake, we measured food intake during pregnancy in a neuron-specific
prolactin-receptor knockout mouse. There was an overall difference in food
intake during pregnancy between the two animal groups. However, this
trend was the reverse of what we would expect, with the knockout animals
showing increased food intake compared with the controls. Furthermore
there was a significant increase in both food intake and bodyweight in our
non-pregnant knockout animals compared with controls. These unexpected
changes in our non-pregnant knockout group suggested that further
characterisation of this knockout model was necessary in order to elucidate
the possible mechanisms by which these changes arose.

4.2 Success of the Knockout and Immunohistochemistry for
pSTAT5:
A critical issue that must be considered when interpreting the data is
whether the experimental model had achieved the expected deletion of the
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prolactin receptor from the brain. To determine the success of the CamK-IICre;Prlflox/flox knockout animal model used, pSTAT5 immunohistochemistry
was performed to assess the extent of prolactin receptor signalling loss on
neurons. Prolactin-induced pSTAT5 provides a well characterised marker
for prolactin receptor expression and functional activity in neurons (25).
The results showed differential staining patterns between the knockout and
control animals. While the knockout animals expressed considerably less
pSTAT5 than the controls, there was still staining in areas such as the ARC
and MPOA. This indicated that there were still a number of cells expressing
the prolactin receptor.

There are a number of possible reasons why this knockout model was
incomplete. It is possible that the CamKII promoter is not expressed in all
neurons. Therefore, in those cells lacking the promoter prolactin receptors
would not be excised. The pattern of expression of the CamKII promoter in
cells of the hypothalamus is a source of controversy. It has been
successfully used in previous experiments to delete estrogen receptor-ɑ
specifically out of neurons (47). However, other descriptions of CamKII
expression show incomplete or scattered distribution in the hypothalamus
which is perhaps more consistent with our data (48). Alternatively, the
prolactin receptor may be expressed by other cell types, such as glia, that do
not express CamKII-Cre. These cells may influence the activity of
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surrounding neurons thus indirectly influencing food intake. While it is
clear that there is still some prolactin receptor expression in the brains of the
knockout animals, the specific cell types retaining the receptor have not
been determined. As such, the incomplete nature of the knockout animal
must be taken into consideration when interpreting results.

Interestingly, the control animals displayed pSTAT5 staining in the PVN
post-weaning. Previous research has found that pSTAT5 is not expressed in
the PVN of virgin, diestrous animals in response to exogenous prolactin
administration (49). However, during lactation, multiple brain regions,
including the PVN, become more sensitive to prolactin (49). This is an
adaptive response which facilitates the prolactin-induced changes that are
necessary for healthy pregnancy and lactation. The results from the present
study, showing expression of pSTAT5 in the PVN in a post-weaning animal
suggest that this increased sensitivity to prolactin during pregnancy and
lactation may persist post-weaning and not return to non-pregnant levels.
This augmented prolactin response in the brain as a result of reproductive
experience is consistent with previous studies in rats (50, 51) and suggests
that this might be a phenomenon common to several species.

Immunohistochemistry for green fluorescent protein was also used to
assess cre-mediated recombination of the prolactin receptor floxed gene and
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therefore identify the cells which had lost the prolactin receptor. While
difficulties with the tissue sections limited the number of brain regions
assessable, there was significant expression of the protein throughout the
brains of the knockout animals. The PVN showed significant GFP
expression in the knockout mice. This is consistent with our pSTAT5 results
which showed complete loss of prolactin-induced pSTAT5 in the PVN.

4.3 Knockout mice have abnormal estrous cyclicity
As part of the characterisation process of this mouse, estrous cyclicity
was monitored over a 14 day period. These results provided the first
indication of the physiological differences occurring in the knockout group
due to loss of the prolactin receptor. The knockout animals spent
considerably more time in met/diestrus and less time in estrus compared
with the control animals. These changes were likely due to the animals
displaying a state of pseudopregnancy induced by raised prolactin levels.

Mice, like other rodents, have a four day long estrous cycle (52). The
luteal phase of this cycle is only a few hours long in the absence of mating.
When mating occurs, stimulation of the cervix in the female causes
prolactin surges which maintain the corpus luteum allowing for a
subsequent rise in progesterone levels. These mating-induced prolactin
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surges last long enough for embryo implantation and placental
development. After this point, the placenta produces placental lactogens
(prolactin

homologues)

in

quantities

sufficient

to

maintain

high

progesterone levels and thus the viability of the pregnancy (20). In a normal
animal, the corpus luteum would degenerate rapidly if ovulation occurred in
the absence of mating because they lack the high prolactin levels that are
essential for luteotrophic support. In contrast to this, when the
hyperprolactinemic knockout animals ovulate, their high prolactin levels act
to maintain the corpus luteum for an extended period of time. This results in
the animal displaying a pseudopregnancy, a prolonged period of diestrouslike smears resembling early pregnancy but in the absence of a fetus.
Furthermore, because ovulation triggers the development of the corpus
luteum and this prolonged, anovulatory, pseudopregnant state, animals do
not ovulate as frequently. This is possibly why our knockout animals spent
only a very small proportion of time in the estrus stage of the cycle.

The disrupted estrous cycles of these animals were also reflected in the
difficulties encountered when trying to get sufficient female mice pregnant.
Less than half of the knockout animals that were placed with a breeder male
achieved pregnancy. Moreover, the time taken to achieve pregnancy after
females were placed with a male was significantly longer in the knockout
animals compared with controls. Because the knockout animals ovulate so
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infrequently, there are considerably fewer opportunities for mating and thus
pregnancy. Consequently, a large number of animals had to be mated for a
prolonged period of time in order to get a sufficient number of pregnant
knockout mice for our experiments.

The hyperprolactinemia exhibited by the knockout animals is likely due
to impaired negative feedback on prolactin secretion. Previous data from
our laboratory demonstrates that there is significant loss of prolactin
receptor on the tuberoinfundibular dopaminergic (TIDA) neuron population
of the arcuate nucleus in the CamK-II-Cre;Prlrflox/flox mice (Kokay pers
comm). The TIDA neurons mediate the short loop negative feedback
system critically involved in regulating prolactin secretion (see BenJonathan and Hnasko (53) for a review) (figure 4.1).

Figure 4.1: Short loop negative feedback of prolactin secretion Grattan
2002 Reproduction (27)
48

The TIDA neurons release dopamine, which in turn inhibits prolactin
secretion from the anterior pituitary gland. Increased prolactin levels
stimulate the TIDA neurons to increase dopamine secretion and therefore
inhibit prolactin secretion from the anterior pituitary. In this way, prolactin
negatively regulates itself. Loss of the prolactin receptor on the TIDA
neurons of the knockout animals impedes this negative feedback system. As
such, their prolactin levels are significantly higher than controls. In fact,
radioimmunoassay results from our laboratory found that prolactin levels
were up to 3 times higher in the knockouts compared with the controls
(Brown pers comm). These chronically high prolactin levels may be
inducing these changes in the natural reproductive cycle of the mouse
through actions in the ovary.

4.4

Food

Intake

and

Bodyweight

During

Different

Reproductive States
The non-pregnant knockout animals had significantly higher food intake
and bodyweight compared with the control animals. It is the
hyperprolactinemic nature of the knockout animals, as described above, that
is hypothesised to cause these significant increases in food intake and
bodyweight in the non-pregnant state. However, there are multiple
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mechanisms by which these high prolactin levels may cause these changes.
A number of studies have found that increasing prolactin levels through
administration of exogenous prolactin increases food intake in a variety of
animal species (28, 29, 31, 33, 35, 36). Thus, it is possible that the increased
endogenous prolactin levels displayed by the knockout animals may have
had similar consequences. Alternatively, as described above, it is possible
that the high prolactin levels maintain the corpus luteum for an extended
period of time. Because of this, the animal is also exposed to increased
progesterone levels. High progesterone levels have been associated with an
increase in food intake, an increase in water retention and consequently an
increase in bodyweight. Additionally, acyclicity has been associated with an
increase in food intake in non-pregnant rats (37). Further research as to
whether the neurons retaining the prolactin receptor are involved in food
intake or not would help clarify whether these differences are caused by
raised prolactin levels or raised progesterone levels.

Food intake was significantly higher by day 15 of pregnancy in the
knockout animals and day 10 in the control animals. This result is consistent
with our hypothesis that the prolactin receptor is involved in increasing food
intake in the earlier stages of pregnancy when metabolic demand is not the
primary driving factor. However, it is more likely that this delayed increase
in food intake during pregnancy is caused by the pseudopregnant state
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exhibited by the non-pregnant animals. The hyperprolactinemia causes the
non-pregnant animals to display a hormone profile essentially identical to
that of a pregnant animal (54-56). These hormonal changes are likely why
the knockout animals exhibit increased food intake. Therefore, the
development of pregnancy, as distinct from pseudopregnancy, is unlikely to
change this hormone-driven hyperphagia any further.

The knockout animal group displayed significantly higher food intake
over pregnancy compared with the control animals. These data did not
support our hypothesis that prolactin receptor action is critically involved in
mediating changes in food intake over pregnancy. In fact, this trend was the
reverse of what we anticipated, as it was hypothesised that due to loss of the
prolactin receptor in the brain, the expected increases in food intake during
pregnancy would be inhibited in the knockout group. It is likely that these
results were influenced by the non-pregnant animal data. The non-pregnant
knockout animals ate significantly more and thus it is possible that this
hyperphagic state was maintained throughout the course of the pregnancy
which is reflected in the overall increased food intake seen in this group.
However, a number of caveats with the experiment make it difficult to draw
any firm conclusions as to the mechanisms behind these changes.
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Interpretation of these results was complicated by the pSTAT5
immunohistochemistry results because we could not determine whether the
cells retaining the prolactin receptor were involved in food intake
regulation. If the cells involved in food intake regulation had lost the
prolactin receptor, this would suggest that prolactin is possibly not as
critical to the regulation of food intake during pregnancy as was previously
thought. Alternatively, failure to lose prolactin receptors from neurons
involved in food intake would mean that the hyperprolactinemia in these
animals would be acting on the remaining prolactin receptor sensitive
neurons, potentially continuing to stimulate food intake. As such, until the
neuronal populations retaining the prolactin receptor are identified, no firm
conclusions from our pregnancy data can be drawn. Additionally, the
significant changes seen in our non-pregnant knockout animals suggested
that their normal food intake regulatory mechanisms were altered. Because
we were unable to determine how these changes in food intake regulation
arose in our non-pregnant animals, it is difficult to speculate as to how
pregnancy might change this further.

Bodyweight displayed a significant increase over pregnancy but there
was no significant difference between the two animal groups. It was
anticipated that both groups would exhibit an increase over the course of the
pregnancy due to growth of the developing fetuses. However, we
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hypothesised that, should the increases in food intake during pregnancy be
inhibited in the knockout group, bodyweight gain in these animals would be
lower to reflect this. Because we did not see the expected decreases in food
intake in the pregnant knockout animals, any decreases in bodyweight as a
direct consequence of this also did not occur.

Food intake and bodyweight were also monitored in both animal groups
throughout the 21 day lactation period. There was no overall significant
difference in food intake or bodyweight between the two animal groups.
However, the control group showed a significantly greater increase in food
intake over the course of lactation compared to the knockouts. Furthermore,
food intake during lactation in the knockout animals did not differ
significantly at any point compared with day 6 of lactation, whereas the
control animals showed a significant increase in food intake by day 12 of
lactation compared with day 6.

Significant differences in food intake between the knockout and control
animals were not necessarily expected as there are different factors driving
the increased food intake in lactation compared with pregnancy. During
pregnancy, increases in food intake occur in anticipation of the changes in
metabolic demand that lie ahead. This means that non-metabolic signals,
such as prolactin, must be present to cause these changes. During lactation,
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the metabolic demands are sufficient to signal to the body that increased
food intake is necessary. Because these signals are metabolic as opposed to
hormonal, it is anticipated that changes in prolactin receptor expression
should not alter food intake during lactation significantly. The significant
increase in food intake over the lactation period may reflect differences in
metabolic demand between the two groups as a downstream effect of
prolactin receptor loss. These changes may be occurring due to impaired
maternal behaviour and decreased milk production or delivery. This
decrease in milk production causes a decline in metabolic demand, and food
intake decreases to ensure appropriate energy balance is maintained. This
hypothesis is further supported by the decrease in rate of knockout litter
weight gain which occurred at a similar time point to the decreases in food
intake during lactation in this animal group.

4.5 Litter Characteristics
Preliminary observations suggested that the knockout animal litters
weights were significantly lower than their control counterparts although
statistical analysis showed no significant difference in cumulative pup
growth from day 7 to day 19 between the knockout and control groups.
Initial assessment of the data suggested that one litter in the knockout group
was considerably heavier than the others. However, this point was not
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considered a significant outlier when subjected to a Grubbs outliers test.
Despite this, removal of that one point brought the results to statistical
significance. Additionally, litter growth over time was significantly lower in
the knockout compared with the control animals.

These differences in litter growth may be due to differences in maternal
behaviour between the two animal groups. Prolactin has been demonstrated
as critical to the development of maternal behaviours. In fact, centrally
administered exogenous prolactin is sufficient in rats to cause
reproductively inexperienced females to exhibit maternal behaviour towards
pups (57). Furthermore, mice that are heterozygous for a null mutation in
the gene encoding the prolactin receptor have been observed to have
impaired maternal behaviour development (23). Therefore, it would be
expected that significant loss of the prolactin receptor in critical areas, such
as the MPOA, would have similar effects. Impairment of normal behaviours
due to this, such as time spent suckling, could influence the feeding habits
of the pups and thus their weight gain. Alternatively, there may be inherent
characteristics of the pups that cause them to display different growth
patterns compared with control litters. A cross-fostering study, in which
knockout litters are placed with control mothers and vice versa, would help
determine whether these changes occurred due to differences in the pup
phenotype or due to changes in maternal behavioural characteristics.
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4.6 Response to a Fast and Refeed protocol and a High Fat
Diet study
The difference in bodyweight and food intake in the non-pregnant
knockout animals was unexpected and prompted us to undertake additional
investigations. Previous research suggests that a fast and refeed protocol
and a high fat diet experiment are the first steps to investigating a
bodyweight phenotype in a specific knockout population (see review by
Ellacott et al., (45)). When an animal is fasted, a post-fast hyperphagic
response normally occurs to compensate for the period of negative energy
balance. Failure to refeed may indicate defects in the animals’ ability to
maintain energy homeostasis. Alternatively, excessive refeeding responses
may suggest that the animals’ satiety signals are altered. There was no
significant difference in the refeeding response of our animals. However,
there was a significant increase in bodyweight between the two groups. This
confirms the results we found in our non-pregnant animals and provides
further evidence for an altered food intake-regulatory system in our
knockout animals.
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Response to a HFD can also be used to indicate possible dysfunction in
energy regulation. There was a dramatic increase in food intake in all
groups over the first day the animals were placed on a HFD. However, this
significant increase lasted only the first day. Bodyweight gain was
significantly higher in the knockout animals on the HFD compared with the
control animals on the control diet. There also was a trend towards
significantly higher weight gain in the knockout animals on the control diet.
While this difference was not significant, it is likely that increasing our
group sizes would cause this result to reach statistical significance. This
increased bodyweight in the knockout animals on both diets, further
supports the idea that these knockout animals have some impairment in
bodyweight homeostasis which requires further investigation.

4.7 Limitations
A number of limitations with the methods that were used may have
influenced the results obtained. The key problem with this experiment was
the failure of our knockout model to lose the prolactin receptor in all areas
of the brain. As was discussed earlier, there is debate as to the expression of
the CamKII promoter within cells of the hypothalamus. However, because it
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had been successfully used in previous experiments to knock out estrogen
receptors from neurons, it was anticipated that it could also be used to
knock the prolactin receptor out neuron-specifically. In order to rectify this
problem, our laboratory is currently breeding a prolactin receptor floxed
mouse with a nestin-cre expressing mouse. The nestin promoter is
expressed during early embryonic development in progenitor cell types of
the neuroectoderm, developing mesonephros and the somites (58). It is
anticipated that this nestin promoter will be more successful in achieving
global neuronal loss of the prolactin receptor compared with the CamKII
promoter.

The most likely target of prolactin in food intake regulation is the
oxytocin neuronal population in the PVN where we seemed to have
achieved deletion of the prolactin receptor. This suggests that there may be
other brain areas involved in prolactin-induced changes in food intake
regulation. The brainstem is well established as one of the centres involved
in food intake regulation and it has also been shown to express the prolactin
receptor during lactation (49). This suggests that it may have been
responsible for mediating the changes we saw.

Food intake data collection is also likely to be prone to error. In the
mouse, food consumption is so small that any losses that may occur through
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means such as transfer to scales or dropping into the bottom of the cage, can
significantly skew results. Furthermore, as such small amounts are
consumed, significant changes may be too small to detect using
conventional statistical analysis.

4.8 Conclusions
While our data did not support the hypothesis that prolactin is critically
involved in increasing food intake during pregnancy, a number of factors
limited our ability to draw finite conclusions about the results. Nevertheless,
a significant step towards characterising this knockout mouse model was
taken. Obesity and excess weight gain during pregnancy is now being
considered 'the most common clinical risk factor encountered in obstetric
practice' (59). It is implicated in a number of pregnancy-related
complications including pre-eclampsia and gestational diabetes. Through
improving comprehension of the role of prolactin in appetite and weight
regulation in pregnancy we can better understand how excess weight gain
and obesity during pregnancy occurs and how dysregulation of this pathway
may affect the outcome of pregnancy.
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Appendices
Appendix A: Fixatives

0.2 M Phosphate Buffer

(1 litre)

Sodium dibasic anhydrous (Na2HPO4)

22.72 g

Sodium bonobasic 1x hydrous (NaH2PO4.H2O)

5.52 g

Dissolve in 900 ml milliQ-H2O
Store at room temperature

4% (w/v) Paraformaldehyde in 0.1 M PB
In fumehood:
Dissolve 4g paraformaldehyde powder in 50 ml of 55O C milliQ-H2O.
Continue heating on stirrer unit with thermometer to 60 degrees.
Once solution is 60 degrees add 2-3 drops of 1 M NaOH.
Continue stirring until all the paraformaldehyde powder has dissolved
and the solution is clear.
Cool solution on bench until room temperature
Make up to 100 ,l with 0.2 M phosphate buffer.
Filter solution.
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Ensure pH is 7.3-7.4
Store at 4OC until use.

For transcardial mouse perfusion use 20 mL per animal.

30% Sucrose Solution
Sucrose

30 g

Dissolve in 100 ml 0.1 M phosphate buffer
Store at 4OC until use.
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Appendix B: Solutions Used For Immunhistochemistry

Cryoprotectant

(1 litre)

0.1 M PB

500 ml

NaCl

9g

Sucrose

300 g

Polyvinyl pyrrolidine (PVP-40)

10 g

Ethylene glycol

300 ml

Make up to 1 litre final volume with milliQ-H2O.
Store at 4OC until use.

10x Tris-buffered saline (TBS) stock solution
100 mM Tris
1. M NaCl

(2 litres)
24.2 g

1

752 g

Dissolve in 1800ml milliQ-H2O
Adjust pH to 7.6 with concentrated HCl.
Make up to final volume of 2 litres with milliQ-H2O
1x TBS Working Solution

(1 litre)

Dilute 100 ml of the stock solution (10x TBS) in 900 ml milliQ-H2O.
Store at room temperature.
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TBS+0.3% Triton X

(100 ml)

Triton-X

300 μl

1x Tris-buffered saline

100 ml

Blocking solution

(100 ml)

TBS+0.3% TritonX

100 ml

Bovine serum albumin

0.25 g

Normal goat serum

2000 μl

Hydrogen peroxide solution

(50 ml)

1x TBS

28.5 ml

Methanol

20 ml

30% Hydrogen peroxide

1.5 ml

Avidin-Biotin complex solution

(25 ml)

Made up using manufacturers instructions
60 minutes prior to use:
Prepare enough for 1 ml per well:
TBS

2

5 ml

Solution A

10 μl

Solution B

10 μl
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