BODY WEIGHT REGULATION DURING PREGNANCY
IN THE MOUSE

DIANA MARIA FIELDWICK

A Thesis Submitted for the degree of
Bachelor of Medical Sciences
at the University of Otago, Dunedin
New Zealand

December 2010

ABSTRACT

Leptin is an adipose-derived hormone that acts in the hypothalamus to regulate energy
homeostasis by decreasing appetite and increasing metabolic rate. During pregnancy, food
intake and fat deposition increases, despite elevated leptin levels, suggesting a state of leptin
resistance. The aim of this thesis is to determine whether mice become resistant to leptin
during pregnancy. This would facilitate use of transgenic animals to elucidate the mechanism
of pregnancy-induced leptin resistance. To examine this we looked at food intake in response
to leptin administration, and the effect of leptin on the expression of phosphorylated signal
transducer and activator of transcription 3 (pSTAT3) in the hypothalamus of pregnant mice.
To establish normal eating patterns throughout the mouse reproductive cycle, food, water
intake and body weight were monitored during the estrous cycle, pregnancy and early
lactation. To investigate whether pregnant mice remained responsive to the satiety effects of
leptin, food intake was measured after an intraperitoneal (i.p.) leptin or vehicle injection in
fasted mid-pregnant (day 13) mice and compared to non-pregnant (diestrous) mice. Leptin
treatment significantly reduced food intake in the non-pregnant mice while no effect was seen
in the pregnant mice. This indicates that mice become resistant to the appetite suppressant
effects of leptin during pregnancy.
To quantify hypothalamic leptin resistance in the pregnant mouse, pSTAT3, a marker of
leptin signal transduction, was measured in mid-pregnant and non-pregnant mice following
i.p. administration of leptin. In all regions examined in both the pregnant and non-pregnant
mice, leptin treatment induced significant pSTAT3 expression compared to vehicle treatment.
However, in the ventromedial hypothalamus (VMH) and dorsomedial hypothalamus (DMH),
leptin treatment induced significantly less pSTAT3 expression in pregnant compared to nonpregnant mice. In contrast, in the arcuate nucleus there was no significant difference in
expression of pSTAT3 following leptin treatment between pregnant and non-pregnant mice.
These data support the hypothesis that pregnancy in the mouse is a leptin resistant state
associated with impaired leptin-induced signal transduction, involving the JAK/STAT
pathway, specifically in the VMH and DMH. This is an adaptive maternal response to provide
sufficient energy stores for the metabolically demanding tasks of pregnancy and lactation.
ii

Maternal obesity is a significant health concern that is exacerbated by this physiological
adaptation with considerable side effects for both mother and baby. Gaining a better
understanding of pregnancy-induced leptin resistance provides an opportunity to help in the
management of this topical issue.
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CHAPTER ONE: LITERATURE REVIEW

Obesity and Pregnancy
For successful reproduction it is vital that the mother gains an appropriate amount of
weight during her pregnancy to provide adequate nutrients to allow the fetus to grow and
develop. However, with the current surge in obesity, a topical point of research is how much
weight is too much weight? Researchers have unanimously concluded that excess gestational
weight gain in the mother increases the risk for obstetric complications and serious congenital
abnormalities, and predisposes the offspring for childhood obesity (Oken et al. 2007; Stothard
et al. 2009; Flick et al. 2010).
The 2009 Social Report published by the Ministry of Social Development stated that the
2006/2007 age-standardised obesity prevalence rate for the New Zealand population aged 15
years and over was 25 per cent (Ministry of Social Development 2009). This is a 6 per cent
increase from the obesity prevalence in 1997 and puts us at second place in the world obesity
rankings. If the trend from the past 10 years has continued in the same manner, it would be
estimated that currently close to 1 in 3 New Zealanders are obese. An important finding was
that during the reproductive years, women are more obese than men. The growing incidence
of obesity in women of a reproductive age makes the issue of maternal obesity very relevant.
Healthcare professionals must be updated on how best to manage and advise obese patients
before, during, and after their pregnancy.
Obesity is currently defined as having a BMI (body mass index) of greater than 30. It is
known that obesity is associated with the common morbidities of diabetes, hypertension, and
heart disease all of which reduce life expectancy (Biro & Wien 2010). The much-debated fact
is that obesity it not purely due to a lack of willpower. Twin, adoption and animal studies all
indicate that both genes and environment have a role in the development of this disease
(Coleman 1978; Stunkard et al. 1990).
Leptin, the hormonal product of the ob gene, plays an integral part in body weight
regulation. It is part of an important feedback loop, communicating from body adipose tissue
to the brain, creating the basis of the complex neuroendocrine system that controls energy
intake, expenditure and storage. When adipose mass increases, leptin levels increase in an
1

effort to suppress appetite and decrease food intake, while increasing energy expenditure, to
restore body fat to the set value. In obesity, however, this system appears to be compromised.
Obese humans have higher leptin levels than non-obese people, and this elevation appears to
be in proportion to their increased fat mass (Schwartz et al. 1996b) with no resultant decrease
in appetite. This anomaly in body weight regulation has lead to the hypothesis that obesity is
associated with leptin resistance. The mechanisms of leptin resistance have been widely
researched and remain unknown, however, many theories exist and there are a number of
animal models that have been used to investigate leptin resistance.
The continued consumption of food in the presence of high leptin levels, as occurs in
obesity, is mirrored in pregnancy. Early pregnancy is associated with an increase in food
intake, increased anabolic activity, and an increase in plasma leptin levels, suggesting a
rapidly developing state of leptin resistance. This is an adaptive response, placing the body in
a positive energy balance that allows for sufficient energy to be stored for the metabolically
demanding tasks of birth and lactation. The hypothesis of pregnancy-induced leptin resistance
is supported by studies in rats. Mid-pregnant rats are no longer responsive to the appetitesuppressant effects of leptin administration, and this is matched by a decrease in the amount
of leptin receptor mRNA, and pSTAT3, a marker of leptin activation, in specific
hypothalamic nuclei (Ladyman & Grattan 2004). Previous research indicates that high
prolactin levels during pregnancy mediate a state of leptin resistance as a mechanism to allow
excessive weight gain (Augustine & Grattan 2008). This physiologically natural state,
however, may be problematic in women who are obese or over weight at the time of
conception, because any efforts to stifle weight gain will be near impossible during this time
of leptin resistance. Maternal obesity is a serious health concern that has a significant impact
on maternal metabolism and development of the offspring. Health care providers should be
aware of the consequences of obesity in pregnancy and advocate obesity interventions where
needed (Smith et al. 2008).
Currently maternal body weight is not monitored in New Zealand. The lead maternity
career (LMC) does need to review the mother’s BMI in order to get MOH funding, but this is
most often self-reported. It was standard practise to monitor maternal body weight during the
1980s and 1990s when low maternal weight was more prevalent. Research on the risk factors
of low maternal weight prompted the Institute of Medicine to publish gestational weight
guidelines in 1990, suggesting a greater gain than had previously been recommended. These
guidelines contributed to a new era of unlimited food intake in pregnancy to gain as much
2

weight as possible and not a lot was thought about the effects of excess weight gain. The
obesity epidemic of the new millennium made these guidelines extremely outdated and it was
only in 2009 that the IOM reviewed these and published the report, Weight Gain During
Pregnancy: Reexamining the Guidelines, with updated but still debated guidelines (Institute
of Medicine 2009). The only difference is in the obese category where previously greater than
6 kgs was recommended with no upper limit.
US Institute of Medicine’s guidelines for weight gain in pregnancy (2009)

Pre-pregnancy

Body

Index
<19.8 (Low)

Mass

IOM Recommended Gestational
Weight Gain (kg)
12.5-18

19.8 - 26.0 (Normal)

11.5 - 16

26.1 - 29.0 (High)

7 – 11.5

>29.0 (Obese)

5-9

Many people think these numbers are still too generous and there are a growing number of
people who believe pregnancy outcomes in the obese are more favourable if they have little or
no weight gain (Kiel et al. 2007) or even lose weight during their pregnancy (Artal et al.
2007). Given that pregnancy is a leptin resistant state, putting on little or no weight in
pregnancy is a tremendous struggle for obese mothers. A San Francisco study reported that
24% of overweight women (BMI greater than 26) had a weight gain greater than that
suggested by the IOM, indicating that even these guidelines, perceived as too lenient, are hard
for those already struggling with their weight (Stotland et al. 2005). This study also found that
many women were given incorrect advice about appropriate weight gain. Prenatal care
providers want new tools to help them with weight gain counselling during pregnancy. They
agree it is an important issue and identified insufficient training and sensitivity toward the
topic as barriers to counselling (Stotland et al. 2010). Understanding the physiological
changes that occur in the mother’s brain to change her appetite may assist doctors and
nutritionists in creating individualised and effective obesity management programmes for
pregnant women.
Although it is not practice to monitor maternal weight in pregnancy in New Zealand, as it
is in many other countries, any woman who is thought to be obese in the opinion of their
3

LMC should be given an information pamphlet about obesity and pregnancy. This guide was
created in 2008 by the Royal Australian and New Zealand Collage of Obstetricians and
Gynaecologists (RANZCOG). It is not available online, so patients are dependent on their
LMC to provide them with the appropriate information. The sheet contains tips to help
minimise weight gain and discusses the health risks related to excess weight gain and obesity
during pregnancy. However, there is no support system in place to help implement this. As
maternal obesity is a significant health concern, New Zealand should consider implementing a
programme where LMC’s monitor and advise patients about appropriate weight gain
throughout their pregnancy.
The overall goal of my research is to investigate how energy homeostasis is modified
during pregnancy to create an advantageous state for growth and development. As
background, in this section I will describe the general effects of leptin on body weight
regulation, including leptin signalling and leptin resistance and its association with obesity
and pregnancy. I will then introduce the mouse model I used to investigate pregnancy-induced
leptin resistance. Pregnancy is in the mouse would be a good model to use for assessing and
understanding the changes that occur in neuroendocrine pathways contributing to the
development of leptin resistance because it allows the use of transgenic models to manipulate
specific hormone signalling pathways. Insight into how these changes occur in pregnancy is
vital for addressing the issues of maternal obesity, as well as obesity in the general public, and
could go a long way to helping decrease the burden obesity is placing on humanity.

Leptin and Appetite Regulation
Discovery of Leptin
Early mice studies by Douglas Coleman in the 1970’s lead to the discovery of two mutant
genes obese (ob) and diabetes (db). The recessive genotypes of ob/ob and db/db have the
same resultant phenotype of obesity and diabetes in a syndrome that parallels human morbid
obesity. The mice were hyperphagic and sterile, with a body fat content four times that of the
average mouse. Even when given the same amount of food at the same times as the lean mice,
the mutant mice had an increased tendency toward fat storage and subsequent weight gain.
Parabiosis experiments, involving cross-circulation between mice, lead to the suggestion that
the ob gene encodes a circulating factor that controls satiety and food consumption while the
db gene encodes the receptor for this factor (Coleman 1978).
4

Cloning and sequencing of the ob gene in 1994 led to the discovery that it encoded a novel
secreted protein of 167 amino acids. The 4.5 kb messenger RNA was found in adipocytes and
the ob transcript was found to be mutant in ob/ob mice resulting in abnormal, increased or
absent ob mRNA and an inability to produce the mature ob gene product (Zhang et al. 1994).
These findings were consistent with Coleman’s hypothesis and set the foundations for the
idea that the ob gene product, named leptin (Halaas et al. 1995), is involved in a feedback
system regulating body fat.

Leptin
Leptin is a neuroendocrine hormone produced primarily by adipose tissue. It circulates as a
16-kilodalton protein in mouse and human plasma (Halaas et al. 1995) at a level proportional
to adipose tissue mass (Friedman & Halaas 1998). Leptin is an afferent feedback signal which
acts in the hypothalamus to regulate energy homeostasis by suppressing food intake and
increasing energy expenditure to maintain body weight in the long term (Campfield et al.
1995; Halaas et al. 1995). Mutations to the obese (ob) gene that encode leptin can cause leptin
deficiency which results in morbid obesity in both animals and humans. Leptin replacement in
ob/ob mice corrects this abnormality. Daily intra-peritoneal leptin injections in these mutant
mice were shown to not only significantly decrease food intake, but also increase metabolic
rate, body temperature and activity toward the values of the lean controls resulting in a
decrease in body weight and percentage of body fat (Pelleymounter et al. 1995).
Subcutaneous leptin administration has also proven to be beneficial in human who are
congenitally leptin deficient; significantly reducing body weight and other phenotypic
abnormalities towards normal levels (Farooqi et al. 2002). These data supports the hypothesis
that leptin is a necessary peripheral feedback signal for homeostatic control of body weight,
adiposity, and appetite. Both central and peripheral administration of leptin have been shown
to exhibit these effects suggesting that leptin can act in the brain directly on neural networks
to control food intake and energy balance. Leptin-induced weight loss is dose-dependent,
relative to increasing leptin concentrations, and withdrawal of leptin administration results in
a return to the original body weight within days, showing that the effects of leptin are both
dose-dependent and reversible (Campfield et al. 1995).

5

The Leptin Receptor
The leptin receptor (Ob-R) was first identified in 1995 after the discovery of high affinity
leptin-binding sites in the mouse choroid plexus. A cDNA expression library was prepared
from the mouse choroid plexus and sequencing of this revealed that the Ob-R is a single
membrane spanning receptor with features similar to the class I cytokine receptor family
(Tartaglia et al. 1995). Tartaglia et al also isolated and sequenced the human leptin receptor,
encoding a protein with a longer intracellular domain than had been identified in the mouse.
Positional cloning revealed the Ob-R gene encodes five forms, Ob-Ra, Ob-Rb, Ob-Rc, Ob-Rd
and Ob-Re (Lee et al. 1996). All of these receptors have identical extracellular domains that
bind leptin and all but Ob-Re have a transmembrane domains. The differing intracellular
domains result from alternative RNA splicing. Only Ob-Rb, known as the long form, has a
significant intracellular domain including sequence motifs capable of full signal transduction,
and this form was found to be expressed at a high level in the hypothalamus (Lee et al. 1996).
Comparison of hypothalamic Ob-Rb transcripts between mutant C57B1/Ks db/db mice and
control mice revealed a single nucleotide substitution in the db gene that causes abnormal
splicing of the Ob-Rb in the db/db mice resulting in it being replaced by the truncated short
form Ob-Ra (Chen et al. 1996; Lee et al. 1996). The db/db mouse is a model of leptin
resistance with elevated leptin level. As exogenous administration of leptin has no effect on
the db/db mouse, like it does on the ob/ob mouse, it was proposed that the db gene encodes
the leptin receptor which is defective in db/db mice (Campfield et al. 1995; Halaas et al.
1995) and this is supported in the studies by Chen (1996) and Lee (1996). As db/db mice are
profoundly obese and infertile, studies on these mutants support the idea that the energy
homeostatic effects of leptin are mediated by signal transduction through the long form of the
leptin receptor (Ob-Rb) in the hypothalamus. Similar to mouse models, mutations in the
human leptin receptor gene have been shown to result in a truncated leptin receptor associated
with early onset morbid obesity, with reduced secretion of growth hormone and thyrotropin,
and no pubertal development (Clement et al. 1998).
Leptin receptor mRNA is increased in the hypothalamic arcuate, and ventromedial nuclei,
of both ob/ob mice and db/db mice where there is no leptin, or no functional leptin receptor.
Levels have also been shown to increase in wild type mice during fasting, when leptin levels
are low. Leptin administration to ob/ob mice results in a decrease in the elevated levels of Ob-
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Rb mRNA (Baskin et al. 1998). These observations illustrate that the expression of leptin
receptor mRNA is sensitive to circulating leptin levels.

Leptin Transport into the Brain
Leptin is primarily produced from adipose tissue and circulates in the peripheral blood
circulation to access its primary target, the hypothalamus. Therefore, leptin must gain entry
into the brain, and it is likely that this occurs at the blood-brain barrier (BBB) or the bloodcerebrospinal fluid (CSF) barrier at the choroid plexus. The BBB is thought to be the main
site of leptin transport into the brain (Kurrimbux et al. 2004). Leptin has been shown to cross
the BBB and enter the brain via a saturable, unidirectional active transport mechanism (Banks
et al. 1996). Short forms of leptin receptor mRNA have been quantified in rat cerebral
microvessels that constitute the BBB (Hileman et al. 2002), and in high levels in the choroid
plexus (Tartaglia et al. 1995), suggesting that this isoform might be involved in leptin
transport. However, this is conflicted by evidence that Koletsky rats, who are devoid of
functional leptin receptors, are still able to transport leptin across their BBB, concluding that
the short form of the leptin receptor is not the leptin transporter but may be involved with
modulation of transport into the brain (Banks et al. 2002).
It has been suggested that the choroid plexus, which has the highest rate of leptin uptake,
regulates the distribution of leptin in the brain and may be involved in removal of leptin from
the CSF (Kurrimbux et al. 2004). A recent study concluded that central leptin resistance in
obesity associated with peripheral hyperleptinaemia is a result of decreased efficiency of the
BBB to transfer leptin into the brain, and not due to hypothalamic leptin resistance (Adam &
Findlay 2010). These findings highlight the importance of a leptin transporter in mediating
leptin passage from the blood into the CSF and the brain.

Leptin Targets in the Brain
Leptin acts centrally to produce a wide range of effects across many physiological systems;
it is an essential hormone for the control of adipose tissue, glucose metabolism, reproduction
and other neuroendocrine systems. The main target site of leptin action is the hypothalamus,
the hub of appetite regulation. Leptin modulates the complex neuroendocrine networks within
the hypothalamus, regulating both anorectic and orexigenic factors to control appetite. Within
the hypothalamus the Ob-Rb has been found in significant amounts in the arcuate nucleus
7

(ARC), ventromedial (VMH), dorsomedial (DMH), and paraventricular hypothalamic nuclei
(PVN) (Mercer et al. 1996a) shown in figure 1.1. These areas have been well characterised for
their involvement in the regulation of food intake and central leptin administration into these
hypothalamic regions reduces food intake (Schwartz et al. 1996a) in doses that have no effect
when administered peripherally (Halaas et al. 1997).
The importance of the brain as a direct target for the weight reducing and neuroendocrine
effects of leptin has been shown in mice systematic Ob-Rb knock out experiments. Mice with
a neuron-specific knockout of Ob-Rb in the brain were obese with increased levels of plasma
leptin, glucose, insulin, corticosterone, and the orexigenic factors neuropeptide Y (NPY), and
agouti related peptide (AgRP). In the same experiment, mice with Ob-Rb receptor knockout
in hepatocytes were studied and these mice had no disruption of body composition,
highlighting the primary importance of leptin as a centrally acting hormone (Cohen et al.
2001). The arcuate nucleus and the VMH are currently regarded as the main hypothalamic,
leptin-responsive, regions. The significant hypothalamic regions and their neurons described
in this literature review are presented in figure 1.1 showing the position of the main nuclei
and the important neuronal interactions.
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Figure 1.1: Leptin action in the hypothalamus (Ladyman et al. 2010). The diagram on the
right side of the figure shows the hypothalamic regions leptin influences and where the
neurons project to. These includes the arcuate, ventromedial (VMH), paraventricular (PVN),
and dorsomedial (DMH) nuclei, and the nucleus tractus solitarius (NTS) in the brainstem. The
borders of the arcuate nucleus, VMH and PVN are demarcated on the left by black dots of
nuclear staining in the brain section.

Arcuate Nucleus
The arcuate nucleus is a key hypothalamic site involved in appetite regulation, containing
two distinct neuron populations involved in the first order response to leptin. The anorectic
pro-opiomelanocortin (POMC) neurons and the orexigenic NPY/AgRP neurons have a
significant role in hypothalamic regulation of energy homeostasis and are highly receptive to
leptin. These neurons send projections to other regions of the hypothalamus and this can be
seen in figure 1.1.

POMC neurons
Proopiomelanocortin (POMC) neurons in the hypothalamus have been found to express
leptin receptor mRNA (Cheung et al. 1997) and leptin administration results in an increase in
POMC mRNA (Thornton et al. 1997). Fasted mice and ob/ob mice both have decreased leptin
levels and a significantly reduced amount of POMC mRNA in the arcuate nucleus. Deletion
9

of leptin receptors in POMC neurons results in mildly obese mice with an increase in leptin
levels and altered expression of hypothalamic neuropeptides, (Balthasar et al. 2004)
demonstrating the importance of POMC neurons as a direct target for leptin. The
neuropeptide products of the POMC gene are melanocortins, such as αMSH, which have been
shown to be involved with both feeding and reproduction. αMSH activates the melanocortins
receptors, MC3R and MC4R, that are expressed in other hypothalamic regions such as the
VMH and PVN. Deletion of either of these melanocortin receptors results in leptin resistance
and obesity suggesting these receptors act to mediate the anorexigenic effect of POMC
neurons (Chen et al. 2000). In the arcuate nucleus, leptin has been shown to increase the
frequency of action potentials in POMC neurons by two separate mechanisms; depolarisation
through cation channels, and also by reducing the GABAergic inhibitory effect that the
orexigenic NPY neurons have on POMC neurons (Cowley et al. 2001).

NPY/AgRP neurons
Dual in situ hybridization in the mouse arcuate nucleus has shown that leptin receptor
mRNA is also expressed on NPY neurons (Mercer et al. 1996b). NPY is a potent orexigenic
factor that increases food intake. Obese ob/ob mice overproduce NPY and when NPY is
knockout, ob/ob mice have normal body weight, food intake, and energy expenditure
(Erickson et al. 1996). Injected leptin leads to a reduction in NPY mRNA in the arcuate
nucleus of ob/ob mice, and wild type mice, but not in db/db mice, (Schwartz et al. 1996c)
indicating that leptin regulation of NPY neurons is dependent on the presence of a functional
long form of the leptin receptor. NPY neurons co-express agouti-related peptide (AgRP)
(Hahn et al. 1998) and leptin inhibits their expression and reduces their excitability (Schwartz
et al. 1996a). AgRP is also orexigenic, and acts through being

a potent endogenous

antagonist of MC3/4 receptor to block the effect of αMSH (Ollmann et al. 1997). AgRP
mRNA is increased in the leptin-deficient ob/ob mice, compared to wild type mice, and
administration of leptin leads to a decrease in AgRP mRNA (Wilson et al. 1999). The
inhibitory effect of leptin action on the AgRP/NPY neurons acts to decrease food intake by
lowering the amount of NPY, which stimulates food intake, and removing the inhibitory
effect of AgRP, to increase anorexigenic pathways and decrease appetite. This explains why a
decrease in leptin, such as occurs in starvation or the ob/ob mice, leads to an increase in food
intake as the orexigenic effects in the arcuate nucleus feeding centre are uninhibited.
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Ventromedial Hypothalamus
The VMH plays an important role in regulating energy homeostasis. Until recent years, the
arcuate nucleus was thought to be the primary site of first-order, leptin-responsive neurons but
recent research in this decade has uncovered the importance of ‘extra-arcuate’ sites of leptin
responsiveness. Leptin has been shown to produce an electrophysiological response in
approximately half of all VMH neurons, causing both excitation and inhibition (Irani et al.
2008). Important entities in the VMH involved in appetite regulation are steroidogenic factor1 (SF1) neurons (Dhillon et al. 2006) and the neuropeptide pituitary adenylate cyclaseactivating polypeptide (PACAP) (Hawke et al. 2009) both shown in figure 1.1. As well as
being a primary centre for energy homeostasis, the VMH is also involved in appetite
regulation via the melanocortin system. POMC neurons from the ARC synapse in the VMH,
resulting in αMSH activatation of the MC4R, increasing the expression of brain-derived
neurotrophic factor (BDNF) in the VMH. This anorexigenic factor has been found to reduce
hyperphagia in mice with deficient in MC4R signaling (Xu et al. 2003).

SF1 neurons
In 2006 a study by Dhillon et al demonstrated that steroidogenic factor-1 (SF1) neurons in
the VMH are also first order neurons that mediate leptin’s anorectic effects (Dhillon et al.
2006). SF1 neurons are directly activated by leptin, and mice lacking leptin receptors on SF1
neurons results in obesity with similar profile to mice with the Ob-Rb deleted on POMC
neurons. The mice are sensitive to high-fat diet-induced obesity, exhibiting a failure to
adequately suppress food intake, with an impaired diet-induced thermogenic response,
compared to wild-type mice. These results lead to the hypothesis that during high-fat feeding,
increased leptin levels feed-back on SF-1 neurons in the VMH to suppress appetite and
increase energy expenditure in an attempt to restrict further weight gain (Dhillon et al. 2006).

PACAP
PACAP is a central pleiotropic peptide, expressed in the VMH according to energy status.
It mediates leptin responses, effecting both appetite and energy expenditure (Hawke et al.
2009). PACAP mRNA is co-localised in nearly all SF-1-positive cells in the VMH, and
normal PACAP expression in these cells is dependent on leptin signaling via the Ob-Rb.
Hawke et al showed that anatagonising endogenous central PACAP signaling results in a
marked decrease in leptin-induced hypophagia and hyperthermia. Leptin replacement in ob/ob
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mice, who have endogenously low PACAP levels, lead to a restoration of PACAP to levels of
the lean controls (Hawke et al. 2009). This highlights the importance of PACAP as a
modulator of leptin’s catabolic actions.

Paraventricular Hypothalamus
Leptin affects the PVN both directly and indirectly. Leptin’s direct action involves the
SIM1 gene and the indirect action by receiving innervation from leptin receptor-expressing
neurons in the arcuate nucleus (Tung et al. 2008). NPY/AgRP and POMC neurons in the
arcuate nucleus have been described as first order neurons and are thought to innervate second
order neurons in the PVN (Fekete et al. 2000), and it is known that during lactation, NPY
neurons from both the ARC and the DMH project to the PVN (Li et al. 1998). These
projections can be seen in figure 1.1. The PVN is involved in sympathetic regulation of
thermogenesis. Instead of storing excess energy as fat, leptin stimulation in this region
promotes the loss of energy as heat (Seals & Bell 2004). αMSH, a POMC product, stimulates
the synthesis of TRH, an anorexigenic factor, in the PVN effecting the thyroid hormone
homeostatic pathway resulting in an increase in free thyroxine (T4) increasing metabolic rate.
Axons containing AgRP reduce the expression of TRH and levels of T4 decrease which
reduces energy expenditure (Fekete et al. 2000). The PVN also responds to leptin by
increasing levels of corticotrophin (CRH), an inhibitor of food intake (Schwartz et al. 1996a).

SIM1
The PVN expresses single-minded homolog 1 (SIM1), one of only six genes involved in
human monogenic obesity. SIM1 is important for the development of the PVN and its
expression is induced by leptin. Haploinsufficiency of this transcription factor is associated
with hyperphagia and obesity (Kublaoui et al. 2006).

Dorsomedial Hypothalamus and other regions
In figure 1.1 we can see that the DMH is another site of the potent, orexigenic NPY
expressing neurons. Lesions that damage DMH NPY neurons result in hypophagia with a
reduction in meal size (Bellinger et al. 1986). NPY expression is differentially regulated in the
ARC and the DMH. In the ARC, NPY mRNA expression is increased in response to both
acute food deprivation and chronic food restriction, whereas in the DMH it is only increased
in response to chronic food restriction (Bi et al. 2003). Another contrast found between the
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arcuate nucleus and the DMH is that NPY and leptin receptor mRNA were not found to be
co-localized on neurons in the DMH, while they are in the ARC. The paper concluded that
DMH NPY-expressing neurons are not under the direct control of leptin signalling (Bi et al.
2003). Experiments looking at the over-expression of NPY in the DMH of rats observed an
increase in food intake and body weight, and exacerbated high-fat diet-induced obesity.
Knockout of NPY significantly reduced meal size, and this was found to be a result of varied
NPY projections to the brainstem affecting signalling in the NTS. The increase in within-meal
satiation is hypothesised to be a result of a reduction the inhibitory effect NPY usually exerts
on CCK (Yang et al. 2009). It has also been hypothesised that NPY neurons in the DMH are
an important regulator of circadian feeding (Yang et al. 2009).
Other sites of leptin action include the suprachiasmatic nucleus (SCN) and the brainstem.
Leptin acts within the SCN to change the electrical properties of the neurons contributing to
metabolism modulation of the circadian rhythm (Inyushkin et al. 2009). Figure 1.1 shows
leptin acting in brainstem circuits such as the NTS, another site of POMC neurons, and via
this mechanism leptin may influence the satiety factor CCK (Ellacott et al. 2006).
Many studies over the past two decades have shown that leptin affects multiple
hypothalamic neurons, variably regulating them, and from here elicits a cascade of effects
throughout the hypothalamus to differentially regulate energy homeostasis.

Appetite Regulation
Appetite is controlled by a variety of peripheral signals that are classified into long term or
short term regulators of appetite. Insulin, like leptin, is an anorexigenic hormone involved in
long term energy regulation. Insulin enters the brain proportional to its circulating levels and
acts in the CNS to reduce food intake. Similar to leptin, insulin also activates POMC neurons
and has an inhibitory effect on orexigenic NPY neurons (reviewed in (Valassi et al. 2008).
Short term regulators of food intake are involved in stimulating the onset of a meal or work
to control meal size by terminating the meal. The hormones ghrelin, released from the
stomach and pancreas to stimulate appetite, and cholecystokinin (CCK), released from the
upper GI tract to suppress appetite, are important hormonal regulators of appetite in the short
term. Ghrelin works in opposition to leptin, enhancing NPY/AGRP pathways and inhibiting
POMC neurons, to induce a feeling of hunger (Lucidi et al. 2005). CCK levels increase as a
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meal progresses and bind to receptors on the vagus nerve which reaches the nucleus tractus
solitarius (NTS) in the brainstem and projects to the arcuate nucleus eliciting a feeling of
satiety eventually terminating the meal (Geary 2004).

Leptin administration is able to

potentiate the satiety effect of CCK (McMinn et al. 2000).
The long term adiposity signals and the short term signals are tightly regulated and closely
integrated. A defect in any one hormone is likely to have downstream affects on the other
hormones. In light of this, it is necessary to consider how leptin resistance could modulate the
efficacy these hormones to gain a holistic view of this condition.

Leptin Signal Transduction
The heterogeneous response that leptin exhibits in the CNS is a result of many intracellular
signal transduction pathways that are activated after leptin binds to its receptor. Leptin can
directly excite or inhibit neurons, and influence gene transcription. The varied cellular effects
of leptin are not yet completely understood, however, the JAK (Janus activating
kinase)/STAT (signal transduction and activators of transcription) signalling pathway has
been well characterised as a leptin-activated pathway for the long term control of energy
homeostasis. Leptin interacts with insulin signalling to affect appetite, involving the
activation of phosphatidylinositol 3-kinases (PI3-K). Leptin is also known to acutely affect
appetite by changing neuronal activity.

JAK/STAT signalling pathway
Leptin has a dual action in the arcuate nucleus by activating POMC neurons and inhibiting
NPY/AgRP neurons. These actions are mediated by the long form of the leptin receptor, a
member of the type I cytokine receptor family, and the subsequent activation of the JAKSTAT signalling pathway (Tartaglia 1997). Cytokine receptors are associated with soluble
tyrosine kinase receptors called JAKs, and when leptin binds to its receptor it has a critical
role in activating JAK2 (Kloek et al. 2002). This molecule autophosphorylates and then
phosphorylates tyrosine residues on the intracellular domain of the leptin receptor (Williams
et al. 2009). This activates intracellular signalling by providing binding sites for specific
proteins promoting multiple downstream signalling pathways. STAT, a cytoplasmic protein,
is one of these activated molecules. STAT binds to the phosphorylated docking site on the
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receptor where it is phosphorylated. The activated STAT molecules form dimers and
translocate to the nucleus to promote gene transcription (Vaisse et al. 1996) as shown in
figure 1.2.
STAT3 has been localised in Ob-Rb containing neurons in the hypothalamus (Hakansson
& Meister 1998) and has been identified in significant amounts in the ARC, VMH and DMH,
(Frontini et al. 2008) and in the PVN (Stromberg et al. 2000). As all of these regions are key
hypothalamic leptin targets, leptin-induced pSTAT3 is a reliable marker of leptin action.
Leptin injections induce dose-dependent activation of STAT3 in the hypothalamus of ob/ob
mice and wild type mice, but not in the Ob-Rb deficient db/db mice (Vaisse et al. 1996),
highlighting the importance of Ob-Rb in generating a cellular leptin response.
STAT3 is crucially involved in the regulation of energy homeostasis and reproduction in
the CNS. Mice with a neuron-specific deletion of STAT3 have the same phenotype as ob/ob
and db/db mice (Gao et al. 2004), suggesting STAT3 is vital in mediating the body weight
regulation effects of leptin. Leptin-induced immunoreactivity of STAT3 has been identified in
both NPY and POMC neurons in the arcuate nucleus (Hakansson & Meister 1998).
Phosphorylation of the intracellular tyrosine residue Tyr1138 on Ob-Rb is essential for
activation of STAT3 (Bates et al. 2003). Like the db/db mice, mice with a mutation of
Tyr1138 fail to achieve leptin activation of STAT3 and are obese and hyperphagic. However,
these mice were not infertile and did not have increased expression of NPY like db/db and
STAT3 knock-out mice. They did, however, exhibit suppression of melanocortins in the
hypothalamus like the other mice models. These data led to the conclusion that the ObRb/Jak2/STAT3 pathway mediates POMC neurons and melanocortin production leading to
satiety, but a different signal is involved in regulating leptin control of NPY and fertility
(Bates et al. 2003).
STATs induce gene transcription of a family of molecules called suppressors of cytokine
signalling (SOCS) that negatively feedback to inhibit intracellular cytokine signalling (Croker
et al. 2008). Leptin induces SOCS-3 mRNA expression in the hypothalamus and high levels
of SOCS-3 reduces leptin activation of STAT3 (Bjorbaek et al. 1998; Bjorbaek et al. 1999)
shown by the feedback line from SOCS3 to STAT3 in figure 1.2. These data suggest SOCS-3
is a leptin-inducible inhibitor of leptin signalling.

15

?

Figure 1.2 Leptin and insulin cellular signalling. Modified from (Niswender & Schwartz
2003). This figure shows the JAK/STAT/SOCS pathway and the activation of Akt. The ?
represents the debate about the leptin-Akt pathway. There is data that does not support the
direct activation of Akt by leptin (Tups et al. 2010), however, leptin action is thought to
facilitate insulin activation of Akt by an unknown mechanism.

Leptin interaction with insulin signalling pathways
Insulin is involved in long-term control of food intake. As seen in figure 1.2, insulin
activation of its receptor leads to the recruitment insulin receptor substrates (IRS). These
proteins bind to and activate phosphatidylinositol 3-kinase (PI3K) and this molecule
subsequently activates protein kinase B/Akt. Leptin- and insulin-induced inhibition of food
intake requires PI3K (Niswender et al. 2003). Leptin control on POMC neurons is essential
for the suppression of food intake and this effect requires PI3K (Hill et al. 2008). It is thought
that the leptin-induced hyperpolarisation of NPY/AgRP neurons also involves changes in
PI3K and AKT (Spanswick et al. 1997; Grattan et al. 2007). There is some data suggesting
leptin directly activates PI3K and Akt through the JAK pathway (Niswender & Schwartz
2003; Morris & Rui 2009), although recent work suggests that this effect might involve crosstalk with insulin signalling (Tups et al. 2010) and this interaction can clearly be seen in figure
1.2. Insulin induces activation of pAKT in the arcuate nucleus and, to a lesser extent, in the
VMH, DMH and PVN, while in contrast, leptin does not appear to influence to number of
pAKT positive cells in these regions (Tups et al. 2010). This study hypothesised that the
increase in PI3K reported by other studies may be a result of the co-expression of insulin
receptors with leptin receptors in the hypothalamus.
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The PI3K pathway leads to inhibition of the activity and expression of the hypothalamic
transcription factor FOXO1 (forkhead box O1), a mediator of insulin signalling in peripheral
tissues (Kim et al. 2006). Insulin inhibition of FOXO1, through the PI3K pathway, may be
necessary to enable leptin to carry out a maximal anorexigenic response (Tups et al. 2010). In
the hypothalamus FOXO1 inhibits the effect of leptin and insulin on feeding, increasing food
intake via stimulation of NPY and AgRP transcription, through the PI3K/PKB signalling
pathway, and suppressing transcription of POMC by antagonising STAT3 activity. FOXO1
knockout in the arcuate nucleus increases leptin sensitivity (Kim et al. 2006). As these data
suggest that the PI3K pathway is required for the appetite suppressant effects of leptin action,
it is not suprising that PI3K activity is decreased in DIO mice, suggesting reduced activation
of PI3K is a possible cause of leptin resistance (Metlakunta et al. 2008).
The adaptor protein SH2B1, involved in cell signaling, has also proved to be of importance
to leptin signaling. This protein is activated by leptin through the Jak pathway (Morris & Rui
2009) and a genetic deletion results in severe leptin resistance with hyperphagia resulting in
morbid obesity. Restoration of SH2B1 restores leptin sensitivity, reversing the obese
phenotype, and an over-expression of this protein gives protection against diet-induced leptin
resistance (Ren 2007). It is thought that SH2B1 enhances leptin signaling by enhancing Jak2
activity and also by binding directly to IRS-1 and IRS-2 subsequently activating the PI3K
pathway (Morris & Rui 2009). Furthermore, single nucleotide polymorphisms within the
SH2B1 loci have been associated with an increased BMI in humans (Willer et al. 2009).
Leptin also enhances its anorexigenic effects by inhibiting AMPK, a cell energy sensor,
which works to increase cellular energy levels by inhibiting anabolic energy consuming
pathways (Morris & Rui 2009).

Actions of leptin on neural firing
In addition to the long term effects leptin has on gene transcription that regulate food
intake, leptin can also acutely effect appetite by direct excitation or inhibition of neurons.
Leptin is able to depolarise and increase POMC neuronal activity in a dose-dependent manner
within minutes of administration via activation of non-selective cation channels (Cowley et al.
2001). Mice that have a genetic disruption of PI3K signalling in POMC cells were unable to
produce the depolarization and increased firing in POMC neurons that usually occurs in
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response to central leptin administration. Hyperpolarisation by insulin was also abolished in
these mice. However, these mice exhibit normal long term body weight regulation suggesting
PI3K signalling in POMC neurons is responsible for acute, but not long term, regulation of
energy homeostasis (Hill et al. 2008). Leptin can also hyperpolarize decrease the activity of
neurons in the arcuate nucleus via activation of an ATP-sensitive potassium channel
(Spanswick et al. 1997) and this is thought to be PI3K dependent (Mirshamsi et al. 2004). In
the VMH, leptin can also induce neuronal inhibition via phosphoinositol-3 kinase (PI3K) and
activation of the ATP-sensitive K+ channel (Irani et al. 2008). Leptin has heterogeneous
actions on neuronal activity in the CNS.
In accordance with the ability leptin has to increase energy expenditure; leptin
administration has been shown to increase sympathetic activity to brown adipose tissue which
causes an increase in thermogenesis (Collins et al. 1996). The wide range of responses
generated by leptin throughout the brain indicates that the process of leptin resistance will be
hard to categorise and it is likely to involve a variety of mechanisms.

Leptin Resistance
In the last decade leptin resistance has been widely researched in an attempt to understand
the aetiology of obesity. When the body is in a state of leptin resistance it is no longer able to
respond to circulating leptin with the same sensitivity. Because of the loss of hypothalamic
response to leptin, this is associated with hyperphagia and weight gain, leading to an
increased risk for the development of obesity. While the precise pathology of this
phenomenon is not yet known, it is likely that leptin resistance results from defects in leptin
transport into the brain, changes in the leptin receptor within the hypothalamus, or disruption
of post receptor signalling pathways causing central cellular leptin resistance.

Impaired Leptin Transport
Impaired transport of leptin across the blood-brain barrier (BBB) has been proposed to be a
likely contributor to leptin resistance. Early studies have shown that, like plasma levels, CSF
leptin levels were correlated with body adiposity. However, this correlation was not equal
among all people. Obese people showed a decreased proportion of leptin transport from the
plasma into the CSF resulting in a decreased CSF/plasma leptin ratio. From this it was
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hypothesised that leptin is transported into the CSF by a saturable mechanism which has
reduced efficacy in obesity suffers with high leptin levels (Schwartz et al. 1996b). The New
Zealand Obese (NZO) mice, who inherit polygenic obesity, and Diet-Induced Obese mice
(DIO), both have elevated leptin levels and are responsive to central, but not peripheral, leptin
administration, suggesting a problem with leptin transport into the CNS (Halaas et al. 1997).
The idea of peripheral leptin resistance was investigated in a study on DIO mice, and it was
found that after 8 weeks on a high fat diet, mice were unresponsive to peripherally injected
leptin but remained responsive to i.c.v. leptin administration (Lin et al. 2000b). This was
described as the second stage of leptin resistance, where peripheral leptin resistance has
developed but there is still sensitivity to centrally injected leptin, suggesting a defect in the
transport of leptin from the periphery into the brain.
In 2003, another study indicated that this phenomenon of decreased leptin passage into the
CNS exists, and that it is acquired and reversible. The 10% fattest and 10% thinnest mice a
normal CD-1 population of mice were studied over time. The larger mice gained weight
steadily over 12 months acquiring a progressive impairment in their BBB transport of leptin.
The thin mice did not have a change in their rate of leptin transport and remained at a stable
weight past 3 months of age. When the fat mice were fasted for 24 hours a significant increase
in leptin transport rate was noted, this was also seen when these mice were administered with
leptin intravenously. These data indicate that the impaired leptin transport that these obese
mice exhibited is reversible with weight reduction and is a result of weight gain (Banks &
Farrell 2003).

Alterations in the Leptin Receptor
Down-regulation of the leptin receptor in the hypothalamus (ObRb) is believed to be a
significant cause of leptin resistance. Long-term food intake studies by Lin et al identified
that DIO develops in 3 stages; with peripheral then central leptin resistance developing. The
final stage was seen to develop at 19 weeks on a high fat diet (HFD) and is characterised by
resistance to centrally-administered leptin. Levels of ObRb mRNA in the arcuate nucleus
were measured throughout the development of DIO and at 19 weeks the levels were reduced
33% below the levels in mice on a low fat diet. These data suggest that chronic increases in
plasma leptin, as occurs in long term high fat diets, leads to a down regulation of the leptin
receptor, by a mechanism which is unknown, leading to a major disruption in energy balance
(Lin et al. 2000a). The arcuate nucleus is thought to be the first area in the brain to exhibit
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leptin resistance and studies indicate that this region has an increased sensitivity to circulating
leptin. A 2007 study suggested that the arcuate nucleus has leptin receptor neurons that extend
neuronal processes through the BBB at the median eminence to contact the circulation and as
a result become exposed to circulating hormones (Faouzi et al. 2007). This unregulated
exposure to high levels of leptin may explain why this region seems to experience leptin
resistance early on.

Central Leptin Resistance
Much of the investigations into central cellular leptin resistance have been carried out in
DIO rodents as this is likely to be physiologically similar to the majority of human obesity
sufferers. It is possible that different forms of obesity may result from defects in different
pathways as there is an increasing amount of studies that attribute cellular leptin to resistance
to a range of pathogenic mechanisms.
A study in DIO mice, focusing on leptin responsiveness in the ARC, showed that the ARC
accounts for about 75% of the leptin responsive cells in the hypothalamus (Munzberg et al.
2004). This makes it a prime target site for leptin resistance to take place. The study also
showed a significant decrease in leptin activated pSTAT3 in the ARC after 16 weeks on a
high fat diet while other hypothalamic sites remained leptin sensitive. Impaired STAT3
activation in the ARC was also noticeable at 4 weeks and even at 6 days. This supported the
hypothesis that only some parts of the brain become leptin resistant, explaining why DIO
mice are less obese than the extremely obese, and leptin-deficient, ob/ob mice. It is unknown
whether the decrease in pSTAT3 is due to loss of the leptin receptor or from intracellular
dysregulation. However, a significant finding in the study was the increased amount of
SOCS-3 found specifically in the ARC and not other hypothalamic regions, and this is
thought to be a possible cause of the decreased activation of STAT3 in the ARC of DIO mice
(Munzberg et al. 2004).
SOCS3, suppressor of cytokine signalling 3, negatively regulates cytokine pathways such
as those involved with leptin signalling (Krebs & Hilton 2000). These findings place SOCS3,
leptin inhibitor, as a candidate in the causal role of leptin resistance. Leptin stimulates the
expression of SOCS3, creating a negative feedback mechanism for leptin action (Bjorbaek et
al. 1999). In 2000, Bjorbak et al found that SOCS3 inhibition works by binding to the leptin
receptor at the Tyr985 residue affecting Jak2, impairing leptin signalling, and contributing to
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cellular leptin resistance (Bjorbak et al. 2000). This would suggest that leptin action is selflimiting and is only able to exhibit its energy regulating effects when it is at steady normal
levels.
The PI3K and STAT3 pathways of leptin signalling have been identified as being down
regulated in DIO mice. A 2008 study on DIO mice showed impairment of the PI3K pathway
and this appeared to occurred prior to that of the STAT3 pathway which had similar
activation to control mice upon leptin administration after 4 weeks (Metlakunta et al. 2008).
This study concluded that defective PI3K signalling may lead to central leptin resistance as it
occurs early on in development of the disease. The 2004 study by Munzberg noted that this
effect may occur due to the increased expression of SOCS3 (Munzberg et al. 2004).
Continuously increased leptin levels, as exists in obesity, appears to lead to a down-regulation
of leptin’s effects and evidence is pointing to SOCS3 as a primary agent to mediate these
effects.
The 2009 review by Morris et al discussed endoplasmic reticulum (ER) stress and its
contribution to leptin resistance (Morris & Rui 2009). ER stress occurs when misfolded
proteins accumulate in the ER lumen activating multiple intracellular signalling pathways
(Ron & Walter 2007). ER stress is promoted by over nutrition (Ozcan et al. 2008) and is
increased in the adipose tissue and brain in leptin resistant obese animals (Ozcan et al. 2009).
Inhibition of ER stress in the hypothalamus has been shown to increase leptin sensitivity
(Morris & Rui 2009). Understanding and finding chemical mechanisms to decrease ER stress
may result in a potential cure for cellular leptin resistance.
As described there are many facets of leptin resistance each with a range of studies backing
up the differing claims of causation. This makes it unlikely that there is a single cause of
leptin resistance. Unlike the pathological induction of leptin resistance during DIO,
pregnancy-induced leptin resistance is an example of a normal, naturally occurring
phenomenon merging with the abnormal. Here, leptin resistance is induced by hormones to
elicit beneficial effects. The unique changes that occur in the hypothalamus during pregnancy
can be compared and contrasted with those that occur in obesity to further our knowledge
about the progression of leptin resistance.
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Pregnancy
Pregnancy is a time of increasing metabolic demands on the mother’s body to support fetal
growth and development. During pregnancy the mother undergoes a range of physiological
changes to adapt to these demands. Food intake is increased to provide fuel for the growing
fetus and allow adipose deposition in the mother in anticipation of the energy consuming
tasks of parturition and lactation. A state of positive energy balance develops allowing the
mother to significantly increase her adipose mass over a few months. This is important for
successful reproduction, providing a readily mobile fuel source for both the mother and baby
in times of reduced food intake, ensuring their protection.
Many animal studies have shown that leptin levels are elevated during pregnancy, but as
we know, food intake and fat deposition is increased. These facts have lead to the hypothesis
that pregnancy is a state of leptin resistance. It has been observed that the increase in appetite
and food intake occurs early in pregnancy, prior to the increased energy demands. In rats,
hyperphagia can be seen as early as day 4 of pregnancy (Ladyman and Grattan 2004) and is
well established from the second week, remaining high throughout pregnancy, until the day
before parturition (Cripps & Williams 1975; Shirley 1984). It is thought that the hormonal
changes associated with pregnancy induce these adaptive changes in maternal body weight
homeostasis in anticipation for the energy consuming tasks ahead. How exactly these
hormones manipulate the hypothalamus to create these effects remains unknown.

Leptin Resistance in Pregnancy
Leptin resistance during pregnancy is a desirable state that develops to assist successful
reproduction. The mechanisms of pregnancy-induced leptin resistance are different from
those involved in obesity; although similarly both peripheral and central leptin-resistant
factors may contribute to the development of this condition.
Pregnancy-induced central leptin resistance has been identified in rats beginning during
mid-pregnancy. Administration of leptin into the lateral ventricle was able to effectively
reduce food intake in day 7 pregnant rats, but on day 14 of pregnancy, leptin failed to induce a
satiety response (Ladyman & Grattan 2004). These results were supported by suppressed
levels of pSTAT3, a marker of leptin activation, in the arcuate nucleus and VMH on day 14 of
pregnancy, compared to non-pregnant rats. During this time, leptin levels were increasing, to
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about twice the level of the non-pregnant rats by day 14. These findings indicate an
advantageous state of leptin resistance developing during mid-pregnancy.

Hormonal Mechanisms of Leptin Resistance in Pregnancy
A two-fold increase in leptin levels over 1-2 weeks makes it unlikely that high leptin levels
alone are inducing leptin resistance, as very high chronic doses of leptin are needed for leptininduced resistance to develop (Pal & Sahu 2003). The hormonal changes that occur in
pregnancy induce a raft of physiological adaptations in the mother and are a likely cause of
this rapidly developing resistance. Studies on pseudopregnant rats have shed some light on the
role pregnancy related hormones have in mediating pregnancy-induced leptin resistance.
Pseudopregnant animals have a hormone profile identical to that seen in early pregnancy;
decreased estradiol and increased progesterone and prolactin. They are hyperphagic and gain
weight, but exhibit an anorectic response to leptin and are therefore not leptin resistant
(Augustine & Grattan 2008). Pseudopregnancy usually lasts about 12 days and then the
animal reverts back to a normal estrus cycle. Because pseudopregnant animals have no
hormonal contribution from the placenta it is thought that the hormones inducing leptin
resistance in pregnancy must be derived from the placenta, not solely from the hypothalamus.
Placental lactogen, a placental hormone similar to prolactin, and progesterone have been
examined as probable causative agents. Progesterone levels are elevated throughout
pregnancy and it is a hormone that is known to increase appetite and food intake (Wade &
Schneider 1992). It is also well established that hyperprolactinemia induces hyperphagia
(Grattan 2002). Pseudopregnant rats exposed to progesterone remained responsive to central
leptin administration. However, those rats that received a chronic infusion of prolactin, to
mimic placental lactogen, had no response to central leptin, indicating that the chronic
elevation of lactogen from the placenta during true pregnancy induces leptin resistance
(Augustine & Grattan 2008). Levels of placental lactogen and its receptor increase
significantly between day 7 and 14 of pregnancy (Grattan 2002) and this is consistent with the
development of leptin resistance in the pregnant rat (Ladyman & Grattan 2004). The low
levels of estradiol during early pregnancy are thought to contribute to the immediate
hyperphagia that occurs before the onset of leptin resistance. Estradiol acts within the brain to
increase leptin sensitivity (Clegg et al. 2006) and this would explain why pseudopregnant rats
who are not leptin resistant still experience hyperphagia.
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A possible mechanism of hyperprolactinamia-induced leptin resistance was hypothesised
in a recent review. It was suggested that elevated prolactin levels during pregnancy may
activate SOCS3, via STAT5 phosphorylation, leading to a loss of leptin response (Tups
2009). SOCS3 is an endogenous inhibitor of leptin signal transduction and is seen to increase
in DIO mice and in seasonal animals and it has been noted earlier that prolactin and estrogen
are able to induce SOCS3 expression in the arcuate nucleus during late pregnancy (Steyn et
al. 2008). The 2009 review further mentioned that hyperphagia resulting from high prolactin
levels may also be a result of the direct activation of orexigenic NPY neurons (Tups 2009).
Pregnancy-induced leptin resistance in the first-order hypothalamic neurons mediating
appetite has been researched with differing outcomes. Early research found that in association
with increased food intake and body fat deposition during early pregnancy, an increase in the
expression of mRNA of the orexigenic peptides NPY and AgRP is seen in the arcuate nucleus
in the rat (Garcia et al. 2003; Rocha et al. 2003) and increased expression of NPY was also
found to be elevated in the ventromedial hypothalamus of mice (Oberto et al. 2003). A
decrease in αMSH in the medial basal hypothalamus has also been identified in the rat
(Khorram et al. 1984). More recently this area was investigated, confirming that NPY mRNA
levels are increased during pregnancy, when leptin levels are increased, suggesting these first
order neurons do become leptin resistant (Ladyman et al. 2009; Makarova et al. 2009).
However, the high leptin concentrations did not appear to significantly affect AgRP or POMC
mRNA levels (Ladyman et al. 2009). In αMSH-positive POMC neurons, leptin-induced
phosphorylation of STAT3 appeared unchanged between pregnant and non-pregnant rats,
concluding these first order neurons remain responsive to leptin. A point of interest was that
the satiety effect of exogenous αMSH proved ineffective in pregnant rats while it suppressed
food intake in non-pregnant rats, suggesting the loss of leptin-induced satiety during
pregnancy may be due to melanocortin resistance as αMSH develops downstream of leptininduced STAT3 phosphorylation in POMC neurons (Ladyman et al. 2009). This contrasts
diet-induced leptin resistance as αMSH, or its agonist, is able to produce a satiety response
and induce weight loss, energy expenditure and even improve insulin resistance in these mice
(Pierroz et al. 2002). These data support the hypothesis that neurons in the hypothalamus
become variably resistant to leptin during pregnancy. The altered ratio of the appetite
regulatory peptides results in an increased appetite, creating a positive energy balance,
allowing fat to be deposited and the increase in adipose mass contributes to elevated plasma
leptin.
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Alterations in the expression of leptin receptors have been identified in pregnancy,
suggesting this may contribute to leptin resistance. In the VMH, the level of Ob-Rb mRNA
was found to be decreased in pregnant rats, with no detectable difference in the arcuate
nucleus, compared with non-pregnant rats. This suggests the VMH is an important site for
pregnancy induced leptin resistance (Ladyman & Grattan 2005). The region specific loss of
leptin receptor mRNA in the VMH again contrasts the diet-induced leptin resistant obese
mouse. In that model, it is thought to be the arcuate nucleus, with its close proximity to the
median eminence, that exhibits a loss of leptin response (Munzberg et al. 2003). Levels of
Ob-Ra mRNA, encoding for the leptin transporter, were also observed to decrease in the
choroid plexus during pregnancy (Ladyman & Grattan 2005), indicating that a decrease in
leptin transport into the pregnant brain may contribute to pregnancy-induced leptin resistance.
However, further research evaluating plasma/CSF leptin ratio in pregnant rats revealed no
difference when compared to non-pregnant rats (Ladyman & Grattan 2005). In mice, an
increase in the level of leptin binding proteins in the plasma has been hypothesised as a cause
of hyperleptinemia and leptin resistance. Gavrilova et al found that serum leptin binding
protein capacity increased about 40 fold and leptin levels 20-40 fold. They concluded that the
placenta produces large amounts of Ob-Re mRNA which encodes for a soluble binding
protein (Gavrilova et al. 1997). However, this does not appear to be the same for rats.
From the range of findings discussed above it can be concluded that during pregnancy
leptin pathways are affected in various ways and contrast leptin resistance associated with
obesity. In the VMH leptin receptor expression is decreased, as is the phosphorylation of
STAT3, indicating that this nucleus becomes leptin resistant. In the arcuate nucleus NPY first
order neurons appear unresponsive to leptin and there is a downstream resistance to the satiety
factor αMSH. These physiological adaptations are unique to pregnancy and are most likely
induced by the novel pool of placental derived hormones in the mother’s body to allow
uninhibited food intake during this time of increased energy demand. As most of the current
findings in this field are in a rat model and somewhat inconclusive, more work is required to
accurately determine the mechanisms involved in pregnancy-induced leptin resistance. Hence,
this study aims to characterise leptin resistance in the pregnant mouse to allow comparison to
the rat model and offer the possibility a new hypothesis to explain pregnancy-induced leptin
resistance.
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Complications of Obesity in Pregnancy
A staggering number of significant health complications are associated with obesity prior
to, or during, pregnancy and these risks increase with increasing BMI (Flick et al. 2010). For
the mother these involve an increased risk for gestational diabetes, hypertension and thromboembolic disorders (Stothard et al. 2009), due to the altered hormonal and inflammatory
activity, (Smith et al. 2008) as well as preeclampsia, increased caesarean birth, preterm birth,
macrosomia and very low birth weight for their new born (Smith et al. 2008). The baby is also
at an increased risk for birth injury, congenital abnormalities such as neural tube defects, and
childhood obesity (Oken et al. 2007; Stothard et al. 2009). Compared with mothers of a
normal BMI, obese mothers has a 2-fold increase in the odds of having a pregnancy affected
by spina bifida (Stothard et al. 2009), and a Chinese study showed that a weight gain of more
than 0.59kg a week significantly increased the chance of preeclampsia (Chen et al. 2010).
A 2007 study concluded that excess gestational weight gain was directly associated with
the offspring being overweight in early childhood (Oken et al. 2007). It was suggested that
weight gain during pregnancy modifies the intrauterine environment of the fetus
programming the size of the offspring. This hypothesis is topical as childhood obesity is
increasing in prevalence and tackling excessive weight gain in pregnancy may be a
preventative measure. The research called for a revision of the IOM’s weight gain guidelines
wanting them to take into account both birth outcomes, and the risk of obesity to the mother
and child. Their data found that even those mothers who gained weight within the normal
range according to the IOM (11.5 – 16 kg) had an odds ratio of 3.77 for having an overweight
child when compared to the mother’s who gained an inadequate amount of weight (with the
IOM guidelines). Post partum weight retention and subsequent obesity are also risks for
mothers who have a high gestational weight gain (Siega-Riz et al. 2004). In light of the
increased risks of overall obesity associated with maternal weight gain it seems that the IOM
guidelines are still too wide. In a 2010 media release the RANZCOG recommended that
weight loss interventions should commence in the pre-pregnancy period and continue to be
monitored during pregnancy. With the rising obesity epidemic it would be sensible for New
Zealand to develop our own gestational weight gain guidelines and take action to educate
women about ideal pre pregnancy weight and monitor and support them through their
pregnancy with the aim of halting this obesity cycle and lowering the obesity prevalence.
Having an understanding of the physiological changes, such as leptin resistance, that occur in
the mother’s brain during pregnancy will make practitioners aware that limiting food intake
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during this time will be an immense difficulty and much support, advice and empathy is
needed for the patient.
This literature review discussed the aetiology of obesity and its relation to pregnancy.
Leptin resistance was highlighted as a key factor in the development of the altered metabolic
state that exists in both obesity and pregnancy. Research in this field has the possibility of
better understanding these changes and could contribute to a novel way of helping obesity
sufferers.
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CHAPTER TWO: MATERIALS AND METHODS

2.1 Long term food intake during the mouse reproductive cycle
2.1.1 Animals
Adult female C57BL/6J mice were obtained from the University of Otago’s colony at the
Taieri Resource Unit. They were individually housed, in a temperature and lighting controlled
environment (22 ± 1ºC, 12 hours light : 12 dark) and allowed access to food and water ad
libitum. Experiments were approved by the University of Otago Animal Ethics Committee.

	
  
2.1.2 Food and water intake and body weight measurements
Over a 15-day period food, water and body weight was measured for a group of 12 cycling
mice. Food pellets from the cage food hopper were weighed on scales daily between 10 and
11am and weights recorded. 24-hour food intake was regarded as the difference from the
previous day’s measurement. The body weights of the mice were recorded daily and vaginal
smears were collected between 10 and 11am to monitor the estrous cycle. This was done by
holding the mouse on its back and inserting a drop of water on a small looped piece of wire
into the vagina, rotating it, then removing to smear onto a numbered glass slide. The slides
were stained with 0.05% Toluidine Blue solution and examined under a light microscope. A
comparison chart was used to determine the stage of each smear by looking at the
characteristics of the epithelial cells and this was recorded on a chart. Water intake was also
recorded daily, calculated as the difference in weight of the bottle from the previous day.
These mice were then paired with an experienced male breeder overnight. Conception (day 1
of pregnancy) was indicated by the presence of a mucous plug. Food intake, water and body
weight were measured for the 10 mice that became pregnant from day 1 throughout
pregnancy, normally a 19-day period, and from day 2 until day 5 of lactation. We did not
measure food intake or body weight on for the day of parturition or for day 1 of lactation as
we did not want to interfere with the establishment of maternal behavior. The number of
lactating mice used for food intake data was less than the total number that gave birth as some
of them ate their pups and were therefore not included in the study due to confounding of the
food intake data. The same scales were used throughout the entire experiment.
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2.2 Evaluating the effect of leptin administration on food intake
2.2.1 Animals
Adult female C57BL/6J mice were individually house in controlled conditions with
temperature maintained at (22 ± 1ºC) and lighting (12 light : 12 dark). The mice had access to
food and water ad libitum which was monitored daily along with body weight using the same
method as in experiment one. The estrous cycle was monitored by daily vaginal smears. Only
those mice exhibiting two consecutive estrous cycles were used in this experiment. Half of
these mice were housed with males to establish pregnancy. Pregnancy was detected by the
presence of a mucous plug and this was considered to be day 1 of pregnancy.

2.2.2 Experimental design and leptin administration
The feeding response to intraperitoneal (i.p.) leptin administration was determined in nonpregnant (diestrus) and mid-pregnant (day 13) mice. 24-hour food intake for all mice was
monitored for 3 days prior to the beginning of the experiment. Pregnant mice were fasted
overnight on day 12 and the non-pregnant mice were fasted on metestrus. This involved
removing the food and any paper from the cages, 1 hour before the dark phase. Fasting was
necessary for this experiment to ensure that all of the groups had low endogenous leptin levels
for injection the following day. The following day at 4pm, after 24 hours of fasting, half of
the mice were randomly selected to receive a 0.2mL i.p injection of recombinant mouse
leptin, diluted in saline, and the other half were given the same amount of vehicle (saline).
This experiment was carried out twice as the initial leptin dose (0.02mg), that was sufficient
to exhibit a significant increase in the phosphorylation of STAT3 in the hypothalamus in a
trial experiment described in 2.3, did not produce a statistical difference in food intake
compared to controls, so the experiment was repeated using the same conditions with a leptin
dose of 0.2mg/mouse i.p., tenfold the original dose. 1mL syringes were used with a 27G
needle to administer the dose into the peritoneal cavity of the mouse. Pre-weighed food
pellets were returned at the time of injection and food intake was measured 24 hours later and
for the following 3 days, along with body weight.
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2.3 Leptin-induced pSTAT3 in the Hypothalamus during mid-pregnancy
This experiment looked at leptin action in various regions of the hypothalamus among nonpregnant, pregnant and lactating mice, to identify areas of hypothesised leptin resistance
during pregnancy. Leptin-induced pSTAT3 was used as a marker of leptin action.

2.3.1 Animals and procedure
The three groups of C57BL/6J mice, non-pregnant, pregnant and lactating, were
individually housed in a temperature and lighting controlled environment (22 ± 1ºC, 12 hours
light : 12 dark) with ad libitum access to food and water, which was weighed daily along with
body weight. Fasting of day 12 pregnant mice, and non-pregnant mice in metestrus, who had
displayed two or more consecutive estrous cycles, was done overnight prior to the leptin
injection. Day 6 lactating mice were fasted two hours prior to their injection rather than
overnight, because initial experiments of lactating mice being fasted overnight with the other
groups resulted in the mothers eating their pups. Basal leptin levels are already low in
lactating mice compared to pregnant mice (Makarova et al. 2007). After fasting for
approximately 16 hours, or 2 hours for the lactating mice, all of the mice revived a 0.2mL i.p.
injection of either leptin (diluted in saline to 0.1mg/mL, a dose determined from a preliminary
experiment described below) or vehicle (saline). The i.p. injections were performed using a 27
gauage needle into the lower abdominal area.

2.3.2 Determining the leptin dose
A trial run on non-pregnant, diestrous mice was completed to determine the appropriate
dose of leptin to yield a sufficient phosporylation response from the marker STAT3. After an
overnight fast the mice were injected with 0.2mL of high concentration (0.1mg/mL) or low
concentration (0.01mg/mL) leptin or vehicle (saline). After two hours the brains were
perfusion fixed and sliced with a freezing microtome into 30 micron sections.
Immunohistochemical staining for pSTAT3, a marker of leptin signaling, was completed as
described below, and the slices were mounted onto slides. The slides were observed under the
microscope and the higher dose was deemed to have the best staining and was used for the
main experiment described above, and for the initial experiment in 2.2.
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2.3.3 Immunohistochemistry
Perfusions
Leptin-induced activation of STAT3 in the hypothalamus in mice peaks 1-2 hours after
injection (Faouzi et al. 2007), therefore, two hours after their injections the mice were
anesthetised with a single i.p injection of pentobarbitol 30mg/mL, a lethal overdose. When
there was no pain response to a toe pinch the mouse was sufficiently anaesthetised. Using
sterile scissors, the thoracic cavity of the mouse was opened up to expose the heart and using
a 27 gauge needle 15mL of cold 4% paraformaldehyde was injected into the left ventricle of
the heart, while it was still beating, to perfusion fix their brain. The brains were then carefully
removed, using forceps to peel back the skull cap, and placed in the same fixative over night
at 4ºC. The brains were then transferred into a 30% sucrose cryoprotectant solution and
placed back into the 4ºC fridge until the brains had sunk to the bottom of the jar, indicating
the sucrose had sufficiently absorbed into the perfused brain. Brains were then frozen on
powdered dry ice and stored at -80ºC until sectioning. Coronal sections were cut at 30
microns on a freezing microtome (-20ºC) through the hypothalamus, from the pre-optic area
to the end of the third ventricle, and collected in 3 series. The slices were placed in trays of
cryoprotectant and stored in the freezer (-20ºC) until further processing.

Procedure for staining phosphorylated STAT3
Immunohistochemistry

was

carried

out

on

free-floating

sections

to

visualise

phosphorylated STAT3 using one series from each mouse. 12-well plates were used for
antibody incubations with sections from a single mouse in each well. Sections were
transferred into net wells using a paintbrush for the wash cycles. For a description of the
solutions used in this procedure see the appendix.
Sections were washed three times in wash buffer on a shaker (10 minutes/wash) to remove
residual cryoprotectant. Antigen unmasking was then carried out with EDTA to expose the
antigen. 1mM EDTA pH 8.0 was heated in the microwave to sub-boiling temperature and
poured into a tray. Sections in wells were immersed in the solution and incubated on a hot
stage covered in tin foil for 15 minutes. After three 5-minute washes in wash buffer, sections
were incubated at room temperature in 0.3% H2O2 for 10-minutes to block endogenous
peroxidases. Three more 5-minute washes were carried out in wash buffer. Sections were then
removed from the net wells and incubated in blocking buffer (1.5mL per well) at room
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temperature for 1 hour. This step was done to limit non specific binding of the antibodies.
After this step, sections were incubated in 2mL of primary antibody, rabbit mAb diluted in
blocking buffer, overnight in the cold room (4ºC). The next day, the sections were washed 3
times for 10-minutes in wash buffer and then incubated in secondary antibody (biotinylated
goat anti-rabbit), diluted 1:1000, for 1 hour at room temperature. Three more 10-minute
washes in wash buffer were completed, and the sections were then treated in 2.5mL of an
avidin-biotin-peroxidase complex (Vectastain Elite ABC kit) for 1 hour at room temperature.
The sections were washed three times in wash buffer before DAB reaction staining was
carried out on the sections to visualise the immunostaining. Adequate staining was achieved
after 5.5 minutes. Finally, the sections were washed 3 more times in TBS, and mounted onto
numbered, gelatine-coated, slides with a small paintbrush. The slides were left to air dry and
were then dehydrated in ethanol (3 minutes in each of: 50% ethanol, 75% ethanol, 95%
ethanol, 100% ethanol), followed by two 5-minute xylene washes. Slides were then coverslipped fresh from the xylene using distyrene plasticiser xylene (DPX).

Immunohistochemistry Analysis
The sections were examined using an Olympus BX51 research microscope using the 10x
objective. For each nucleus we selected four to six sections from each animal that contained
the nuclei we wanted to examine, and the nuclei regions were defined using the Mouse Brain
Atlas as a reference (Paxinos & Franklin 2004). Photographs were taken of the Arcuate
nucleus, Ventromedial nucleus and the Dorsomedial nucleus using a SPOT RT digital camera
and associated SPOT software (Diagnostic Instruments Inc.). Using Photoshop (Adobe) the
images were changed to greyscale and transferred to the Image J computer program to count
the number of pSTAT3 positive cells. A boundary was drawn around the whole nuclei of
interest, using the Mouse Atlas as a guide, and all positive cells in this region were counted.
The boundary size for each nucleus was maintained the same for all sections (figure 2.1). To
identify positive neuronal staining, a constant threshold was established that adequately
stained the dark phosphorylated STAT3 nuclei and limited background staining. This
threshold was different for each of the three brain nuclei analysed due to differing background
staining, but was maintained constant within the analysis of all sections for the same nuclei
group. The Image J software counted the number of dots in each demarcated nuclei on both
sides. Supplementary counting was carried out by hand using print outs of the images where
the threshold had resulted in groups of dots joining together and being counted as one. The
grouped dots were counted individually and this was added to the number counted by Image J
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to generate the total number of pSTAT3 positive neurons in each brain region per section.
Data are presented as the mean number of pSTAT3 positive nuclei per section in each group ±
SEM for each of the three brain regions we examined.

2.4 Statistical Analysis
For all experiments statistical analysis and graph creation was completed using Prism
software. For experiment 2.1 we used a one-way ANOVA with repeated measures to
determine the point at which food and water intake, and body weight in the pregnant mice,
was significantly greater than when they were cycling. For both experiment 2.2 and 2.3,
statistical significance between treatment groups and between the different physiological
states was analysed in Prism using a two-way ANOVA. Where appropriate, ANOVAs were
followed by Bonferroni’s Multiple Comparison post hoc test. For all of the data analysed the
significance level was set at P value < 0.05.
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Figure 2.1: A Coronal mouse brain diagram indicating the areas analysed to count for
pSTAT3 positive cells. The position of this section is relative to Bregma. B Coronal section
from a leptin-treated mouse brain showing the boundaries of nuclei that were examined for
pSTAT3 including the arcuate nucleus (1), the ventromedial nucleus (2), and the dorsomedial
nucleus (3).
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CHAPTER THREE: RESULTS

3.1 Long term food intake during the mouse reproductive cycle
Food Intake
Daily food intake of the cycling mice was somewhat variable from day to day, with an
average 24-hour food intake of 3.7g (figure 3.1). The well-characterised pattern of reduced
food intake seen in rats at the time of estrus (Ladyman & Grattan 2004) was harder to
characterise in the mice due to their sporadic estrus cycle. During pregnancy, daily food
intake steadily increased and by day 10, the 24-hour food intake was significantly greater
compared to pre-pregnancy food intake at 4.9g. Consumption peaked at days 15 and 16 of
pregnancy, at 5.6g and dropped significantly the day before parturition down to 2.4g (figure
3.1). Food intake continued to increase during lactation to an amount significantly greater
than both cycling and pregnant mice. The maximum food intake during this time was 8.2g on
day 2 of lactation (figure 3.1). Figure 3.1 shows the changes in food intake throughout these
three physiological states, data is absent between cycling and day 1 of pregnancy as this is
when mating occurred (two animals in the cage), and also for parturition and day 1 of
lactation (when we did not want to disturb the mother during establishment of lactation).

Water Intake and Weight Gain
Water intake appeared to be affected by food intake, when food intake was increased there
was an increase in water for the corresponding day. Water intake increased as pregnancy
progressed and by day 10 was significantly greater than when the mice were cycling (9g
compared to 7g). Water intake further increased in pregnancy and was significantly greater
than early pregnancy at by day 14. During early lactation when food intake was significantly
increased, water intake was also significantly greater than during pregnancy with a maximum
water intake of 14.7g on day 2 of lactation (figure 3.2). Body weight steadily increased during
pregnancy and was significantly greater than non-pregnant mice by day 8 (21g compared to
19g) (figure 3.3). Weight gain increased rapidly from here, continuing to a mean maximum of
34.5g the day before parturition. On day 2 of lactation body weight was 24g, approximately
10g less than the maximum during pregnancy, and this weight was maintained (±2g)
throughout the early lactation period that we monitored.
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3.2 Evaluating the effect of I.P. leptin administration on food intake
To determine whether pregnant mice show the normal satiety response to exogenous leptin
administration, food intake was measured after an i.p. injection of leptin to fasted midpregnant (day 13) and non-pregnant (diestrous) mice and compared to control levels. In the 24
hours prior to fasting the pregnant mice has a significantly greater food intake than the nonpregnant mice (figure 3.4) and this trend is still seen when food intake is adjusted for body
weight. The initial experiment using 0.02mg of leptin per mouse, a dose able to produce a
significant difference in pSTAT3 in the hypothalamus between non-pregnant and pregnant
mice, was not sufficient to yield a significant difference in food intake between the
experimental and control groups. When the experiment was repeated with a higher i.p. leptin
dose of 0.2mg/mouse, the non-pregnant mice had a significant reduction in 24 hour food
intake compared to the vehicle treated group, whereas the pregnant group did not exhibit a
response to leptin (figure 3.4 and 3.5). This supports the hypothesis that pregnancy in the
mouse is a leptin resistant state. Both groups of mice ate significantly more after their
overnight fast and injections compared to the 24 hours before fasting, showing a fasting
induced hyperphagic response. In figure 3.5 when food intake is adjusted for body weight the
difference in food intake seen in figure 3.4 is removed and it can be seen that leptin had no
effect on food intake in the pregnant mice. Due to the huge increase in body weight of the
pregnant mice from before fasting, their ratio in figure 3.5 is less than the diestrous mice.
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Figure 3.1: Mean ± SEM daily food intake during the estrus cycle (n=12), pregnancy (n=10)
and early lactation in mice (n=7). Pregnancy lasted for 19 days (shaded area) with parturition
on day 20. Data bars are absent during mating, parturition, and day 1 of pregnancy where
data was not collected. Food intake data during lactation is for days 2-5. * significant with
respect to food intake of the same mice during cycling (P < 0.05). ** significant with respect
to early pregnancy (P < 0.05). *** significant with respect to cycling and pregnancy (P <
0.05). The dotted line indicates the average food intake in the non-pregnant state.
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Figure 3.2: Mean ± SEM daily water intake during the estrus cycle (n=12), pregnancy (n=10)
and early lactation in mice (n=7). Pregnancy lasted for 19 days (shaded area) with parturition
on day 20. Data bars are absent during mating where data was not collected. Water intake
data during lactation includes days 1-5. * significant with respect to water intake of the same
mice when cycling (P < 0.05). ** significant with respect to early pregnancy (P < 0.05). ***
significant with respect to cycling and pregnancy (P < 0.05). The dotted line indicates the
average water intake in the non-pregnant state.
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Figure 3.3: Mean ± SEM daily body weight during the estrus cycle (n=12), pregnancy (n=10)
and early lactation in mice (n=7). Pregnancy lasted for 19 days (shaded area) with parturition
on day 20. Data bars are absent during mating, parturition, and day 1 of lactation, where data
was not collected. Body weight during lactation includes days 2-6. * significant with respect
to body weight of the same mice when cycling (P < 0.05). ** significant with respect to early
pregnancy (P < 0.05). *** significant with respect to cycling (P < 0.05). The first dotted line
at 19g indicates the average body weight in the non-pregnant state and the second dotted line
at 24 g indicated the average body weight in the lactation state.
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Figure 3.4: Mean ± SEM 24 hour food intake in cycling and pregnant mice before fasting and
24 hours after leptin or vehicle i.p. injection. The experiment was carried out over days 11-13
for the pregnant mice, and during metestrous and diestrous for the non-pregnant mice.
Injections were received 1 hour prior to the dark phase on day 13 for the pregnant mice, and
in diestrous non-pregnant mice. * significant with respect to pre-fasted 24 hour food intake of
the non-pregnant mice (P < 0.05). ** significant with respect to pre-fasted 24 hour food
intake of the same physiological state (P < 0.05). † significant with respect to vehicle-treated
group of the same physiological state (P < 0.05). n = 7-5 per group
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Figure 3.5: Mean ± SEM 24 hour food intake adjusted for body weight in cycling and
pregnant mice before fasting and 24 hours after leptin or vehicle i.p. injection. The
experiment was carried out over days 11-13 for the pregnant mice, and during metestrous and
diestrous for the non-pregnant mice. Injections were received 1 hour prior to the dark phase
on day 13 for the pregnant mice, and in diestrous non-pregnant mice. * significant with
respect to pre-fasted 24 hour food intake : body weight ratio of the same physiological state
(P < 0.05). † significant with respect to vehicle-treated group of the same physiological state
(P < 0.05). n = 7-5 per group
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3.3 Leptin-induced pSTAT3 in the Arc, VMH and DMH during midpregnancy
The number of pSTAT3 positive cells was measured in hypothalamic nuclei as a marker of
leptin activation in leptin-treated and vehicle-treated mice in three different physiological
states. Leptin administration to non-pregnant (diestrous), day 13 pregnant and day 6 lactating
mice resulted in a significant increase in the amount of pSTAT3 positive cells in the ARC,
VMH and DMH, compared to the vehicle treated mice of the same physiological state (seen
in the representative pictures in figures 3.6, 3.7, and 3.10). In the arcuate nucleus, leptininduced pSTAT3 was greater in the diestrous mice, although in contrast to the other nuclei,
this difference was not significant when compared to the pregnant mice (figure 3.8). The basal
level of STAT3 phosphorylation in the arcuate nucleus of vehicle-treated lactating mice was
significantly higher compared to vehicle-treated diestrous mice (figure 3.8). In the VMH, the
total level of leptin-induced STAT3 activation was significantly greater in non-pregnant mice,
compared to the pregnant and lactating mice (figure 3.9). The DMH also had a greater amount
of STAT3 activation in the non-pregnant mice compared to the pregnant and lactating mice
(figure 3.11). However, due to the reduced number of samples in this brain region the results
were not statistically significant. STAT3 phosphorylation increased during lactation in the
DMH. The results from this experiment conclude that, similar to previous experiments, leptin
activation of STAT3 is reduced in the pregnant mouse, most significantly in the VMH.
Compared to the non-pregnant mice, STAT3 activation in the pregnant mice was near normal
in the arcuate nucleus and appeared reduced in the DMH.
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Figure 3.6: Representative sections showing leptin-induced and basal levels of STAT3
phosphorylation immunohistochemistry in the arcuate nucleus and VMH. Coronal brain
sections from diestrous mice treated (A and B), day 13 pregnant mice (C and D), and day 6
lactating mice (E and F) two hours after i.p. treatment of vehicle (left) or leptin (right).
pSTAT3 labelling seen as black nuclei staining.
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Figure 3.7: Representative sections showing leptin induced STAT3 phosphorylation
immunohistochemistry in the arcuate nucleus and VMH. Coronal brain sections two hours
after i.p. leptin-treated diestrous (A) and day 13 pregnant (B) mice. A’ and B’ are
representation of the VMH and A’’ and B’’ are representative of the arcuate nucleus. pSTAT3
labelling seen as black nuclei staining.
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Figure 3.8: pSTAT3 immunohistochemistry in the Arcuate nucleus. Graphical presentation of
the average number of pSTAT3 positive nuclei per 30µm section within the Arcuate nucleus
for each physiological state (diestrous, pregnant, lactating) treated with either vehicle or
leptin. Results are presented as the mean number/section/group ± SEM (n = 6-5 per group). *
significant with respect to vehicle-treated animals within the same physiological group (P <
0.05). † significant with respect to the basal level of pSTAT3 in vehicle treated diestrous
mice.
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Figure 3.9: pSTAT3 immunohistochemistry in the VMH nucleus. Graphical presentation of
the average number of pSTAT3 positive nuclei per 30µm section within the VMH for each
physiological state (diestrous, pregnant, lactating) treated with either vehicle or leptin. Results
are presented as the mean number/section/group ± SEM (n = 6-5 per group). * significant
with respect to vehicle-treated animals within the same physiological group (P < 0.05). †
significant with respect to leptin-treated non-pregnant mice (P < 0.05).
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Figure 3.10: Representative sections showing leptin induced STAT3 phosphorylation
immunohistochemistry in the DMH. Coronal brain sections from diestrous mice (A), day 13
pregnant mice (B), and day 6 lactating mice (C) two hours after an i.p. leptin injection.
pSTAT3 labelling seen as black nuclei staining.
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Figure 3.11: pSTAT3 immunohistochemistry in the DMH. Graphical presentation of the
average number of pSTAT3 positive nuclei per 30µm section within the DMH for each
physiological state (diestrous, pregnant, lactating) treated with either vehicle or leptin (n = 6-5
per group). Results are presented as the mean number/section/group ± SEM. * significant
with respect to vehicle-treated animals within the same physiological group (P < 0.05).
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CHAPTER FOUR: DISCUSSION
During pregnancy, many physiological changes take place in the maternal brain allowing
the mother’s body to adapt for the energy consuming task of supporting the growth and
development of a baby. One of the hallmarks of pregnancy is an increased appetite. This is a
vital part of pregnancy to ensure that the fetus is adequately provided for. Throughout our
experiment, food intake, body weight, and water intake, increased during pregnancy, as
previously seen in experiments on rats (Cripps & Williams 1975; Seeber et al. 2002;
Ladyman & Grattan 2004). These studies also established that leptin levels increase during
pregnancy, suggesting a state of leptin resistance develops. The aim of my thesis was to
determine whether mice also become leptin resistant during pregnancy. To test this, the
feeding response and activation of STAT3 were measured after administration of exogenous
leptin to pregnant mice. Leptin was not able to induce a satiety response in the pregnant mice,
as it was in the non-pregnant mice, and in accordance with this, phosphorylation of STAT3
was significantly less in the pregnant mice, in specific brain regions. The results obtained
from these experiments indicated that mice, like rats, become leptin resistant during
pregnancy, allowing a significant increase in food intake and body weight to meet the energy
demands of pregnancy and have adequate energy stores for lactation.
Food and water intake, and body weight, were measured in cycling mice over 15 days to
characterise normal patterns during the estrus cycle. Estrus cycles in the mice were irregular
making it hard to conclude whether food intake decreased during estrus, as is seen in rats
(Ladyman & Grattan 2004). Most mice had two lots of estrus over the 15 day period,
however, it appeared to be random. Food and water intake, and body weight, were monitored
in the same mice throughout their pregnancy allowing the exact time point of food increase to
be seen. We used the same mice, all of whom were the same age, to reduce any variance that
could have resulted from a new group of mice with differing body weights and appetites. Our
results show that by day 10 of pregnancy, food intake in the pregnant mice was significantly
greater than when they were cycling. As our food intake data was over 24 hours, it is
inconclusive whether the increase in food intake is due to an increase in meal size or an
increase in the frequency of meals. A 1980 study in rats concluded that meal frequency does
not increase during pregnancy, but the increase in food intake is due to an increase in meal
size (Strubbe & Gorissen 1980). As termination of a meal is induced by CCK, a response that
strongly potentiated by leptin (de Lartigue et al. 2010), altered response to CCK in pregnancy
due to leptin resistance may contribute to the increase in meal size.
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During lactation food intake further increased and was significantly greater than during
pregnancy. Our food intake measurements did not include parturition or day 1 of lactation, as
in the first few animals that we monitored continually, the mother ate her pups. As this is a
sign of stress we decided to measure from day 2 allowing them to establish maternal
behaviour without interference. A recent study on food intake in mice throughout pregnancy
and lactation showed that during the first five days of lactation food intake increased rapidly
from the drop at parturition to approximately 11g (Makarova et al. 2009), the maximum food
intake in our early lactating mice was 8.5g on day 2 and it decreased from here to 6g on day 5.
The increase in water intake was closely matched to the increase in food intake and was
significantly greater than that of the mice pregnant mice by day 10. The increase in fluid is
important to contribute to the increase in blood volume and the amnionic fluid, as well as
increasing hydration to match the increase in the amount of dry food pellets consumed.
Body weight in the pregnant mice was significantly greater than when cycling by day 8 of
pregnancy. The increase in body weight from day 1 of pregnancy until day 19 was around
70%. This is a huge increase in body weight, and food intake during this period increased
around 40%. In the current experiment, the measurement of total body weight does not reveal
any information about how much of the excess weight was deposited as fat and how much
contributed to the growth of the fetus. However, on the day of parturition body weight
dropped by an average of 10g to about 130% of the body weight at day 1 of pregnancy,
indicating that approximately half of the total weight gained throughout pregnancy went
toward the growth and development of the pups and placental structures, though this is a
crude estimate. Many factors contribute to the increase in body weight during pregnancy,
blood volume alone increases by about 50% (Hytten 1985) and this along with the placenta
and amnionic fluid contributes to a significant amount of weight gain. Fat mass and conceptus
growth have been measured during the rat pregnancy. Conceptus free body weight was
increased by day 14 of pregnancy, compared to the body weight of the non pregnant rats, but
this difference stayed the same until day 21. These data indicate that during the first half of
pregnancy maternal fat mass increases, but in the last half of pregnancy the weight increase is
due to growth of the fetus (Ladyman & Grattan 2004). During day 2 until day 6 of lactation,
the body weight trend generally declined, however, it was staggered, decreasing and then
rising depending on the food and water intake. This may have been due to the initial feeding
of the pups in the first couple of days causing fluctuations in food and water intake. In
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addition, mobilisation of the mother's fat stores for adequate milk production could have
contributed to the drop in weight. As our data was only for the first few days of lactation, a
process which normally take 3 weeks (Makarova et al. 2009), to obtain stable data on food
and water intake, and body weight, longer term data would be required to further analyse the
changes in weight that occur in lactation, and to establish whether the mice return to their prepregnancy weight. This would be interesting as a lot of emphasis is put on women to return to
their pre-pregnancy body weight and studies indicate that fully breast-feeding for a substantial
period of time is important for enhancing maternal weight loss during the post-partum period
(Jen et al. 1988; Janney et al. 1997; Lederman 2004).
Monitoring diet and weight gain throughout pregnancy is an important part of maternity
care that is largely neglected in New Zealand. Consuming a high fat diet during pregnancy
and lactation is thought to permanently modify the hypothalamic circuits that modulate
appetite in the offspring of obese rats, programming them for hyperphagia and obesity (Kirk
et al. 2009). Excess weight gain during pregnancy in women is also known to increase the risk
of childhood obesity (Oken et al. 2007) and of obesity later in life, independent of genetic
factors (Ludwig & Currie 2010). With reference to the literature discussed about food intake
and weight gain in rodents, it can be suggested that an emphasis be placed on trying to control
meal size and reduce high fat foods as a method of managing maternal weight gain. Severe
withdrawal of food in obese pregnant women with the aim of preventing weight gain in
pregnancy is unlikely to work. As seen in our mice, denying regular access to food only
results in binging when food is returned. Therefore, eliminating high fat food and working to
limit meal size, but not frequency, is likely to be the most beneficial way to reduce excess
weight gain during pregnancy. Lactation should also be advocated as an important method of
reducing weight gained during pregnancy and as well as being beneficial for the offspring.
Considering the immense increase in weight by the end of the mouse pregnancy, it is not
surprising that some adaptive response in appetite regulation must occur to allow this rapid
weight gain over such a short period of time. Therefore, resistance to the weight regulating
hormone leptin is a beneficial and likely event. This is supported by our data, showing that at
day 13 of pregnancy i.p. leptin administration was unable to suppress food intake as it does in
the non-pregnant mice, indicating a state of leptin resistance develops in pregnant mice. Day
13 was chosen for the leptin induction experiments to be carried out on as by this stage of
pregnancy both food intake and body weight were well established as significantly greater
than when the mice were cycling. Also, leptin resistance in the pregnant rat is known to exist
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on day 14 of pregnancy (Ladyman & Grattan 2004). Although our data suggests that midpregnant mice are resistant to exogenous leptin, it is not clear if this is due to central or
peripheral leptin resistance, or both.
A study from 2002 concluded that pregnant mice remain responsive to centrally
administered leptin throughout their pregnancy (Mistry & Romsos 2002). In that experiment,
an i.c.v. dose of leptin (1µg) was able to significantly reduce food intake in pregnant mice as
effectively as in non-pregnant mice. This experiment was very different to the experiment we
carried out and the conflicting results could be interpreted to support the hypothesis that
leptin resistance in the pregnant mouse may be due to an increase in leptin binding protein in
mice during pregnancy, making them peripherally but not centrally resistant to leptin
(Gavrilova et al. 1997). In an i.c.v. injection, a low dose can induce the same effect as a very
high peripheral dose (Halaas et al. 1997) so it is likely the 2002 study had a relatively high
amount of leptin compared to our dose. In our experiment, the fact that the arcuate nucleus
presents near normal STAT3 activation suggests that transport into the brain is not
compromised. This is an important point, providing evidence against the hypothesis that
increased binding protein reducing leptin transport into the brain is responsible for pregnancyinduced leptin resistance in the mouse. It could be that mice are centrally leptin resistant
during pregnancy, like rats. Our initial experiment using 0.1mg/mL of leptin, a concentration
ten times lower than used in the final experiment, did not induce a significantly reduced food
intake in the non-pregnant mice or pregnant mice, while it was sufficient to induce pSTAT3
all hypothalamic regions in the mice 2 hours after injection. This is possibly because a low,
acute, peripheral dose increased leptin levels for only a couple of hours, and as our food
intake was for 24 hours, not hourly, any acute effect of leptin would have been confounded by
increased appetite and food consumption once the leptin had worn off. To reduce this problem
we repeated our experiment using 1mg/mL and as this did manage to significantly reduce 24
hour food intake in the non-pregnant mice, blood leptin levels must have remained high for a
longer period of time. It is possible that our initial lower leptin dose would have been
effective at reducing food intake in the mice if it had been a chronic administration, rather
than acute, as chronic leptin doses are also known to be effective at reducing weight, while a
single peripheral administration at the same dose has no effect (Seeley et al. 1996).
All of our mice experienced a post-fasting induced hyperphagia. They were fasting for 24
hours and all consumed significantly more than they did in the 24 hours prior to fasting. In the
2002 experiment by Mistry, the mice were only fasted for 4 hours and did not exhibit a post52

fasting hyperphagia, so it is possible that fasting time could affect appetite on the return of the
food. Leptin potentiates the satiety action of CCK (de Lartigue et al. 2010), however, long
periods of fasting reduce sensitivity to CCK (Stein et al. 1986). This is an important point as
despite the fact that leptin was able to significantly reduce food intake in the non-pregnant
mice, compared to the vehicle treated non-pregnant mice, they had a significantly greater food
intake than prior to fasting. This may explain why the experiment by Mistry, with a decreased
fast time, lead to a more significant leptin-induced reduction of food intake. The exact
mechanism of the apparent leptin resistance seen in our mid-pregnant mice is unknown. Data
suggests that central leptin resistance is likely in rats (Ladyman & Grattan 2004); however, in
mice the increase in leptin-binding protein in the blood during the mouse pregnancy is
thought be responsible for their pregnancy-induced leptin resistance (Gavrilova et al. 1997).
Our data shows that overall leptin activation in the pregnant mouse brain is less than in the
non-pregnant mouse brain. Leptin was able to induce a significant increase in the number of
pSTAT3 positive neurons in all physiological groups, compared to their controls. There was a
statistically significant increase in leptin-induced pSTAT3 the non-pregnant mice, compared
to the pregnant and lactating mice, in the ventromedial nucleus, with promising preliminary
results in the dorsomedial nucleus.
The arcuate nucleus is considered to be a main site of the first-order leptin-responsive
neurons (Valassi et al. 2008); however, the leptin resistant effect was observed least in this
nucleus. There was slightly less pSTAT3-labelled nuclei per section in the pregnant and
lactating leptin-treated groups this was not significantly different from the leptin-treated nonpregnant mice. This indicates that the leptin resistance that develops in the mouse during
pregnancy is not global, but defined to particular areas in the brain, allowing a controlled and
transient leptin resistance. These data are very similar to rats. Although the rat arcuate nucleus
did show a significant reduction in pSTAT3 in pregnancy compared to non-pregnant rats
using western blot (Ladyman & Grattan 2004) the total number of cells responding to leptin
(using immunohistochemistry) was not different. Another interesting finding in our study was
that the basal level of pSTAT3 was increased in the arcuate nucleus of the lactating mice to
approximately twice that of the non-pregnant mice. As lactating mice have low endogenous
levels of leptin (Makarova et al. 2007) this increase in pSTAT3 may be due to the prolactin
surge during lactation, as prolactin is able to induce STAT3 activation (DaSilva et al. 1996).
The VMH is recognised as a primary region in the brain associated with energy
homeostasis and leptin is known to activate neurons in this region to effect body weight
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(Dhillon et al. 2006). STAT3 phosphorylation is known to increase in this region in response
to leptin, and for this increase to be reduced in DIO mice (Levin et al. 2004). Induction of
pSTAT3 in response to leptin was significantly reduced the VMH of pregnant mice compared
to non-pregnant mice. The consistency of data in this area indicates that neurons in the VMH
do become leptin resistant during pregnancy associated with a down regulation of the
JAK/STAT pathway. This may contribute to the increase in appetite experienced during
pregnancy. As leptin activation during pregnancy in the arcaute nucleus remains unchanged it
is likely that the decrease in STAT3 in the VMH is due to a central leptin resistance rather
than reduced transport into the brain, unless the arcuate nucleus is receiving leptin from
another source, such as directly via the close association with the median eminence. The
expression of Ob-Rb mRNA has been observed to reduce in the VMH during pregnancy
(Ladyman & Grattan 2004) and this could account also for the reduction in STAT3
phosphorylation as there may be less receptors available for activation. As PACAP and SF 1
cells are direct targets for leptin signalling in the VMH it would be interesting to examine the
effect pregnancy has in these neurons. Reduced activation of these anorectic factors may be a
result of pregnancy-induced leptin resistance and contribute to the resultant increase in
appetite.
In the DMH, leptin-induced phosphorylation was reduced during pregnancy in the mice.
The DMH displayed a marked reduction in number of pSTAT3 positive cells in pregnancy
compared to non pregnant mice, however, due to the small number of brain sections anaylsed
in each group, this was not statistically significant but provides promising preliminary data
for future experiments. The DMH was counted as an afterthought upon examination of the
brain sections and there was not as many adequate sections of this region as there were of the
arcuate nucleus and VMH, therefore the number of samples is reduced. The reduction in
pSTAT3 positive cells can be observed in figure 3.10. In contrast to the arcuate nucleus and
VMH, leptin induced an increased number of pSTAT3 positive cells in the lactating mice
compared to the pregnant mice. The reason behind this is unclear as basal DMH pSTAT3
levels in these two groups was the same.
This thesis concluded that leptin resistance does occur during pregnancy in the mouse. The
observed response of normal leptin-induced activation in the arcuate nucleus and reduced
STAT3 activation in the VMH and DMH, is a novel and noteworthy novel finding. The data
presented suggests that leptin resistance is possibly due to hypothalamic changes that occur
due to pregnancy-related hormones, rather than from an increase in plasma binding protein as
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previously thought. This hypothesis provides a basis for further research in this field using
knock-out mouse models to further investigate the cause of leptin resistance during pregnancy
in the mouse. I have also collaborated information and advice about weight management
during pregnancy. Together these two factors contribute to the universal aim of characterising
leptin resistance and reducing maternal obesity. Future research in this area should focus on
the VMH and DMH as these regions were observed to be the most promising areas for
pregnancy-induced leptin resistance in the mouse. Analysis of leptin resistance in specific
neuronal populations in the VMH during pregnancy, such as PACAP and SF-1 mRNA, would
aid understanding of leptin resistance in this nucleus. A similar experiment looking at
pSTAT3 in the DMH with a larger sample size would also be worth investigating to yield
more significant results. As the placental-derived hormone placental lactogen is hypothesised
to mediate pregnancy-induced leptin resistance in the rat (Augustine & Grattan 2008),
blocking prolactin signalling using mice with a neuron-specific deletion of the prolactin
receptor is the next step in identifying the cause of leptin resistance during pregnancy.
Pregnany-induced leptin resistance is a significant physiological adaptation that is deleterious
in women who are obese or overweight. Excess weight gain during pregnancy is a major
health concern. Characterising the mechanisms that induce leptin resistance can provide us
with tools to counteract its occurrence and reduce the prevalence of obesity.
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APPENDIX

Solutions used for immunohistochemistry of pSTAT3
Leptin – Diluted in saline 0.1mg/mL
1mg powdered leptin added to 10mL
Allocated into tubes and frozen
Leptin – Diluted in saline 1mg/mL
1mg powdered leptin added to 1mL of saline
Allocated into tubes and frozen
0.1M Phosphate Buffer
Na2HPO4 11.36g
NaH2PO4.H2O 2.76g
600mL of MilliQ water and spin until dissolved then add MilliQ water up to 1L
Sucrose 30%
30g sucrose
0.9g NaCl
Dissolved in 100mL 0.1 PB
Paraformaldehyde (PFH 2%)
500mL of distilled water warmed in the microwave for 30 seconds
Add 20g of PFH to the water and warm to 50 ºC with a (heating platform) adding a few drops
of concentrated NaOH
Add 500mL of 0.2M PB
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Cryoprotectant
0.1M phosphate buffer 500mL
Sodium chloride 9g
Sucrose 300g
Polyvinylpyrrolidone (PVP-40) 10g
Ethylene glycol (ethandiol) 300mL
Dissolve sodium chloride, sucrose and PVP in 500mL of phosphate buffer
When dissolved, add the ethylene glycol. Volume should be 1litre.
Anaesthetic Pentobarb 30mg/mL
Sodium Pentobarbitone 300mg/mL (0.1mL)
Diluted in 10mL saline
10 x TBS
12.1g Tris
87.6g NaCl
add about 700 ml dH2O
adjust pH to 7.6 with HCl
make up to 1L with dH2O
1 X TBS
100ml of 10X stock
900ml of dH2O
Wash buffer
1L of 1 X TBS
1 ml of tween-20

1mM EDTA pH 8.0
0.372 g EDTA
700 ml dH2O
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once dissolved adjust pH to 8.0
then make up to 1 L with dH2O
0.3% H2O2
90mL distilled H2O
900uL 30% H2O2
Blocking Buffer
TBS/tween 0.1% 120mL
3% BSA 1.2g
3% Normal Goat Serum (NGS) 3600uL
Primary Antibody
60mL Blocking buffer
30uL of antibody (Phospho-Stat3 (Tyr705) (D3A7) XP Rabbit mAb from cell signalling)
Secondary Antibody diluted 1:1000
60mL TBS/tween 0.1%
600uL NGS
60uL antibody (biotinylated goat anti-rabbit)
ABC Solution
75mL of TBS
750uL of solution A
750uL of solution B
This solution needs to stand at room temperature for at least 30 minutes before use
DAB Solution
110mL of distilled H2O
44 drops of buffer
22 drops of DAB
11 drops of H2O2
11 drops of nickel sulfate
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