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Abstract 
Reproductive function is tightly controlled by nutritional state due to its high energetic 

demands. Regulation of fertility according to available energy stores is attained through the 

integration of metabolic status signals from the periphery with the hypothalamic pituitary 

gonadal (HPG) axis, which governs reproductive function. The hormone leptin plays an 

integral role in the normal functioning of the reproductive system due to its ability to 

communicate energy status (i.e. stored fat reserves) to the brain’s reproductive centres. 

Mutations in leptin or its receptor which cause impairment in signalling have been previously 

characterized to cause infertility and morbid obesity in mice.  

 

Recently, Juengel et al and Haldar et al identified two naturally occurring leptin receptor 

(LepR) mutations (R62C and P1019S) in Davisdale sheep which were associated with a 

significant delay in puberty onset and poor ovulation rates. However, it is unknown whether 

these mutations cause the same fertility deficits in other species. This project aimed to 

determine whether these two naturally occurring LepR mutations are associated with defects 

in puberty onset and adult fertility in mice. 

 

CRISPR-Cas gene editing was used to create two mouse lines with ‘knock-in’ leptin receptor 

(LepR) mutations (A63C and P1018S, resulting in identical amino acid substitutions as the 

sheep mutations). For each of the two mouse lines, wildtype, heterozygous, and homozygous 

mutant males and females (n=8-14 per group) were identified using polymerase chain 

reaction (PCR) and agarose gel genotyping. Puberty onset was measured post-weaning by 

daily visual examination of the genitalia. In males, this was indicated by preputial separation, 

and in females by vaginal opening followed by onset of estrous (reproductive) cycles. Adult 

fertility and steroid hormone production were assessed by reproductive cyclicity in females 

and sex steroid-sensitive reproductive organ weight and breeding success in both sexes. The 

metabolic effects of these LepR mutations were assessed via body weight and abdominal fat 

weight measurements.  

 

Analysis of puberty onset revealed that A63C homozygous and heterozygous males had 

significantly delayed (by 4 [p=0.008] and 5 [p=0.0011] days, respectively) puberty compared 

to their wildtype counterparts (Kruskal-Wallis test with Dunn’s post-hoc test). A63C 

homozygous and heterozygous females also showed significantly delayed (by 4 [p=0.02] and 
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5 [p=0.017] days, respectively) first estrus compared to their wildtype counterparts (Kruskal-

Wallis test with Dunn’s post-hoc test).  

 

This result demonstrates that the A63C LepR mutation has the ability to cause delayed 

puberty in other species, which could warrant further investigation into similar human LepR 

mutations. If the mutation is also associated with later-life subfertility, this study could 

contribute to potential downstream clinical applications including new and improved 

diagnoses of genetic risk factors, as well as treatments to address the high rate of human 

infertility. 
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1 Introduction 
Puberty is a complex physiological process, and its normal development has been found to be 

influenced by numerous factors. The mechanisms by which this is achieved remains both an 

active and challenging area of research. Data generated using genetically modified mouse 

(Mus musculus) lines and improved molecular techniques supports a role for the hormone 

leptin in the progression of normal pubertal development. Furthermore, this data supports the 

hypothesis that leptin plays a crucial role in relaying metabolic status to the reproductive axis. 

However, areas of contention still exist and the mechanisms by which leptin achieves this 

remains elusive. Much of the literature agrees that the exact nature and components within 

this reproductive network remain poorly established, highlighting the need for further 

research in this field. This introduction aims to highlight the literature surrounding puberty 

attainment and the regulatory role of leptin.  

 

1.1 Hypothalamic pituitary gonadal (HPG) axis 
The hypothalamic pituitary gonadal (HPG) axis plays an essential role in regulating 

reproduction in mammals [1, 2]. This elaborate neuronal network integrates both internal and 

external signals to govern the onset of puberty and establishment of fertility [3]. Whilst there 

is consensus that some components of the system remain poorly established, it is known that 

pulsatile gonadotrophin releasing hormone (GnRH) within the hypothalamus plays an integral 

role in the synthesis and release of the gonadotropins [4, 5]. GnRH neurons in the basal 

forebrain secrete GnRH into the hypophyseal portal circulation, which acts as a mechanism of 

transfer between the hypothalamus and anterior pituitary gland [4]. GnRH then acts on 

gonadotropic cells within the anterior pituitary to stimulate synthesis and facilitate the release 

of pulsatile luteinising hormone (LH) [6] and follicle stimulating hormone (FSH) [3, 4] 

(Figure 1). The release of GnRH to the anterior pituitary must be pulsatile in nature to drive 

successful synthesis of both LH and FSH [3]. The pulsatile manner of GnRH secretion is to 

ensure the GnRH receptor in the anterior pituitary is not downregulated [5, 7]. The extent of 

pulsatility determines the relative amounts of hormone released [3]. Increased GnRH 

pulsatility results in amplified LH release in comparison to FSH, and this is required for the 

pre-ovulatory surge in females [3]. In contrast, lower GnRH pulses result in lower LH 

frequencies, showing correlation between GnRH and LH pulses [3]. Defects in GnRH release 

results in abolished secretion of both LH and FSH, and subsequent infertility. 
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The gonadotrophins are required for the maturation of the gonads in both males and females, 

and synthesis of the sex steroids estradiol, progesterone and testosterone [8-10]. In females, 

LH stimulates theca cells to produce testosterone [11]. FSH stimulation of the granulosa cells 

causes this testosterone to be converted to estradiol, as well as the maturation and recruitment 

of developing ovarian follicles [4, 11]. After ovulation, LH also acts to stimulate the corpus 

luteum to produce progesterone [3, 4]. In males, LH stimulates the Leydig cells to produce 

testosterone, and FSH acts on Sertoli cells to convert this testosterone to its active form 

dihydrotestosterone [12]. These sex steroids then feedback to either positively or negatively 

regulate GnRH and gonadotrophin secretion (Figure 1).  

 

The distinct pulsatile and pre-ovulatory surge models of GnRH and LH secretions are 

modulated by a range of afferent neurons that form the GnRH neuronal network [3, 13]. 

Stringent control of this neuronal network determines puberty onset, but the factors that 

determine GnRH signalling are still not entirely understood [14]. During puberty onset, 

GnRH release is amplified in males and females resulting in tonic LH pulses and further 

synthesis of the sex steroids [3, 15]. As the levels of testosterone and estrogen increase, this 

inhibits GnRH and subsequent LH secretions thus creating a negative feedback model [16] 

(Figure 1).  

 

In females, development of the pulsatile GnRH model enables the maturation of the surge 

generator [17]. This leads to the establishment of the preovulatory LH surge required for 

ovulation [15]. During the follicular phase in the estrous cycle, growing follicles increase 

estrogen production [15]. From previous discussion, it is apparent that an increase in estrogen 

should act to inhibit further LH secretion via negative feedback [18]. Instead, increased 

estrogen has been shown to stimulate GnRH and subsequent LH secretions [3, 15, 19, 20] 

(Figure 1). The switch from negative to positive feedback enables the preovulatory LH surge 

[18, 21]. Recently, kisspeptin neurons in the hypothalamus have been shown to express 

estrogen receptors and exert control over GnRH and LH secretion in rodents [22]. One 

proposal is that estradiol activation of the kisspeptin neurons within the arcuate nucleus 

(ARC) causes suppression (negative feedback) of GnRH and LH secretion, whereas estradiol 

activation of kisspeptin neurons within the anteroventral periventricular nucleus (AVPV) 

mediates the preovulatory LH surge (positive feedback) [22].  
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Figure 1: Schematic overview of the hypothalamic pituitary gonadal axis (HPG). GnRH 
neurons in the hypothalamus release pulsatile GnRH, which stimulates production of LH and 
FSH from the anterior pituitary. LH and FSH act to mature the gonads and synthesise the sex 
steroids in both sexes. Estradiol and progesterone in females, and testosterone in males 
feedback to the hypothalamus to regulate GnRH secretions (- is indicative of negative 
feedback, + is indicative of positive feedback). LH, luteinising hormone; FSH, follicle 
stimulating hormone; GnRH, gonadotrophin releasing hormone. Created with 
Biorender.com. 

1.2 Inputs to gonadotrophin releasing hormone 

(GnRH) neurons  
The gonadotrophin releasing hormone (GnRH) neurons reside in the hypothalamus and 

primarily act to drive reproduction. GnRH neurons are unique within the nervous system of 

mammals because they arise in the nasal placodes, outside of the brain, and then must migrate 

to the hypothalamus midway through gestation [3]. Upon arrival in the hypothalamus, GnRH 

neurons send projections to the median eminence [3]. Here they secrete GnRH to control the 

release of LH and FSH from the anterior pituitary (Figure 1). Transgenic strategies using β-

galactosidase and green fluorescent protein (GFP) have enabled the selective visualisation of 
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GnRH neurons [23, 24]. However, their complex development raises questions as to how 

GnRH neurons operate as functional units; either as a whole population or subpopulations [3]. 

GnRH neurons receive three primary inputs from the periphery that control their secretion: 

stress responsive, circadian and metabolic inputs.  

 

1.2.1 Stress responsive inputs 
Stress is a physiological response to stimuli that triggers a change in behaviour [25]. As 

reproduction is such an energetically demanding process, the HPG axis is particularly 

vulnerable to the detrimental effects of stress, which causes disruption of reproductive 

homeostatic mechanisms [26]. The stress response, and its magnitude, is mediated by the 

hypothalamic pituitary adrenal (HPA) axis [26, 27]. Extensive study has shown that during 

times of stress, the hypothalamus secretes the neurohormones corticotropin-releasing factor 

(CRF) and arginine vasopressin (AVP) which induces steroidogenesis of corticosterone in 

rodents (CORT) [28]. CORT is important in the stress response as it assists in the 

mobilisation of energy stores and promotes escape behaviours [29, 30]. Sustained high levels 

of CORT due to frequent or prolonged stressors can result in reproductive and metabolic 

dysregulation [29, 31]. It is understood that cross talk between the HPG and HPA axes causes 

a shift in favour of energy preservation. This prioritises the stress response over energy 

expensive processes, such as reproduction, that are not vital for the immediate survival of the 

individual [32].  

 

Evidence has shown that inputs to GnRH neurons of particular relevance to stress responses 

are RFamide related peptide 3 (RFRP-3) neurons in the hypothalamus [33], neurons in the 

medial preoptic area (POA) that express the neurotransmitter GABA (γ-aminobutyric acid), 

and opiodergic populations in the arcuate nucleus (ARC) [34] and paraventricular nucleus 

(PVN) [28]. Calcitonin gene related peptide (CGRP) neurons have also shown to be of 

importance in the mediation of stress responses, namely the activation of the HPA axis and 

the suppression of the HPG axis [26].  

 

1.2.2 Circadian inputs 
A circadian rhythm in mammals is continuously regulated by cellular clocks that allows an 

individual to anticipate events that occur repeatedly. It has been established that a circadian 

cycle occurs over a 24 hour period and is synchronised through the use of environmental 
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stimuli called zeitgebers [35] . The zeitgebers allow for entrainment of these endogenous 

cycles [35]. The suprachiasmatic nucleus (SCN) in the hypothalamus acts as the master 

regulator within the system [36]. It uses photosensitive cells and other environmental stimuli 

to receive inputs that signal the time of the day, which it then relays to the oscillators [36]. In 

order for the GnRH preovulatory surge to occur, it is believed a timing signal is required from 

the SCN which is then relayed to the GnRH neurons in the preoptic area [36]. Previous 

experimentation has documented that defects within any of the components of the circadian 

system can result in disruption in reproductive function [37, 38] The precise timing and nature 

of this signal still remains an area of uncertainty.  

  

1.2.3 Metabolic inputs 
Reproduction is a very energy demanding process. Integration of metabolic status must be 

relayed to the GnRH neuronal network to achieve reproductive function. It is known for 

reproductive function to be preserved, metabolic status must be optimal; chronic energy 

deficiency and chronic overnutrition both lead to impairments in HPG axis function [2, 39].   

 

Chronic energy deficiency is one cause of reproductive suppression. It is largely correlated to 

a negative energy balance due to lower fat stores seen particularly in underweight individuals 

or those with rigorous training schedules and a restricting diet [40, 41]. Experiments 

involving chronic underfeeding resulted in decreased LH and FSH levels and a subsequent 

delay in puberty onset [42]. As a large amount of energy is required for a pregnancy, the 

deficiency in energy currently remains the rationale for explaining the disruption of 

reproductive function [42, 43].   

 

Likewise, chronic overnutrition is also associated with defects within the functionality of the 

HPG axis. Unlike chronic energy deficiency where an increase in nutrition rectifies 

reproductive suppression, the literature has shown that a decrease in weight does not 

necessarily directly improve reproductive capability [44]. It is thought this is because obese 

individuals become resistant to metabolically relevant hormones [33]. Although the level of 

these hormones are elevated, the body responds as if it has chronic energy deficiency [33]. 

However, the specific mechanism of effect on GnRH neurons within the HPG axis is yet to be 

identified. It seems that different metabolic hormones interact together to integrate metabolic 
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function to the HPG axis, however added redundancy makes the understanding of this 

mechanism very complex.  

 

Whilst there are a few metabolic effectors that have been readily identified, the hormones 

insulin, ghrelin and leptin have been shown to exert the most noticeable effects on the 

reproductive system and will be further discussed in the following section. 

 

1.3 Metabolic regulators of fertility 
Clinical and animal studies have demonstrated that some nutritional signals have a more 

prominent effect on GnRH and LH pulsatility than others [45]. Namely, insulin, ghrelin and 

leptin have been shown to have a greater influence over fertility and have been seen to act 

cooperatively to produce an additive effect [46, 47]. This is due to their ability to cross the 

blood-brain barrier and act on neurons that regulate appetite and energy output [47]. These 

three hormones primarily act on the arcuate nucleus (ARC) in the hypothalamus to stimulate 

the anorexigenic pathway (acts to diminish food intake and increase weight loss) and inhibit 

orexigenic pathways (acts to increase both food intake and weight gain) [48]. Both insulin and 

leptin are known to promote GnRH/LH release [2]. However, in contrast ghrelin acts to 

suppress reproductive function [2]. This demonstrates that these metabolic effectors are 

individually important for relaying peripheral metabolic status to the HPG axis for integrated 

control of reproductive function.  

 

1.3.1 Insulin 
Insulin has long been recognised as a crucial regulator of body weight and glucose 

homeostasis. Whilst it is a hormone that has been commonly associated with the chronic 

disease diabetes mellitus, there is strong evidence suggesting insulin is a key metabolic 

modulator of reproductive function [47]. Research has shown that insulin plays an important 

role in the stimulation of lipid synthesis from carbohydrates and a decrease in fatty acid 

release from tissues [49]. This results in a net increase of lipid stores making conditions for 

pregnancy more energetically favourable [49].  

 

Both mice and male lambs with a diabetic induced phenotype demonstrated decreased LH 

pulse frequency [50, 51]. Re-supplementation of insulin resulted in a complete reversal of the 

suppression of LH pulses in both animal models [50, 51]. However, these results have varied 
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considerably between studies, with contradictory data presented by Hileman et al showing  

intracerebroventricular (ICV) administration of insulin to ovariectomized ewe lambs did not 

affect mean LH, LH pulse frequency, or LH pulse amplitude [52]. This indicates that insulin 

alone does not act as a nutritional signal to enhance LH secretion; there must be a level of 

redundancy [52]. Taken together, this suggests that the actions of insulin may be permissive 

rather than essential for normal physiological GnRH and LH pulsatile secretion. The 

significance of insulin as a metabolic regulator of LH and GnRH still remains to be fully 

explained. It can be difficult to identify the effects of insulin in amongst other peripheral 

signals [49]. 

 

1.3.2 Ghrelin 
The hormone ghrelin has routinely been shown to suppress pulsatile GnRH and subsequent 

LH and FSH release [53]. Ghrelin was originally isolated in the stomach, however neurons 

that express ghrelin have also been found in the hypothalamus [34]. Research shows that 

under normal physiological conditions, circulating ghrelin concentrations become elevated in 

anticipation of a meal [54]. In woman that have chronic energy deficiency, elevated levels of 

ghrelin are apparent; this has been correlated with a suppressive effect on reproductive 

function [2].  

 

Emerging evidence in rats confirms a role for ghrelin in reproductive regulation [54, 55]. 

Administration of ghrelin in ovariectomised rats provided evidence that ghrelin not only acts 

to regulate food intake, but also has profoundly suppressive effects on pulsatile LH secretion 

[54, 55]. However further research has yielded inconsistent results [56], so whilst many 

studies strongly implicate ghrelin as a key metabolic effector in suppression of the HPG axis, 

its specific role within this mechanism is still poorly understood.  

 

1.3.3 Leptin 
Leptin’s importance in reproductive regulation has been well-established in animal 

experiments where a leptin deficiency has resulted in reproductive dysfunction [2, 44, 57]. 

Leptin was first discovered in the mid 1990’s as a product of the obese (ob) gene using 

positional cloning [58]. After the discovery of leptin, the obese mouse model (ob/ob) has 

played a crucial role in the validation of the physiological role of leptin [59].  
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Leptin is a hormone secreted by adipose tissue in proportion to the total amount of fat present 

in the body [60]. Many studies have pinpointed leptin’s regulation of reproduction to the 

hypothalamus where it signals energy sufficiency to the GnRH neuronal system by causing a 

reduction in feeding and an increase in energy expenditure [61-63]. During periods of 

starvation, leptin concentrations fall; this is thought to facilitate reproductive suppression due 

to nutritional stress [64]. It is well established that leptin is permissive for reproductive 

regulation due to its ability to modulate LH pulse frequency and GnRH secretions [57]. Mice 

that are unable to produce leptin are infertile, however re-supplementation of leptin 

successfully corrects sterility which is indicated by increased serum LH levels and increased 

reproductive organ weights  [2, 44, 57]. In addition, studies in transgenic underweight mice 

have shown that an overexpression of leptin induces early puberty onset, indicating 

accelerated activity of the HPG axis [47, 65]. 

 

Whilst there is agreement that leptin plays an integral role in normal physiological 

functioning of the reproductive system, it remains largely unknown how leptin precisely 

regulates the onset of puberty [66]. It could be the primary signal that initialises the onset of 

puberty, or it could have a permissive but vital role in reproductive attainment. This 

highlights the need for further investigation into this elaborate mechanism, and the strong 

correlation between leptin and reproduction makes it a good candidate for further 

experimentation.  

 

1.4 Leptin signalling  
Leptin mediates its effect by binding to receptors expressed in the brain, primarily the 

hypothalamus, and other peripheral tissues [67]. The binding of leptin to these receptors leads 

to activation of several signalling pathways that have shown involvement in the management 

of energy balance and reproduction. These include signal transducer and activation of 

transcription 3 (STAT3) and signal transducer and activation of transcription 5 (STAT5) 

pathways, phosphoinositide 3- kinase (PI3K) pathway, extracellular signal-related 

kinase/mitogen activated protein kinase (ERK/MAPK) cascade, and the 5’ AMP- activated 

protein kinase (AMPK) pathway [67]. Whilst leptin binding can result in activation of all of 

these pathways, the Janus kinase (JAK)-STAT signalling pathway is the most well-

characterised of these [68, 69]. The action of leptin binding to its receptor results in a 

conformation change. This causes phosphorylation of JAK, which allows for the binding of 



 9 

STAT molecules [70]. STAT is in turn phosphorylated by JAK which causes it to translocate 

to the nucleus where it targets transcription of candidate genes (Figure 2) [70].  

 
Figure 2: Diagram of leptin signalling. Visualisation of the predominant JAK-STAT 
signalling pathway activated by leptin, and of additional pathways activated by leptin: 
mitogen activated protein kinase (MAPK), phosphoinositide 3- kinase (PI3K), and 5’ AMP- 
activated protein kinase (AMPK); JAK, Janus kinase; STAT3, signal transducer and 
activation of transcription 3; STAT5, signal transducer and activation of transcription 5. 
Adapted from Park et al [67]. 

STAT3 and STAT5 have been implicated in the regulation of energy balance, however their 

role in reproductive regulation remains unclear [71, 72]. STAT3 in particular has received a 

lot of attention due to its noticeable activation in the hypothalamus after leptin has been 

administered in mice [73, 74]. Gao et al reported that neural disruption of STAT3 resulted in 

infertile and hyperleptinemic mice, concluding that STAT3 may play a crucial role in the 

regulation of both energy homeostasis and reproduction [75]. This was contradicted by both 

Singireddy et al and Bates et al who both found that mutations in the leptin receptor (LepR) 

which disrupted STAT3 signalling resulted in obese, but fertile mice [76, 77]. STAT3 knock-

out and STAT3/STAT5 double knock-outs showed a significant increase in body weight, but 

the STAT5 knock-out was unaffected [77]. Surprisingly, all three lines of transgenic mice 

displayed normal puberty onset and fertility [77]. This suggests that STAT3 is required for 

regulating body weight, however neither STAT3 nor STAT5 are required for puberty onset. 
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The control of reproduction by leptin is likely to be mediated by signals that act 

independently of STAT3 and STAT5, showing a level of redundancy.  

 

As previously mentioned, it is well established that leptin acts to increase the rate of GnRH 

pulsatility; whether LepR are expressed on GnRH neurons has become a matter of 

controversy. Quennell et al showed that leptin does not act on GnRH directly to facilitate an 

effect on reproduction [78]. Deletion of LepR from all forebrain neurons prevented the onset 

of puberty resulting in infertility and blocked the preovulatory LH surge in females [78]. In 

contrast, mice with GnRH selective LepR deletions had normal fertility [78]. It is likely that 

leptin does not regulate GnRH directly, but via neurons in the brain that are afferent to GnRH 

[79]. The location of these neurons remains to be elucidated. 

 

1.5 Leptin receptor mutations 
The LepR is a class I cytokine receptor encoded by a 20 exon transcript, with translation 

beginning at exon 3 [80]. Leptin uses three (I-III) binding sites to engage its receptor: binding 

site I is of undefined function, binding site II interacts with the cytokine receptor homology 

(CRH) II domain which is required for receptor binding, and binding site III interacts with the 

immunoglobulin-like domain (IGD) which is required for receptor activation [80] (Figure 3). 

Activation of the LepR also requires two fibronectin type III (FNIII) domains [80]. 

 

Mutations in leptin or its receptor which cause an impairment in signalling have been 

previously characterized to cause infertility and morbid obesity [81, 82]. Clément et al 

reported the earliest identification of a mutation in the human LepR [83]. They identified a 

family with a truncated LepR that resulted in a lack of both the intracellular and 

transmembrane domains [83]. The three females who were homozygous for this mutation 

exhibited extreme and early-onset obesity [83]. In addition they also displayed a lack of 

pubertal development and reduced growth hormone secretion [83]. Since this discovery, 13 

further mutations that result in single amino acid changes to the human LepR have been 

reported (Figure 3) [80]. In addition, 25 insertions, duplications, deletions and nonsense 

mutations that are predicted to result in a truncation of the LepR have also been identified 

[80] (Figure 3). Most of these mutations were identified in the CRHII and FNIII domains, and 

at present none have been identified in the intracellular domain [80]. Whilst the majority of 

these mutations resulted in severe early-onset obesity, clinical appearance differs between 
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mutations [80]. This is likely to be related to the severity and location of the mutation, and 

whether this results in residual LepR activation.  

 

Comparable findings have been presented in mice with mutations in leptin (ob/ob) or its 

receptor (db/db). Mice that are homozygous for these mutations are severely obese, 

hyperphagic and hyperglycaemic [84, 85]. Mutant mice also exhibit a vast range of metabolic 

and endocrine irregularities including infertility, diabetes and excess cortisol levels [86]. 

When ob/ob mice were treated with leptin, this resulted in a reduction in food intake and 

subsequent body weight, and also acted to correct endocrine and metabolic deficits that were 

associated with leptin deficiency [86]. However, treatment of leptin to db/db mice failed to 

correct any phenotypic irregularities suggesting that db/db mice are defective in leptin signal 

reception [85, 87].  

 
Figure 3: Simplified depiction of the LepR gene and extracellular domain of the mature 
LepR protein. Visualisation of mutations in the human LepR protein. Coloured dots indicate 
affected protein position of known human LepR mutations: mutations resulting in single 
amino acid changes (green dots), or a truncated protein (red dots). The position of the A63C 
and P1018S mutations in the mice used in this thesis are indicated in green font for 
comparison. BS, binding site; IGD, immunoglobulin-like domain; p., amino acid position on 
the protein. Adapted from Nunziata et al (2018)[80]. 
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Recent studies by Haldar et al and Juengel et al, identified three naturally occurring LepR 

mutations in a line of Davisdale sheep which were strongly associated with a delay in puberty 

onset and decreased ovulation [88, 89]. Using a candidate gene approach, three single 

nucleotide polymorphisms (SNPs) of particular interest were discovered in exons of the LepR 

gene: SNP A at position chr1:40787726, resulted in an arginine to cysteine amino acid change 

at position 62 (R62C), SNP B at position chr1:40857869 resulted in a proline to serine amino 

acid change at position 1019 (P1019S), and SNP C at position chr1:40858019 resulted in 

lysine to glutamic acid amino acid change at position 1069 (K1069E) [89] (Figure 4). The 

R62C mutation in the extracellular region of LepR was of particular interest as it was 

predicted to change the structure of the LepR, potentially altering binding activity [89]. There 

was very high concordance between SNP B and SNP C, with these SNPs being linked in over 

99% of animals [88]. Therefore, it was determined that any further analysis was limited to 

SNP A and SNP B (with the idea being that SNP B reflects the genotype of both SNP B and 

SNP C) [88]. 

 
Figure 4: Sequence alignment of regions of the LepR protein highlighting the resulting 
amino acid changes introduced by the three SNPs. A) Alignment of amino acids 23 to 108 
(numbering of residues based on sheep variant) with SNP-introduced amino acid change at 
residue 62 highlighted in a red box. B) Alignment of amino acids 1008 to 1080 (numbering of 
residues based on sheep variant) with SNP-introduced amino acid changes at residues 1019 
and 1069 highlighted in red boxes.*, positions which have a single fully conserved residue; : , 
conservation between groups of strongly similar properties scoring >0.5 in the Gonnet PAM 
250 matrix; . , conservation between groups of weakly similar properties scoring <0.5 in the 
Gonnet PAM 250 matrix. Figure adapted from Haldar et al [89]. 
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As seen in Figure 5, ewes that were homozygous for either LepR mutation were less likely to 

attain puberty by one year of age when compared to wildtype ewes [89]. As shown in Figure 

6, mutations were also strongly associated with poorer ovulation rates and an inability to 

conceive during the first breeding cycle, resulting in fewer pregnant ewes [88]. This result 

was more pronounced in SNP A (R62C). Overall, these mutations were associated with 

decreased reproductive performance which strongly implicates the importance of leptin in 

reproductive capabilities.  

 
Figure 5: Assessment of puberty in LepR mutant Davisdale sheep. Ewe lambs homozygous 
for either R62C (p=0.05) or P1019S ((p=0.05) LepR mutations were less likely to attain 
puberty by 1 year of age compared to heterozygous and wildtype ewe lambs. Homo, 
homozygous; Het, heterozygous; WT, wildtype. Adapted from Haldar et al (2014) [89].  

 
Figure 6: Assessment of reproductive capabilities in LepR mutant Davisdale sheep. Ewe 
lambs homozygous for either R62C (p=0.001) or P1019S ((p=0.05) LepR mutations had 
lower rates of conception and maintenance of a successful pregnancy when compared to 
heterozygous and wildtype ewe lambs. Homo, homozygous; Het, heterozygous; WT, wildtype. 
Adapted from Juengel et al (2015) [88].  
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The R62C and P1019S LepR mutations identified were novel, and at present this is the only 

study that has characterised these specific mutations, and further investigation is required to 

address limitations highlighted in the paper [88, 89]. The strong association observed between 

the SNP and the observed phenotype does not necessarily imply that these mutations are 

causal of these reproductive phenotypes. Ewes are closely related and therefore the SNP 

could be in tight linkage with another SNP that is truly causative [88, 89]. Conformation of 

the relative roles of these LepR mutations will require further validation to determine their 

effect on reproductive traits. Additionally, sheep are seasonal breeders which means that 

measuring age at the onset of puberty can be complex. Reproductive function in ewes is 

dominated by two distinct rhythms: The first being a 16-17 day estrous cycle, and the second 

being an annual ovarian cycle [90, 91]. In most sheep this annual cycle occurs during the 

autumn and winter months, with a cessation in occurrence of reproductive cycles during the 

spring and summer [90, 91]. This is thought to be an adaptive measure to ensure that lambs 

are born during the spring when conditions are more favourable for survival. These 

limitations emphasise the need for continued research to further characterise these mutations.  

 

The multifaceted effects of the R62C and P1019S LepR mutations on both metabolic and 

reproductive traits in sheep highlights the fundamental role leptin signalling plays in 

reproductive efficiency [88, 89]. Whilst there is strong evidence that relay of energetic status 

to the HPG reproductive axis is essential for determining the onset of puberty, the signalling 

mechanisms that underlie leptin’s control of fertility remains an actively challenging area of 

research. An enhanced understanding of the effects these mutations have on receptor function 

could further strengthen the correlation between these LepR mutations and the observed 

phenotypes. This will be a fundamental step towards better understanding the mechanisms 

behind metabolic infertility.  
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1.6 Aims and hypothesis 
As highlighted in this review, the R62C and P1019S LepR mutations identified in Davisdale 

sheep are novel, and at present it is unknown whether these LepR mutations have the ability 

to cause fertility deficits in other species. By engineering two mouse lines with a ‘knock-in’ 

of the A63C and P1018S LepR mutations, which result in identical amino acid substitutions 

as the Davisdale sheep LepR mutations (R62C and P1019S), I can elicit the full reproductive 

capabilities of these mutations.  

 

If results demonstrate these LepR mutations have the same fertility implications in mice, this  

could permit further investigation into the presence of these mutations in the human LepR. 

This has the potential to contribute to improved diagnostic tools and clinical treatments to 

better address the alarming rates of infertility seen globally.  

 

Therefore, the aim of this research project is to determine whether these two naturally 

occurring LepR mutations, that have been previously characterised to cause subfertility in 

sheep, are associated with defects in leptin signalling, puberty onset and adult fertility using 

engineered mouse lines with a knock-in of these LepR mutations.  

 

It was hypothesised that the A63C and P1018S mutations of the LepR will be associated with 

impaired leptin signalling and fertility in mice. This will be tested by measuring metabolic 

effects and various aspects of reproduction.  

 

The proposed research is significant because it aims to confirm the role genetic variation in 

the LepR has on puberty onset and subsequent adult infertility. Furthermore, this research 

could contribute to our understanding of the physiological mechanisms involved in the 

attainment of puberty.  
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2 Methods 
2.1 Animals 
C57BL/6J background strain mice were housed in groups (5 or less per cage) at the 

University of Otago animal facility. Conditions were stringently managed in the facility with 

mice kept on a 12-hour light/dark cycle (lights on between 0600-1800 h), and the temperature 

was maintained at a constant 22 ± 1°C. Mice had free access to water and standard rodent 

chow for the duration of the experiment. All experimental protocols were approved by the 

University of Otago Animal Ethics Committee.  

 

2.1.1 Generating A63C mice 
A Basic Local Alignment Search Tool (BLAST) was used to determine the location of the 

Davisdale sheep R62C LepR mutation in relation to the mouse genome. It was determined 

that an A63C LepR mutation in mice would result in an identical amino acid substitution as 

the sheep LepR mutation (R62C).  

 

A C57BL/6J mouse model with a point mutation (A63C) in the mouse LepR locus was 

engineered by Cyagen (Santa Clara, CA, USA) using clustered regularly interspaced short 

palindromic repeats (CRISPR)/Cas-mediated genome engineering. The mouse LepR gene is 

located on mouse chromosome 4 and consists of 19 exons (GenBank accession number: 

NM_146146.2). The A63C LepR mutation is located on exon 3. A guide ribonucleic acid 

(gRNA) targeting vector and donor oligo with the targeting sequence, flanked by 120 base 

pair (bp) homologous sequences, were designed to target exon 3. The A63C LepR mutation 

(GCT to TGT) was introduced via homology-directed repair. Additionally, two synonymous 

mutations A57 (GCC to GCG) and L60 (TTG to CTC) were introduced to prevent the binding 

and re-cutting of the sequence by gRNA after homology-directed repair had occurred. Knock-

in A63C LepR mice were produced by co-injection of Cas9, gRNA and donor oligo into 

fertilised eggs. Pups were genotyped by polymerase chain reaction (PCR) followed by 

sequence analysis to confirm targeting.  

  

2.1.2 Generating P1018S mice 
A BLAST alignment was used to determine the location of the Davisdale sheep P1019S LepR 

mutation in relation to the mouse genome. It was determined that a P1018S LepR mutation in 
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mice would result in an identical amino acid substitution as the sheep LepR mutation 

(P1019S).  

 

A C57BL/6J mouse model with a point mutation (P1018S) in the mouse LepR locus was 

engineered by Cyagen using CRISPR/Cas- mediated genome engineering. The P1018S LepR 

mutation is located on exon 19. A gRNA targeting vector and donor oligo with the targeting 

sequence, flanked by 120 bp homologous sequences, were designed to target exon 19. The 

P1018S LepR mutation (CCA to TCA) was introduced via homology-directed repair. 

Additionally, two synonymous mutations S1013 (TCC to TCG) and R1020 (AGG to AGA) 

were introduced to prevent the binding and re-cutting of the sequence by gRNA after 

homology-directed repair had occurred. Knock in P1018S LepR mice were produced by co-

injection of Cas9, gRNA and donor oligo into fertilised eggs. Pups were genotyped by PCR 

followed by sequence analysis to confirm targeting. 

 

2.1.3 Breeding experimental mice 
Homozygous, heterozygous and wildtype experimental A63C and P1018S mice were bred 

from a mixture of homozygous, heterozygous and wildtype parents. Breeding all the 

experimental animals from heterozygous parents would have been a more experimentally 

robust approach. However, only a limited number of heterozygous breeders were available, 

and the inability to access the animal facility during the covid-19 level 4 lockdown made it 

impossible to generate and genotype more over this time period. The breeding strategy 

resulted in relatively few wildtype mice, so the A63C and P1018S wildtypes were combined 

for analysis (see section 3.1.1 for details). Mice were used for the experiments if they came 

from a litter ranging in size from 4-10 pups, since litter size is inversely proportional to body 

weight at weaning and directly proportional to age at puberty onset [92]. Where possible, 

pups were cross-fostered from large to small litters within 3 days of birth to normalise litter 

size. See section 3.1.2 for details of a large litter that was excluded from the data analysis. 

 

2.2 Mouse genotyping  
P1018S and A63C mice were genotyped using tail tip deoxyribonucleic acid (DNA) samples 

that were collected on the day of weaning. Because the P1018S and A63C mutations did not 

alter the size of the LepR DNA sequence, the genotyping strategy required the use of 

restriction enzymes to cut the DNA PCR product at the mutation site, depending on whether 
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or not the mutation was present. This allowed me to determine whether mice were 

homozygous, heterozygous or wildtype for each of the LepR mutations.  

 

2.2.1 Cell lysis and DNA extraction 
Tail tip samples 0.5-1mm in length were cut off and digested in a solution containing 0.6mL 

of lysis buffer (appendix 2A) and 5 µL of proteinase K (Roche Diagnostics. GmbH). Samples 

were incubated overnight at 55°C. The following day, the tubes were inverted to ensure the 

tail tip sample was completely digested. Samples were then centrifuged for 8 minutes at 1400 

x g. This resulted in accumulation of undigested tissue into a pellet at the base of the tube, 

leaving the DNA extract in the supernatant. The supernatant was poured off into a new tube 

containing 0.6 mL of isopropanol and was inverted to precipitate the DNA. The tubes were 

centrifuged for a further 5 minutes at 1400 x g to form a pellet of DNA, and the supernatant 

was discarded. The pellet was resuspended in 200 µL of Tris-EDTA buffer (TE; appendix 2C) 

and incubated for 1 hour at 55°C to dissolve the DNA product. Samples were briefly vortexed 

before being stored at 4°C.  

 

2.2.2 Polymerase chain reaction (PCR) 
A PCR mastermix was prepared for both the P1018S and A63C reactions as outlined in Table 

1, using the primers described in Table 2. 11.5 µL aliquots of the PCR mastermix were added 

to each PCR tube in addition to 1.5 µL of tail tip DNA prepared in 2.2.1. A no-template 

control (H!O) and a confirmed wildtype DNA sample were used as positive and negative 

controls. Samples were run on a PCR machine (Mastercycler Nexus, Eppendorf) which 

amplified the DNA product under the following conditions: 95°C (3 minutes), [95°C (30 

seconds), 55°C (1 minute), 72°C (45 seconds)] x 35. 72°C (5 minutes), cool (10°C).  

 

Table 1: PCR mastermix recipe 

Reagents µL/ reaction  

2x Reddymix 6.25 

Forward Primer (10 µM) (in H!O) 0.25 

Reverse Primer (10µM) (in H!O) 0.25 

H!O 4.75 
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Table 2: Primers used during genotyping 

PCR reaction Sequence 5’ to 3’ Size of uncut 

products 

Annealing 

temperature 

LepRmut 

A63C 

Forward: 

ACCGAACACAACCGATGACT 

Reverse: 

ACTCAGGAACGTAGATACCACT 

128 base pairs  

55°C 

LepRmut 

P1018S 

Forward: 

GTCCTGTCAGCAACTGCATCT 

Reverse: 

GGAAAAATGTCTGGGCCTCTG 

93 base pairs   

55°C 

 

2.2.3 Enzyme digest 
Following PCR, a mastermix was made as outlined in Table 3 for the restriction enzyme 

digest.  

 

The MnII restriction enzyme used for the A63C LepR mutation produced clearly 

distinguishable bands representing cut or uncut PCR products, which enabled in unequivocal 

determination of genotype. However, the BsaXI restriction enzyme used for the P1018S LepR 

mutation produced unclear banding, making it more difficult to distinguish the genotypes. 

This was overcome by using an alternative restriction enzyme (XhoI) for P1018S LepR 

samples. In contrast to the BsaXI and MnII restriction enzymes which recognise and cut the 

wildtype allele, XhoI recognises and cuts the mutant allele. Twenty P1018S animals were re-

genotyped with the XhoI restriction enzyme, and only one animal produced results that 

differed from the original BsaXI restriction digest. This was an animal that had already been 

excluded from the project to remove confounding data that was produced as a result of being 

born to an unusually large litter of 11 pups (see 3.1.2). Being able to compare the results of 

these two restriction enzymes allowed me to increase my confidence in my genotyping calls.  
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Table 3: Enzyme digest mastermix 

Reagents µL/ reaction  

A63C restriction digest mastermix  

H!O 3.4 

10 x NE Buffer 3 1 

10mg/mL BSA 0.1 

MnII enzyme 0.5 

P1018S restriction digest mastermix   

H!O 3.4 

10 x NE Buffer 3 1 

10mg/mL BSA 0.1 

BsaXI enzyme 0.5 

P1018S alternative restriction digest mastermix   

H!O 3.4 

10 x NE Buffer 3 1 

10mg/mL BSA 0.1 

XhoI enzyme 0.5 

 

2.2.4 Agarose gel electrophoresis 
A 3% agarose gel was prepared by adding 2.4 g of agarose to 80mL of TAE buffer (appendix 

2D) and bringing to boil in a microwave oven to dissolve the agarose. After cooling to 

approximately 60°C, 2.4 µL of ethidium bromide was added to the solution. A gel plate was 

prepared, with a comb inserted, and the molten gel was poured in and left to set for 20 

minutes. Once set, the comb was removed, and the gel plate was transferred to an 

electrophoresis chamber and submerged in TAE buffer (appendix 2D). 10 µL of PCR product, 

including controls, were then added to each of the wells alongside 5 µL of a 50 bp ladder 

which allowed for determination of base pair size of the resulting bands. The gel was then run 

at 70 V for approximately 40 minutes and viewed under ultraviolet light and imaged using 

BioDocAnalyze software (appendix 1).  
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2.3 Reproductive Physiology 
2.3.1 Puberty onset in males 
Homozygous, heterozygous and wildtype males for both the A63C and P1018S LepR 

mutations were monitored daily from weaning at 20 days of age for preputial separation, an 

anatomical marker of puberty onset in males. Pressure was gently applied to either side of the 

prepuce to see if the penis could be visualised, which was taken to indicate puberty onset.  

 

2.3.2 Puberty onset in females 
Homozygous, heterozygous and wildtype females for both the A63C and P1018S LepR 

mutations were monitored from weaning at 20 days of age for vaginal opening (an external 

marker of puberty). On the first appearance of vaginal opening, 4 µL of saline was pipetted 

into the opening of the vagina. The saline was then aspirated with the pipette to collect a 

sample of epithelial cells, and this was placed onto a microscope slide and left to air dry. 

Smear samples were then stained with toluidine blue and visualised at 100x magnification 

with a light microscope. This process was repeated daily until the visualisation of an estrus 

smear which is characterised by a predominance of non-nucleated, cornified epithelial cells in 

dense clusters (Figure 7B). This marked the date of onset of estrous cyclicity in females.  

 

2.3.3 Estrous cyclicity 
Estrous cycling was monitored in A63C and P1018S female mice daily over a period of 10 

consecutive days. Vaginal smears were collected and examined as described in section 

(2.3.2). Female mice usually display a 4-day cycle which is composed of 4 different stages: 

proestrus, estrus, metestrus and diestrus.  

 

• Proestrus is characterised by the appearance of round nucleated vaginal epithelial 

cells. Some cornified epithelial cells may also be present at this stage (Figure 7A). 

• Estrus is characterised by an abundance of cornified squamous epithelial cells. These 

cells are irregular in shape, have no nucleus and often appear in clusters (Figure 7B). 

• Metestrus and diestrus stages are often difficult to distinguish from each other and are 

therefore commonly combined. These stages are characterised by a predominance of 
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leucocytes (particularly prominent in metestrus). A small number of nucleated and 

cornified epithelial cells may also be present at these stages (Figure 7C).  

The average cycle length was determined by calculating the period of time between two 

estrus phases, averaged for each mouse over the 10-day data collection period.  

 
Figure 7: Smears of each stage of the estrous cycle in mice. (A) Proestrus; characterised by 
the appearance of round nucleated vaginal epithelial cells. (B) Estrus; characterised by an 
abundance of cornified squamous epithelial cells that often appear in clusters. (C) 
Metestrus/diestrus; characterised by a predominance of leucocytes (particularly prominent in 
metestrus). Adapted from Plant and Zeleznik et al 2014 [93] 

 

2.3.4 Reproductive organ weight 
Following perfusion (males) or culling by cervical dislocation (females), reproductive organs 

were dissected and weighed in a subset of homozygous (n=10) and wildtype males (n=14) 

and females (n=12) only for both the A63C and P1018S LepR mutations. In females this 

included removal of the uterus and the ovaries. The uterine weight provides a biological 

indication of circulating estradiol levels [94], and the ovarian weight indicates the degree of 

gonadal development and ovulatory activity, as well as being able to be examined 

histologically for the degree of folliculogenesis [95]. In the males, this included the removal 

of the seminal vesicles and testes. The seminal vesicle weight provides a biological indication 

of circulating testosterone levels [95], and the testes weight indicates the degree of gonadal 

development as well as being able to be examined histologically for the degree of 

spermatogenesis. Time limitations precluded ovarian and testicular histological examination 

as part of this thesis, but the tissue was archived for potential future analysis.  
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2.4 Metabolic measurements 
2.4.1 Body weight measurements 
Body weight was measured in all male and female experimental animals weekly from 4 

weeks of age. Body weight measurements were compared between homozygous, 

heterozygous and wildtype animals within each of the sexes for both the A63C and P1018S 

LepR mutations. This was to monitor for a metabolic effect of these LepR mutations. Body 

weight was measured up until 8 weeks of age when weight gain had plateaued off.  

 

2.4.2 Abdominal fat dissection 
Following perfusion (males) or culling by cervical dislocation (females), all of the abdominal 

fat was removed from the abdominal cavity and weighed. This was performed in a subset of 

homozygous (n=10) and wildtype males (n=14) and females (n=12) only for both the A63C 

and P1018S LepR mutations.  

 

2.5 Perfusions 
In order to determine if the LepR mutations affected cell signalling responses to a leptin 

bolus, male mice were fasted for 12 hours overnight to deplete endogenous circulating leptin 

concentrations, then challenged with leptin (0.02mg/kg sc) 1 hour prior to perfusion. This 

submaximal dose [94] was chosen to allow for subtle variations in LepR signalling intensity 

to be manifested via immunohistochemical visualisation. Mice were then administered 

sodium pentobarbital (100mg/kg ip) 10 minutes prior to perfusion which acted as an 

anaesthetic overdose. Once the toe pinch reflex was lost, the mouse was laid on its back and a 

ventral incision was made in the skin and through the abdominal wall. A second incision was 

made through the diaphragm to expose the thoracic cavity. The heart was exposed, and a 

small cut was made in the right atrium. 20 mL of paraformaldehyde (appendix 2E) was then 

injected into the heart to perfuse the animal. The head was decapitated, and the brain was 

dissected out and placed in 4% paraformaldehyde overnight to post-fix. The next day, the 

paraformaldehyde was removed, and the brains were transferred into 30% sucrose solution 

(appendix 2G) and stored overnight before freezing in dry ice for long-term storage. Due to 

time constraints, the immunohistochemistry was not able to be conducted as part of this 

thesis. Perfusions were performed in a subset of homozygous (n=10) and wildtype males 

(n=14) only for both the A63C and P1018S LepR mutations.  
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2.6 Data analysis 
2.6.1 Statistics 
GraphPad prism software (version 8) was used for all statistical analysis. Data is presented as 

the mean ± the standard error of the mean [96]. A p-value of <0.05 was considered 

statistically significant. 

 

Continuous data (real as opposed to discrete numbers) that were assumed to have an 

approximately normal distribution, were analysed by parametric tests like the analysis of 

variance (ANOVA). A one-way ANOVA (which tests for differences between the means of 

two or more independent, unrelated groups) was used to analyse body weight. This was 

followed by a Tukey’s post-hoc test for multiple comparisons. For comparisons between only 

two groups, an unpaired t-test was used. This test was used for the analysis of abdominal fat 

and reproductive organ weights.  

 

Data that was not continuous (limited to a few discrete numbers as opposed to real numbers, 

such as date of puberty onset) cannot be assumed to have a normal distribution and were 

therefore analysed using a non-parametric test. A Kruskal-Wallis test (comparing two or more 

independent samples) was used to analyse puberty onset, first estrus and cycle frequency data. 

This was followed by a Dunn’s post-hoc test for multiple comparisons.  

 

2.6.2 Outlier removal 
Outliers in the data were identified and removed using a Grubb’s test where alpha=0.1, in 

GraphPad prism (version 8). This test was performed across all of the data collected to ensure 

consistency. Any outlier removal has been noted in the appropriate figure legend in the results 

section. 
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3 Results 
3.1 Alterations to data analysis  
3.1.1 Combining wildtype animals 
During the course of the project, it became apparent that there were less wildtype mice in 

comparison to homozygous and heterozygous mice. This was due to a lack of wildtype 

breeders available at the start of the project (see 2.1.3). For the purpose of analysis, it was 

decided to combine wildtype A63C and P1018S mice to create a combined group of wildtype 

females and a combined group of wildtype males.  

 

This was done to increase the overall sample size of the wildtype group, which 

correspondingly increases the power to detect differences between the groups. As mice were 

derived from the same background strain (C57BL/6J) by Cyagen at the same time (3-5 

generations previously), it would be unlikely that the A63C and P1018S lines had diverged 

much. Therefore, it was decided that combining these groups would not markedly widen the 

background strain variability and so creating one pooled control group was warranted.  

 

3.1.2 Removal of litter 
A heterozygous P1018S LepR mutant pairing gave birth to a litter of 11 pups composed of: 1 

homozygous male, 3 heterozygous males, 1 heterozygous female, 1 wildtype male and 5 

wildtype females.  

 

Because of the significantly larger litter size, the pups received less nutrition than those in a 

standard litter of 6-7 pups. Subsequently, these pups weighed markedly less in comparison to 

the rest of the cohort. As a result of their small size, the pups also had markedly delayed 

puberty onset. For those that were homozygous or heterozygous, this led to an overestimation 

of the effect the P1018S LepR mutation was having on puberty onset. Those that were 

wildtype also exhibited delayed puberty onset to a degree which was comparable to results 

seen in homozygous mice. It was decided to remove all of the data collected from the entire 

litter to avoid confounding results.  
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3.2 Body weight 
3.2.1 Total body weight 
The body weight of each mouse was measured once a week, from 4 to 8 weeks of age. An 

ordinary one-way ANOVA found that both A63C (Figure 8) and P1018S (Figure 9) LepR 

homozygous and heterozygous males showed no significant difference in body weight 

compared to wildtype controls. Growth profiles of both the A63C (Figure 8A) and P1018S 

(Figure 9A) males showed the same trend among the three genotypes. Additionally, a 

statistical comparison of all three groups at two ages, 5 weeks (Figure 8B, Figure 9B) and 8 

weeks old (Figure 8C, Figure 9C), emphasised that there was no significant effect on body 

weight in males in both of the LepR mutant lines (p>0.1).  

 

This was also reflected in females that were homozygous, heterozygous or wildtype for either 

the A63C (Figure 10) or P1018S (Figure 11) LepR mutation. Neither A63C (Figure 10A) or 

P1018S (Figure 11A) females showed any marked differences in weight growth profiles. In 

addition, statistical comparison of all three genotypes at two individual time points, 5 weeks 

(Figure 10B, Figure 11B) and 8 weeks (Figure 10C, Figure 11C) using an ordinary one-way 

ANOVA, affirmed that there was no significant effect on body weight in females in both of 

the LepR mutant lines (p>0.08) 

 

Overall, these results demonstrate that neither the A63C nor P1018S LepR mutation have a 

significant effect on body weight.  
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Figure 8: The effect of the A63C LepR mutation on body weight in males. (A) Growth 
profiles of A63C males from 4 weeks to 8 weeks of age. (B) Comparison of homozygous, 
heterozygous and WT A63C males body weight at 5 weeks. (C) Comparison of homozygous, 
heterozygous and WT A63C males body weight at 8 weeks. (B) and (C) were analysed using 
an ordinary one-way ANOVA followed by a Tukey’s post-hoc test for multiple comparisons. 
All values are presented as mean ± SEM. Black dots represent A63C male mice, red dots 
represent P1018S male mice. Homo, homozygous; Het, heterozygous; WT, wildtype. 
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Figure 9: The effect of the P1018S LepR mutation on body weight in males. (A) Growth 
profiles of P1018S males from 4 weeks to 8 weeks of age. (B) Comparison of homozygous, 
heterozygous and WT P1018S males body weight at 5 weeks. (C) Comparison of homozygous, 
heterozygous and WT P1018S males body weight at 8 weeks. (B) and (C) were analysed using 
an ordinary one-way ANOVA followed by a Tukey’s post-hoc test for multiple comparisons. 
All values are presented as mean ± SEM. Black dots represent P1018S male mice, red dots 
represent A63C male mice. Homo, homozygous; Het, heterozygous; WT, wildtype. 
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Figure 10: The effect of the A63C LepR mutation on body weight in females. (A) Growth 
profiles of A63C females from 4 weeks to 8 weeks of age. (B) Comparison of homozygous, 
heterozygous and WT A63C females body weight at 5 weeks. (C) Comparison of homozygous, 
heterozygous and WT A63C females body weight at 8 weeks. (B) and (C) were analysed using 
an ordinary one-way ANOVA followed by a Tukey’s post-hoc test for multiple comparisons. 
All values are presented as mean ± SEM. Black dots represent A63C female mice, red dots 
represent P1018S female mice. Homo, homozygous; Het, heterozygous; WT, wildtype.  
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Figure 11: The effect of the P1018S LepR mutation on body weight in females. (A) Growth 
profiles of P1018S females from 4 weeks to 8 weeks of age. (B) Comparison of homozygous, 
heterozygous and WT P1018S females body weight at 5 weeks. (C) Comparison of 
homozygous, heterozygous and WT P1018S females body weight at 8 weeks. (B) and (C) were 
analysed using an ordinary one-way ANOVA followed by a Tukey’s post-hoc test for multiple 
comparisons. All values are presented as mean ± SEM. Black dots represent P1018S female 
mice, red dots represent A63C female mice. Homo, homozygous; Het, heterozygous; WT, 
wildtype  
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3.2.2 Abdominal fat  
To analyse the effect of the A63C and P1018S LepR mutations on adiposity, abdominal fat 

was dissected and weighed following euthanasia of females, and perfusion of males. This was 

performed in a subset of animals that were homozygous (n=10 per group) or wildtype (males 

n=14, females n=12) for each of the two LepR mutations. The mice ranged from 9-17 weeks 

of age at the time of euthanasia. 

 

There were no significant differences in abdominal fat weight in both the A63C homozygous 

males (p=0.4505) (Figure 12A) and P1018S homozygous males (p=0.8849) (Figure 12B) 

when compared to the combined wildtype males.  

 

A63C homozygous females had significantly greater abdominal fat mass (t(#$)=3.404, 

p=0.003) than the combined wildtype females (Figure 13A). In addition, P1018S homozygous 

females also exhibited significantly greater abdominal fat mass (t(#$)=2.306, p=0.0326) when 

compared to their wildtype counterparts (Figure 13B).  

 

Overall, these results indicate that the A63C and P1018S LepR mutation did cause a 

significant increase in abdominal fat in homozygous females, yet males remained unaffected. 

 
Figure 12: Abdominal fat of A63C (A) and P1018S (B) homozygous LepR males compared 
to wildtype mice. (A) and (B) were analysed using an unpaired t-test. All values are presented 
as mean ± SEM. ‘X’ in P1018S Homo (B) column represents an outlier that was identified 
and removed using a Grubb’s test where alpha=0.1. In (A) black dots represent A63C male 
mice, red dots represent P1018S male mice. In (B) black dots represent P1018S male mice, 
red dots represent A63C male mice. Homo, homozygous; WT, wildtype 
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Figure 13: Abdominal fat of A63C (A) and P1018S (B) homozygous LepR females 
compared to wildtype mice. (A) and (B) were analysed using an unpaired t-test. All values 
are presented as mean ± SEM (*p<0.05, **p<0.01). ‘X’ in combined WT (A,B) columns 
represents an outlier that was identified and removed using a Grubb’s test where alpha=0.1. 
In (A) black dots represent A63C female mice, red dots represent P1018S female mice. In (B) 
black dots represent P1018S female mice, red dots represent A63C female mice. Homo, 
homozygous; WT, wildtype 

 

3.3 Reproductive physiology 
3.3.1 Puberty onset  
To analyse the effect of the A63C and P1018S LepR mutations on reproductive physiology, 

puberty onset was measured in homozygous, heterozygous and wildtype male and female 

mice.  

 

Puberty onset in male mice was measured by daily visual examination of the prepuce from 20 

days of age until the appearance of preputial separation, which is an anatomical indicator of 

puberty onset in males.  

 

Males that were homozygous (z(&')(3.005, p=0.008) or heterozygous (z(&')(3.559, p=0.0011) 

for the A63C LepR mutation showed a significant delay in preputial separation (by 4 and 5 

days, respectively) when compared to wildtype males (Figure 14). Similarly, male mice that 

were heterozygous for the P1018S LepR mutation also showed a significant delay in preputial 

separation (by 3 days, respectively [z()')(2.875, p=0.0121]) compared to wildtype controls 
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(Figure 15). Interestingly, there was no statistically significant delay observed in P1018S 

homozygous males (p=0.1102) compared to their wildtype counterparts (Figure 15).  

 

In females, puberty onset was measured by daily visual examination of the genitalia from 20 

days of age until the appearance of vaginal opening, followed by the visualisation of the first 

estrus smear.  

 

Females that were homozygous (p=0.064) or heterozygous (p=0.7881) for the A63C LepR 

mutation showed no significant delay in vaginal opening when compared to their wildtype 

counterparts (Figure 16A). In contrast, a significant delay in first estrus was observed in both 

homozygous (z(&*)(2.656, p=0.0237) and heterozygous (z(&*)(2.765, p=0.0171) A63C 

females (by 4 and 5 days, respectively) in comparison to wildtype females (Figure 16B). 

P1018S LepR mutant homozygous (p=0.747) and heterozygous (p=0.9172) females displayed 

no visible delay in vaginal opening when compared to wildtype females (Figure 17A). There 

was also no significant delay in first estrus visualised (p=0.0814 and p=0.8422 respectively) 

(Figure 17B). 

  

Overall, these results show that the A63C LepR mutation causes a significant delay in puberty 

onset in homozygous and heterozygous mice. This was indicated by a noticeable delay in both 

preputial separation in males and first estrus in females. Whilst the P1018S LepR mutation 

did cause a significant delay in preputial separation in heterozygous males, interestingly 

homozygous males, and all of the females remained unaffected.  
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Figure 14: The effect of the A63C LepR mutation on preputial separation. Data was 
analysed using a Kruskal-Wallis test followed by a Dunn’s post-hoc test for multiple 
comparisons. All values are presented as mean ± SEM (** p<0.01). Black dots represent 
A63C male mice, red dots represent P1018S male mice. Homo, homozygous; Het, 
heterozygous; WT, wildtype; PPS, preputial separation. 

 

Figure 15: The effect of the P1018S LepR mutation on preputial separation. Data was 
analysed using a Kruskal-Wallis test followed by a Dunn’s post-hoc test for multiple 
comparisons. All values are presented as mean ± SEM (* p<0.05). ‘X’ in homo column 
represents an outlier that was identified and removed using a Grubb’s test where alpha=0.1. 
Black dots represent P1018S male mice, red dots represent A63C male mice. Homo, 
homozygous; Het, heterozygous; WT, wildtype; PPS, preputial separation. 
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Figure 16: The effect of the A63C LepR mutation on vaginal opening (A) and first estrus 
(B). All data was analysed using a Kruskal-Wallis test followed by a Dunn’s post-hoc test for 
multiple comparisons. All values are presented as mean ± SEM (* p<0.05). ‘X’ in homo (A) 
and WT (B) columns represent outliers that were identified and removed using a Grubb’s test 
where alpha=0.1. Black dots represent A63C female mice, red dots represent P1018S female 
mice. Homo, homozygous; Het, heterozygous; WT, wildtype; VO, vaginal opening; FE, first 
estrus.  

 
Figure 17: The effect of the P1018S LepR mutation on vaginal opening (A) and first estrus 
(B). All data was analysed using a Kruskal-Wallis test followed by a Dunn’s post-hoc test for 
multiple comparisons. All values are presented as mean ± SEM. ‘X’ in het (B) and WT (B) 
columns represent outliers that were identified and removed using a Grubb’s test where 
alpha=0.1. Black dots represent P1018S female mice, red dots represent A63C female mice. 
Homo, homozygous; Het, heterozygous; WT, wildtype; VO, vaginal opening; FE, first estrus.   
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3.3.2 Reproductive organ weight  
To further analyse the effect of the A63C and P1018S LepR mutations on reproductive 

physiology, reproductive organs were dissected and weighed following euthanasia of females, 

and perfusion of males. This was performed in a subset of animals that were homozygous 

(n=10 per group) or wildtype (males n=14, females n=12) for each of the two LepR 

mutations. The mice ranged from 9-17 weeks of age at the time of euthanasia. 

 

In males, the weight of the testes indicates development of the gonads and is associated with 

the degree of functionality of the HPG axis. In addition, the weight of the seminal vesicles 

serves as a biological indicator of circulating androgen levels [35, 95], which is controlled by 

the gonadotrophins (LH and FSH) within the HPG axis. There were no significant differences 

in testicular weight in both A63C homozygous (p=0.6062) (Figure 18A) and P1018S 

homozygous (p=0.7984) (Figure 18B) males when compared to wildtype controls. There was 

also no difference in seminal vesicle weight in both A63C homozygous (p=0.1794) (Figure 

19A) and P1018S homozygous (p=0.5270) (Figure 19B) males when compared to wildtypes. 

 

In females, the weight of the ovaries is related to the development and ovulatory activity of 

the gonads and hence the degree of functionality of the HPG axis. In addition, the weight of 

the uterus serves as a biological indicator of estradiol production [94] which is controlled by 

the gonadotrophins (LH and FSH) within the HPG axis. There were no significant differences 

in the weight of the ovaries in both A63C homozygous (p=0.1134) (Figure 20A) and P1018S 

homozygous (p=0.8371) (Figure 20B) females when compared to wildtype controls. In 

addition, there was also no difference in uterine weights in both A63C homozygous 

(p=0.9708) (Figure 21A) and P1018S homozygous (p=0.5933) (Figure 21B) females when 

compared to wildtypes.  

 

Overall these results demonstrate that both gonadal development and steroid hormone 

production are unaffected by the A63C and P1018S LepR mutations in sexually mature mice, 

indicated by comparable reproductive organ weights across the groups.  
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Figure 18: Weight of testes in A63C (A) and P1018S (B) homozygous LepR males 
compared to wildtype mice. (A) and (B) were analysed using an unpaired t-test. All values 
are presented as mean ± SEM. ‘X’ in combined WT (A, B) columns represent an outlier that 
was identified and removed using a Grubb’s test where alpha=0.1. In (A) black dots 
represent A63C male mice, red dots represent P1018S male mice. In (B) black dots represent 
P1018S male mice, red dots represent A63C male mice. Homo, homozygous; WT, wildtype. 

 

 
Figure 19: Weight of seminal vesicles in A63C (A) and P1018S (B) homozygous LepR 
males compared to wildtype mice. (A) and (B) were analysed using an unpaired t-test. All 
values are presented as mean ± SEM. ‘X’ in A63C homo (A) and in P1018S homo (B) 
columns represent outliers that were identified and removed using a Grubb’s test where 
alpha=0.1. In (A) black dots represent A63C male mice, red dots represent P1018S male 
mice. In (B) black dots represent P1018S male mice, red dots represent A63C male mice. 
Homo, homozygous; WT, wildtype. 
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Figure 20: Weight of the ovaries in A63C (A) and P1018S (B) homozygous LepR females 
compared to wildtype mice. (A) and (B) were analysed using an unpaired t-test. All values 
are presented as mean ± SEM. In (A) black dots represent A63C female mice, red dots 
represent P1018S female mice. In (B) black dots represent P1018S female mice, red dots 
represent A63C female mice. Homo, homozygous; WT, wildtype. 

 

 
Figure 21: Weight of the uterus in A63C (A) and P1018S (B) homozygous LepR females 
compared to wildtype mice. (A) and (B) were analysed using an unpaired t-test. All values 
are presented as mean ± SEM. In (A) black dots represent A63C female mice, red dots 
represent P1018S female mice. In (B) black dots represent P1018S female mice, red dots 
represent A63C female mice. Homo, homozygous; WT, wildtype. 
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3.3.3 Cyclicity 
Estrous cyclicity was monitored in females using vaginal cytology from smear samples that 

were collected daily over a period of 10 days following puberty onset. Cycle length was 

determined by calculating the average period of time between two estrus phases.  

 

A63C LepR mutant females showed no significant differences in the frequency of occurrence 

of estrous cycle stages between both homozygous and heterozygous females compared to 

wildtypes (Figure 22A). This was reflected in very comparable average cycle lengths, with no 

differences between the three genotypes (Figure 22B). Representative examples of estrous 

cycles in homozygous (Figure 22C), heterozygous (Figure 22D), and wildtype (Figure 22E) 

A63C females are provided to illustrate this regular cyclicity. Taken together, this indicated 

that A63C LepR mutant females had normal estrous cyclicity. 

 

These results were also reflected in P1018S LepR mutant females (Figure 23). There was no 

significant difference in the frequency of occurrence of estrous cycle stages between both 

homozygous and heterozygous females compared to wildtypes (Figure 23A). Additionally, 

there was no difference in the average cycle length between the three genotypes (Figure 23B). 

Furthermore, representative examples of estrous cycles in homozygous (Figure 23C), 

heterozygous (Figure 23D), and wildtype (Figure 23E) P1018S females are provided to 

illustrate this consistent cyclicity. Taken together, this indicated that P1018S LepR mutant 

females had normal estrous cyclicity. 

 

Overall, these results demonstrate that neither the A63C nor the P1018S LepR mutation had 

any implication in estrous cyclicity. This was reflected by no differences in cycle length, and 

comparable estrous cycles across all of the groups.  
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Figure 22: The effect of the A63C LepR mutation on cyclicity in female mice. (A) 
Percentage of time homozygous, heterozygous and wildtype A63C females spent in each stage 
of the estrous cycle over a period of 10 days. (B) Comparison of average estrous cycle length 
across homozygous, heterozygous and wildtype A63C females (determined by calculating the 
period of time between two estrous phases). Representative examples of cyclicity are also 
shown in a A63C homozygous (C), heterozygous (D) and wildtype (E) female over a period of 
10 days. Data from (A) and (B) were analysed using a Kruskal-Wallis test followed by a 
Dunn’s post-hoc test for multiple comparisons. All values are presented as mean ± SEM. In 
(B) black dots represent A63C female mice, red dots represent P1018S female mice. Homo, 
homozygous; Het, heterozygous; WT, wildtype; Met, metestrous. 
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Figure 23: The effect of the P1018S LepR mutation on cyclicity in female mice. (A) 
Percentage of time homozygous, heterozygous and wildtype P1018S females spent in each 
stage of the estrous cycle over a period of 10 days. (B) Comparison of average estrous cycle 
length across homozygous, heterozygous and wildtype P1018S females (determined by 
calculating the period of time between two estrous phases). Representative examples of 
cyclicity are also shown in a P1018S homozygous (C), heterozygous (D) and wildtype (E) 
female over a period of 10 days. Data from (A) and (B) were analysed using a Kruskal-Wallis 
test followed by a Dunn’s post-hoc test for multiple comparisons. All values are presented as 
mean ± SEM. ‘X’ in homo column (B) represents an outlier that was identified and removed 
using a Grubb’s test where alpha=0.1. In (B) black dots represent P1018S female mice, red 
dots represent A63C female mice. Homo, homozygous; Het, heterozygous; WT, wildtype; Met, 
metestrous.  
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4 Discussion 
Previous research has highlighted the pivotal role of the hormone leptin in the progression of 

normal pubertal development. However, as discussed in chapter one, areas of contention still 

exist and the mechanisms by which leptin regulates reproductive attainment remains elusive. 

Previous experiments have illustrated that mutations in leptin or its receptor which cause an 

impairment in signalling have been previously characterised to cause infertility and morbid 

obesity.  

 

This thesis aimed to further characterise two naturally occurring LepR mutations, R62C and 

P1019S, that were identified in a line of Davisdale sheep. In addition, it also aimed to 

investigate whether these two mutations, which were known to cause subfertility in sheep, 

were also associated with defects in leptin signalling, puberty onset and adult fertility in 

engineered mouse lines with a knock-in of these LepR mutations. This allowed for a more 

comprehensive understanding of the underlying contribution these mutations had on driving 

the observed phenotype. These results demonstrated that the A63C LepR mutation in 

particular was associated with decreased reproductive attainment, with delayed puberty onset 

in both males and females.   

 

These results direct future research into additional mutations that may also have a major 

effect on traits that are linked to reproductive efficiency. Understanding the effects these 

mutations have on receptor function could further strengthen the link between the mutations 

and the resulting phenotypes. The animals that are homozygous for these LepR mutations 

may provide a new model to better understand how leptin signalling alters various 

reproductive processes and may also provide unique insights into physiological mechanisms 

regulating attainment of puberty. 
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4.1 Discovery of novel LepR mutations in sheep 
Control of age at onset of puberty is known to be influenced by genetics, with moderate 

heritability [89]. As discussed in chapter 1.5, a candidate gene approach used in a line of 

Davisdale sheep led to the identification of three candidate SNP’s that were associated with a 

late puberty phenotype: SNP A (R62C), SNP B (P1019S) and SNP C (K1069E). These three 

SNPs are inherited as a haplotype [89].  

 

Analysis of the Davisdale ewes revealed that due to the close proximity of the mutations,  

there was very high concordance between SNP B and SNP C, with these SNPs being linked in 

over 99% of animals [88]. Therefore, it was determined that any further analysis was limited 

to SNP A and SNP B (with the idea being that SNP B reflects the genotype of both SNP B 

and SNP C) [88]. In addition, there was also very high concordance between SNP A and SNP 

B, with >90% of ewes harboring both mutations [88]. Therefore, the reproductive deficits 

highlighted in the Davisdale sheep could be a result of any single, or combination of these 

mutations, making the sheep an unsuitable animal model for dissociating the effects of the 

individual SNPs. A major limitation of this model is that because there is such high 

concordance of all three SNPs it makes it incredibly difficult to distinguish what underlying 

mutation is causing the resulting reproductive phenotype. On one hand, the observed 

phenotype could be driven by a single causative mutation. However, on the other hand these 

mutations could be working in tandem (or triplex) and the resulting phenotype is a cumulative 

effect of two or all three mutations.  

 

An additional limitation is that due to the closely related nature of Davisdale sheep, there is a 

chance that these three SNPs are not directly causing changes to reproductive phenotype. 

Instead, these mutations could be in tight linkage with the truly causative mutation, leading to 

the observed phenotype being wrongly attributed to these SNPs [88, 89]. These limitations 

highlighted that additional approaches were required to better understand how these mutations 

act singularly, or cooperatively to drive the observed reproductive phenotype, and 

additionally how these mutations, alone and together affect receptor function.  

 



 44 

4.2 Creation of mouse models of LepR mutations 
As outlined earlier in this thesis, the decision was made to create only two LepR mutant lines: 

A63C (SNP A) and P1018S (SNP B). This outcome was reached on the basis of the level of 

difficulty required to insert two amino acids substitutions within such close proximity to each 

other using CRISPR/Cas-mediated genome engineering, and the cost of this. As SNP C, 

which causes a glutamic acid to be substituted, results in an amino acid that is commonly 

observed in this residue in other species including other ruminants such as cattle (see Figure 

4), it seemed unlikely that this alteration would significantly affect receptor function. 

Therefore, it was decided that SNP C would not be ‘knocked-in’ to these mouse lines. This is 

a limitation, as one could argue that by excluding this SNP, the results are not directly 

comparable to what is seen in the Davisdale sheep. Whilst it is expected this SNP would 

cause little to no effect, there is a lack of data on binding affinity and signal transduction, so it 

is difficult to determine whether this mutation truly has a negligible effect. It is possible, for 

example, that we may have seen a more prominent effect on the reproductive phenotype in 

P1018S LepR mutant mice with the addition of SNP C. 

 

A major strength of the approach used in the mouse model, is that by ‘knocking in’ one 

mutation to each of the mouse lines, I can examine the individual contribution of these 

mutations to the reproductive phenotype. This was unable to be examined in the Davisdale 

sheep due to high concordance between the three LepR mutations. Due to the location and 

severity of the A63C LepR mutation, it was predicted that the amino acid substitution at this 

particular residue would be more disruptive to protein function than any of the other SNPs 

[88]. The results shown in this thesis confirms this initial prediction and provides a new 

insight into the mechanism of contribution of these mutations. Results demonstrated a 

statistically significant reproductive deficit in both males and females with the A63C LepR 

mutation. This strengthens the idea that of the three mutations, this particular SNP likely 

underlies the reproductive phenotype seen in Davisdale sheep. In addition, whilst I did not see 

a statistically significant deficit in female reproductive capabilities, there was a delay in 

preputial separation in males who had the P1018S LepR mutation. This indicates that this 

SNP in part does contribute towards the reproductive phenotype seen in the Davisdale sheep, 

although not to the extent of the A63C LepR mutation. As I saw a reproductive deficit in both 

the A63C and P1018S LepR mutations, this further highlights that both of these SNP’s 

identified using a candidate approach are likely causal mutations.  
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One limitation of this approach is that there is limited or no potential to look at the combined 

effect of both the A63C and P1018S LepR mutations in a mouse. This would produce results 

that were more directly comparable to the sheep and would also lead to an increased 

understanding of how these mutations might be working in tandem to create an additive 

reproductive phenotype. This is primarily limited by an inability to breed a mouse that is 

homozygous for both the A63C and P1018S LepR mutations due to their location on the same 

gene. However, this could be addressed to some extent by breeding a mouse that is 

heterozygous for both the A63C and P1018S LepR mutations. As demonstrated in this thesis, 

heterozygous mice did display a reproductive deficit that was comparable to that of a 

homozygous animal. By breeding mice that were heterozygous for both the A63C and 

P1018S LepR mutations, it could be determined whether these mutations work cooperatively 

to produce an additive effect. Unfortunately, this could not be carried out in the course of this 

project due to logistical reasons and the time sensitive nature of an honours project. The study 

already comprised of six groups of animals, and the addition of two extra groups 

(heterozygous A63C/P1018S males and females) would have been costly. The clear puberty 

phenotype in heterozygous mice was unexpected, since this was much less obvious in 

heterozygous sheep (see Figure 5 and Figure 6). This could be an important future direction to 

fully validate the physiological mechanisms underpinning these mutations, and to assess the 

possibility of a cumulative effect.  

 

4.3 Body weight 
4.3.1 Total body weight 
It is well established that leptin functions to reduce feeding and increase energy expenditure 

[61]. Therefore, disruption to the LepR would consequently cause an impairment in signalling 

(likely via the pSTAT3 pathway [77]) and result in an obese phenotype. In the context of this 

study, it would be expected that A63C and P1018S LepR homozygous and heterozygous mice 

would have an increased body weight in comparison to their wildtype counterparts. 

 

Body weight measurements recorded in Davisdale sheep found that genotype was weakly 

associated with birth weight (p=0.027 for SNP A and p=0.075 for SNP B) and strongly 

associated with adult body weight (p<0.001 for both SNP A and B) [89].  

Interestingly, my results showed that neither the A63C nor P1018S LepR mutation caused a 

significant difference in body weight in both males and females that were homozygous or 
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heterozygous for the mutations when compared to wildtype controls. This was observed 

following weekly body weight measurements between 4 and 8 weeks of age. These results 

suggest that that these two LepR mutations likely have no effect on body weight phenotype 

and are insufficient to disrupt leptin’s anorexigenic effect. 

 

This difference in observation could be accounted for by the differing time periods of weight 

measurements between the sheep and the mice. The strong association between genotype and 

body weight was observed in sheep at 18 months of age. Comparatively, my mice were 

weighed from weaning at 4 weeks to 8 weeks of age. This decision was made on the basis that 

this is the period of time where rapid growth occurs, and then plateaus off. Additionally, 

because litters were born over the span of a two-month period it would have been impractical 

to continue weight measurements for the entire cohort due to large number of animals that I 

had, and due to time restrictions. There is the possibility that a significant effect on body 

weight may have been observed in the mice in adulthood, as 8 weeks is likely not reflective of 

the 18 months in sheep even taking into account their faster development. In future 

experiments, body weight measurements could be recorded over a longer period of time. 

Additionally, this difference in observation could be caused by the additive nature of the three 

LepR SNPs. Potentially, the SNPs individually may not be sufficient to effect body weight, 

however together they may contribute to a more notable phenotype. As mentioned previously, 

this could be validated in a mouse that was heterozygous for both of the SNPs.  

 

One limitation of my analysis was the potentially confounding effects of differing litter sizes. 

In the sheep study, birth weight was adjusted for the size of the litter it was born into, with 

any lambs born into a litter of 4 or more excluded. Litter sizes in mice are hugely variable, 

making it difficult to standardize litter size. Pups in larger litters receive less nutrition which 

is reflected in reduced bodyweight [92]. Comparatively, those in smaller litters have less 

competition, and therefore receive more nutrition which results in a larger bodyweight. Whilst 

I did cross-foster litters that were abnormally large, standard litter sizes still ranged from 4 to 

10 pups. With the exception of an unusually large litter that was excluded (3.1.2), litter size 

was not accounted for during any point of my analysis. Future research could look at a more 

rigorous cross-fostering system to create litters of equal sizes to avoid any confounding 

results.  
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4.3.2 Abdominal fat 
In parallel with body weight, the assessment of abdominal fat mass also provided a unique 

insight to these mutations that was not assessed in Davisdale sheep. This was performed in 

homozygous and wildtype A63C and P1018S males and females. Heterozygous mice were 

not included in this analysis due to time restrictions. As it would be expected that a 

heterozygous animal would not have a more profound mutation than a homozygous animal, 

inclusion of only the homozygous mice would be sufficient to validate the effect of these two 

LepR mutations. Abdominal fat measurements were adjusted to present abdominal fat in 

relation to the total body weight of the mouse. As there was such a wide range in variation of 

age between my mice, this was used as a measure to reduce the confounding effect of 

increasing adiposity with ageing on my results.  

  

Female mice that were homozygous for either the A63C or P1018S LepR mutation both 

showed a significant increase in abdominal fat compared wildtype mice. This result was more 

pronounced in the A63C homozygous females. Such a difference was not observed in male 

mice that were homozygous for either the A63C or P1018S LepR mutation, as abdominal fat 

mass was almost identical to that of their wildtype counterparts. These results are interesting, 

because it suggests that the A63C and P1018S LepR mutations effect adiposity in females, 

but not males.  

 

This result could reflect a partial disruption of the HPG axis, as estradiol is known to have a 

strong inhibitory effect on abdominal adiposity and protects female mice from obesity [97]. 

Stubbins et al demonstrated that male and ovariectomized female mice gained weight 

primarily in the form of abdominal adipose tissue. Supplementation of estrogen was sufficient 

to restore the inhibitory effect on key adipogenic genes in females [97]. In the context of my 

results, the A63C and P1018S LepR mutations could be disrupting the synthesis of the sex 

steroid estrogen and this might then lead to the significant increase in female abdominal 

adiposity. 

 

As changes in adiposity occur slowly over time, it may be expected that if the study was 

longer then I may have observed a significant increase in abdominal fat in homozygous 

males, and a more pronounced effect in females. Further experiments should aim to observe 

changes to adiposity over a prolonged period of time.  
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4.4 Reproductive physiology 
4.4.1 Puberty onset 
In males, puberty onset was assessed by preputial separation, which is a widely used 

anatomical marker that precedes actual reproductive competence. My results showed that 

males that were homozygous for the A63C, or heterozygous for either the A63C or P1018S 

LepR mutations had a significant delay in preputial separation when compared to their 

wildtype counterparts. This has also been observed in other studies where LepR-null males 

have had a significant delay in preputial separation when compared to LepR-intact controls 

[98]. Preputial separation has been demonstrated to be an androgen dependent process, and 

therefore this delay may reflect partial disruption of the HPG axis caused by these LepR 

mutations, resulting in a subsequent decrease in testosterone production [99].  

 

The effect of the A63C and P1018S LepR mutations were not assessed in Davisdale rams. 

This was probably due to a lack of an easily assessable anatomical marker of puberty onset in 

rams. Therefore, my results characterise a new phenotypic effect of these two LepR mutations 

in males that had not previously been identified.  

 

It is somewhat surprising that I noted a significant delay in puberty onset in P1018S 

heterozygous males, yet not in homozygous males. Additionally, it is also unexpected that 

A63C heterozygous males have a delay in preputial separation that is more pronounced than 

the homozygous males. It seems unlikely that a heterozygous animal would have a more 

profound mutation than a homozygous animal, unless the mutation somehow conferred 

genetic dominance. As seen in the female puberty onset data in Davisdale sheep, 

heterozygous animals would be expected to have a phenotype that is an intermediate between 

homozygous and wildtype animals [89]. The P1018S LepR homozygous males looked as if 

they were trending towards a significant delay in preputial separation, as they had a mean that 

was similar to that of the heterozygous males (Figure 15). As these are only subtle mutations, 

it might indicate that an increased group size is needed to observe a noticeable effect. 

Therefore, if the P1018S homozygous male group size were bigger, I may have observed a 

statistically significant difference.  

 

In females, puberty onset was assessed by vaginal opening and first estrus. Vaginal opening is 

an early marker of sexual maturation, whereas first estrus acts as a marker of completion of 
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pubertal reproductive maturation, as it indicates that the first ovulation has occurred. My 

results showed that females that were homozygous or heterozygous for either the A63C or 

P1018S LepR mutation had no significant delay in vaginal opening when compared to 

wildtype controls. Whilst the normal timing of vaginal opening is dependent on functional 

leptin signalling, there is a huge amount of redundancy in GnRH regulation. Additional 

regulatory pathways are able to compensate for any defects in leptin signalling to initiate 

puberty onset [2]. This ensures the survival of the species should one pathway become 

compromised. Other studies have observed a similar effect where leptin supplementation only 

partially reversed the delay in sexual maturation, as reflected by the age at vaginal opening 

[100]. This highlights the permissive role of leptin in puberty attainment.  

 

My results also showed that females that were homozygous or heterozygous for the A63C 

LepR mutation had a significant delay in first estrus when compared to their wildtype 

counterparts. In contrast there was no significant delay visualised in homozygous or 

heterozygous females with the P1018S LepR mutation. Previous studies using LepR-null 

mice have demonstrated that first estrus, unlike vaginal opening, appears to be completely 

leptin dependent [78, 98]. As first estrus indicates that the first ovulation has occurred, and 

therefore sexual maturity, it is supposable that the permissive role of leptin in puberty 

attainment could apply more precisely to the completion of puberty (first estrus) as opposed 

to its initiation (vaginal opening).  

 

Overall, as a delay in both preputial separation and first estrus was visualised in A63C 

homozygous and heterozygous mice, this supports the notion that the A63C SNP is likely the 

underlying causative mutation to the reproductive phenotype seen in the Davisdale sheep. As 

there are no significant differences caused by both the A63C and P1018S LepR mutations on 

total body weight, this indicates that delayed puberty onset is independent of changes to body 

weight. At present, it is not known whether this delay in puberty onset would directly 

translate to subfertility in adulthood in mice.  

 

In the Davisdale sheep, ovulation rate was found to be reduced by 15% (p<0.001) in ewes that 

were homozygous for the LepR SNPs compared to either the wildtype or heterozygous ewes 

[88]. In addition, conception rate was also affected with ewes homozygous for the LepR 

mutations having 0.2 fewer lambs at both mid-pregnancy and birth compared with both 

heterozygous and wildtype ewes (p<0.01) [88]. Therefore, these LepR mutations were 
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strongly associated with subfertility in Davisdale ewes and thus likely reflective of a reduced 

number of ova available to undergo fertilisation, resulting in fewer pregnant ewes. 

Additionally, a partial failure of multiple ovulations in ewes that would normally have a high 

ovulation rate (3 or more) could also be contributing to this poorer reproductive performance 

[88]. Preliminary breeding data in these experimental mice has suggested that these two LepR 

mutations do not look to cause adult sub-fertility, with litter sizes and the duration between 

subsequent litters comparable to that of wildtype breeders. However, a major limiting factor 

of this was that there is only a n=1 for each genotype, and therefore this data is neither 

conclusive or statistically valid. A fecundity study would be a useful measure to validate these 

findings, however due to time restrictions this was not able to be completed during this course 

of study.  

 

4.4.2 Reproductive organ weights  
Reproductive organs were dissected and weighed to provide a biological indication of sex 

steroid levels and assess the degree of gonadal development. This was performed in 

homozygous and wildtype A63C and P1018S males and females. Heterozygous mice were 

not included in this analysis due to time restrictions.  

 

The development of the testes and the seminal vesicles are dependent on the secretion of the 

gonadotrophins, LH and FSH, and therefore provide a biological indication of sexual 

maturity. The weight of the testes indicates the degree of gonadal development, as well as 

being able to be examined histologically for the degree of spermatogenesis. The development 

of the seminal vesicles is known to be an androgen dependent process [95], and therefore is 

widely used as a biological indicator of circulating testosterone levels. Together these 

measures help to quantify the relative functionality of the HPG axis. My results showed that 

there were no significant differences in testicular weight in males that were homozygous for 

either the A63C or P1018S LepR mutations. Similarly, no differences in seminal vesicle 

weight were observed in homozygous A63C or P1018S LepR males compared to their 

wildtype counterparts. As gonadotropin stimulation is required to drive gonadal function and 

steroid hormone production, a lack of significant difference in both testicular and seminal 

vesicle weights indicate that these LepR mutations are not affecting resultant gonadal 

function and steroid hormone release. This could again be explained by the vast redundancy 

in regulatory mechanisms that influence GnRH regulation.  
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As previously discussed, research in Davisdale sheep was not extended to rams, so I am 

unable to determine whether these results are reflective of the data presented in Davisdale 

sheep. To further examine the potential effects of these two LepR mutations, the testes could 

be examined histologically to indicate the degree of spermatogenesis. Time limitations 

precluded testicular histological examination as part of this thesis, but the tissue was archived 

for potential future analysis.  

 

In conjunction with males, the gonadotrophins, LH and FSH, are also required for the 

development of the ovaries and uterus which also provides a biological indication of sexual 

maturation. The weight of the ovaries indicates the degree of gonadal development and 

ovulatory activity, as well as being able to be examined histologically for the degree of 

folliculogenesis [95]. It is known that estrogens have a primary role in the development of the 

uterus, and therefore uterine weight provides a biological indication of circulating estradiol 

levels [101]. Together these measures help to quantify the relative functionality of the HPG 

axis. My results showed that there was no significant difference in the weight of the ovaries in 

both A63C and P1018S LepR homozygous females when compared to wildtypes. This was 

also reflected in no observed differences in uterine weight in both A63C and P1018S LepR 

homozygous females. As estradiol production is driven by the gonadotrophins, LH and FSH, 

from the anterior pituitary, this result indicates that GnRH stimulation on gonadotrophin 

release is unaffected by these LepR mutations, which is reflected in gonadal function and 

steroid hormone release that is comparable to that of a wildtype female [94]. As previously 

stated, this result could also be explained by the vast redundancy in regulatory mechanisms 

that influence GnRH regulation. Although the mean ovarian weight tended to be slightly 

increased in A63C homozygous females compared to wildtype females (see Figure 20A), this 

results was not significant and may simply be explained by an increased amount of fat left on 

the ovary during some dissections, leading to an over-estimation of this relationship.  

 

In Davisdale ewes, a laparoscopic examination of the ovaries was used to determine the 

number of corpus lutea present, however there has been no data collected that directly 

measures either uterine or ovarian weights [88]. As a sub-fertile phenotype was observed in 

homozygous Davisdale ewes, it might be assumed that they may have regressed uterine and 

ovarian weights, however further experiments would be required to characterise this effect. 

To further examine the potential effects of these two LepR mutations, the ovaries could be 
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examined histologically to indicate the degree of folliculogenesis and ovulation. Time 

limitations precluded ovarian histological examination as part of this thesis, but the tissue was 

archived for potential future analysis. Additionally, LH serum concentrations (more 

specifically, LH pulse frequency assessed in serial blood samples) could also be monitored as 

this is provides an additional measure of GnRH pituitary function.  

 

4.4.3 Cyclicity  
Estrous cyclicity reflects changes in progesterone and estrogen that are released by ovarian 

follicles [4]. Therefore, monitoring estrous cycles provides a good indication of the degree of 

reproductive function in female mice. My results showed that both A63C and P1018S LepR 

mutant females showed no significant difference in cycle length, with homozygous and 

heterozygous females having a mean cycle length that was comparable to that of the wildtype 

females. I also wanted to determine whether the proportion of time spent in each stage of the 

cycle differed between mutant and wildtype females. However, no difference in cycle stage 

frequency was observed. All animals exhibited normal estrous cycling.  

 

Overall, these results illustrated that neither the A63C nor P1018S LepR mutations resulted in 

alterations of regular estrous cyclicity. Unfortunately, this data has not been analysed in 

Davisdale ewes, likely due to the difficulties of blood sampling large numbers of ewes in a 

field setting. Furthermore, mice are non-seasonal mammals that spontaneously ovulate, and 

their ovarian cycles continue throughout the year [4]. Sheep on the other hand are seasonal 

mammals meaning that their ovarian cycles are restricted to one season, highlighting the 

difficulty of obtaining this data [4].  
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4.5 Potential mechanism  
The results from my thesis demonstrate that mutations in single genes can have significant 

effects on traits that are linked to reproductive efficiency. Of the two LepR SNPs, the A63C 

mutation caused a more severe reproductive deficit in mice, further strengthening the idea that 

this is most likely to be the causal mutation underlying the reproductive phenotype. This is 

thought to be mediated by sub-optimal binding activity.  

 

The extracellular region of the LepR protein is known to be important for cell surface 

expression, as well as receptor binding and activation [80]. Mutations in the extracellular 

region have been shown to aberrate leptin signalling [80]. The R62C SNP is located in the 

extracellular region. A blocks substitution matrix (BLOSUM 62), which is a tool used to 

quantify the degree of an amino acid change, rated the mutation as a -3, with the most severe 

rating being -4 [89]. This explains why the reproductive phenotype was more pronounced in 

mice with this LepR mutation. This is likely due to the dis-similar properties of the amino 

acids as a result of this substitution. Arginine is a positively charged amino acid, whereas 

cystine is polar, highlighting the non-synonymous nature of this mutation. The vast 

differences in these properties likely alters LepR activity. Additionally, binding of leptin to its 

receptor induces a conformational change of the receptor [70]. Cystines are known to be 

important because they generate cysteine knots and disulfide bridges between subunits which 

allows for receptor activity [89]. This conformational change appears important for signalling, 

because a C672S mutation that introduced to two particular cysteines at residues 672 and 751 

resulted in marked reduction in STAT3-dependent signalling [102]. Perhaps, a similar 

mechanism is at play for the R62C mutation.  

 

The intracellular region of the LepR contains a box 1 motif for binding Jak2 and a variable 

number of tyrosine residues for phosphorylation and activation of signalling cascades [80, 

103]. There are not as many mutations that have been readily identified in this region of the 

LepR [80]. The P1019S SNP is located in the intracellular region, and the BLOSUM 62 

scoring matrix rated the mutation as a -1. This substitution was not rated as severely as the 

R62C SNP, which likely explains why this mutation was not associated with a such an 

apparent reproductive phenotype. Position 1019 is a relatively conserved position, and a 

serine is not usually observed in this position in other species. Position 1018 however is a 

conserved serine, and NetPhos 2.0 predicted that the introduction of this additional serine at 
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position 1019 would reduce phosphorylation below the threshold, and this could potentially 

affect receptor function. Previous research has shown that the exchange of a tyrosine residue 

to a serine resulted in impaired STAT3 signalling and residual STAT5 function [76]. MAPK 

and PI3K pathways could also be affected as a result of decreased phosphorylation by JAK2 

[103]. A similar mechanism could be occurring in the P1019S LepR mutation.  

 

Results taken from both this thesis and previous studies on the Davisdale ewes highlight that 

the sub-fertile phenotype is likely the result of impaired receptor function which is resulting 

in disrupted leptin signalling. However, the huge amount of redundancy in GnRH regulation 

makes it difficult to identify the mechanism by which leptin signalling deficiency leads to 

infertility.  

 

The STAT3 and STAT5 signalling pathways were originally thought to be required for 

fertility, and it was conceptualised that one pathway might compensate for the other if one 

were to become compromised, providing a level of redundancy. A study from Singireddy et 

al disproved this theory after noticing STAT3/STAT5 double knock-out mice exhibited 

normal puberty onset, estrous cyclicity, and fertility [77]. STAT3 and STAT3/STAT5 double 

knock-out mice also displayed an obese phenotype, suggesting that STAT3 is required for 

regulating body weight, however neither STAT3 nor STAT5 are required for leptin’s 

regulation of fertility [77]. This strongly suggested that other pathways must be involved in 

this regulation. 

 

A recent publication from Garcia-Galiano et al has drawn attention to the PI3K pathway due 

its requirement in leptin responsive cells for growth and pubertal development [104]. The 

PI3K pathway is associated with metabolic regulation, glucose homeostasis and 

neuroendocrine function [104]. Leptin acts via the PI3K pathway to depolarise 

proopiomelanocortin (POMC) neurons [105]. Results showed that mice with a deletion of 

PI3K p110α and p110β catalytic subunits in LepR cells exhibit decreased growth and delayed 

puberty compared to wildtype animals [104]. Additionally, female mice with a deletion of just 

one subunit, p110α,  also showed prolonged estrous cycles and progressive subfertility [104]. 

Disruption of PI3K signalling may have affected the actions of leptin on the ventral 

premammillary nucleus (PMV), a hypothalamic site that is important for fertility in female 

mice [104]. Other pathways such as mammalian target of rapamycin (mTOR) [96] and cyclic 

AMP responsive element-binding protein–regulated transcription coactivator-1 (Crtc1) [106, 
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107] have also been shown to have a potential role in leptin’s effect on energy balance and 

reproductive capabilities.  

 

This suggests that the control of reproduction by leptin is likely regulated by multiple 

pathways that act cooperatively, and provide a level of redundancy when signalling becomes 

compromised. Due to time limitations, I was unable to validate defects in leptin signalling 

caused by the A63C and P1018S LepR mutations, however brain tissue has been collected 

and archived for future analysis. The level of redundancy in leptin’s control of fertility likely 

explains why puberty onset was delayed in these LepR mutant mice, but overall reproductive 

viability was maintained. It is possible that one of these signalling pathways may have 

become up-regulated in the A63C and P1018S mice to compensate for the mutation in the 

LepR. Determination of the signalling mechanisms that underlie leptin’s control of fertility is 

a crucial step towards an enhanced understanding of the mechanisms of metabolic infertility, 

and the attainment of puberty.  
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4.6 Conclusion 
In conclusion, my thesis aimed to clarify the respective contribution of two novel SNPs in the 

coding region of the LepR gene that were strongly associated with a delay in puberty onset 

and poor reproductive outcomes in Davisdale sheep. My results demonstrated that the 

R62C/A63C SNP, which results in an amino acid substitution in the extracellular protein, 

exhibited a stronger inhibitory effect on reproductive attainment than that of the P1019S/ 

P1018S LepR mutation (and thereby K1069E) in the intracellular region of the protein.  

 

Whilst this study has alluded to the potential causative mechanisms of these mutations, I was 

still unable to assess the combined effect of both the A63C and P1018S LepR mutations in a 

mouse model. This was largely limited by both time restrictions and an inability to breed a 

mouse that is homozygous for both the A63C and P1018S LepR mutations due to their close 

proximity. An important consideration for future research could be breeding a mouse that is 

heterozygous for both the A63C and P1018S LepR mutations to assess the potential 

cumulative effect of these LepR mutations.  

 

Another notable limitation was that I wasn’t able to examine whether these mutations disrupt 

LepR intracellular signalling processes. Again, time limitations precluded this analysis, 

however brain tissue has been archived for future assessment of leptin induced 

phosphorylation of select signalling pathways. As leptin exerts its effect through the 

interaction of multiple signalling factors, and likely crosstalk between various signalling 

pathways, these results could help to further characterise the neuronal pathway by which 

leptin controls reproductive function. This task is made difficult by the level of redundancy in 

these signalling pathways.   

 

As I have demonstrated that these LepR mutations, notably the A63C SNP, have caused 

fertility implications in mice, as well as those previously characterised in the Davisdale sheep 

[88, 89], this could warrant follow-up studies to assess the frequency of these mutations in 

humans, particularly those known to have delayed puberty or difficulty in conceiving. 

Overall, infertility rates are on the rise, with 1 in 6 couples wishing to conceive being 

diagnosed as infertile [108]. Results from this research may be beneficial in identifying other 

single mutations in genes that result in infertility. Further research in this area could 

contribute to potential downstream clinical applications including new and improved 
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diagnoses of genetic risk factors, as well as treatments, to address the growing rates of 

infertility. Furthermore, this research could contribute to our growing understanding of the 

physiological mechanisms involved in puberty attainment, an area of research that remains 

elusive but is highly relevant to humans, which are characterised by a remarkable degree of 

variation in puberty timing compared to other species [109]. Elucidating these mechanisms 

may also contribute to an improved understanding of why pubertal age seems to have 

decreased in recent generations [110]. 
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Appendices 
1) Genotyping results 

 
Figure 24: Agarose gel genotyping results for A63C mice using MnII 

 
Figure 25: Agarose gel genotyping results for P1018S mice using BsaXI and XhoI 
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2) Formulae 

2A- Lysis buffer (pH 8.5)  

To make 1 L of lysis buffer add 12.11 g Tris base (100 mM), 1.86 g EDTA (5 mM), 2 g SDS 

(0.2 %) and 11.68 g NaCl (200 mM) to 500 mL of distilled water and combine until 

dissolved. Make solution up to 1 L with distilled water. Adjust pH to 8.5 using concentrated 

HCl.  

 

2B- 1mM EDTA (pH 8) 
To make 1L of EDTA, add 0.37 g of EDTA to 1 L of distilled water. Adjust pH to 8 using 

NaOH. 

 

2C- Tris-EDTA buffer (TE, pH 8) 
To make 1 L of TE buffer add 1.221 g of Tris base and 0.372 g of EDTA to 800 mL of 

distilled water. Adjust pH to 8 using HCl. Make solution up to 1 L with distilled water. 
 

2D- Tris-acetate EDTA buffer (TAE, pH 7.2) 
To make 1 L of 10 x TAE buffer add 48.4 g of Tris base, 11.4 mL of glacial acetic acid (17.4 

M) and 3.7 g of EDTA to 800 mL of distilled water and combine until dissolved. Adjust the 

pH to 7.2. Make solution up to 1 L with distilled water 

 

2E- 4% Paraformaldehyde (PFA, pH 7.3) 
For 1.2 L of 4% PFA: 

 

1- Add 190 mL 0.5M di-sodium hydrogen phosphate (dibasic), 48 mL 0.5M sodium 

dihydrogen phosphate (monobasic), and 362 mL of distilled water to the final bottle 

the PFA will be stored in.  

2- Heat up 600 mL of distilled water to ~60°C using a thermometer and flea. Weigh out 

48 g of paraformaldehyde under the fume hood and add to distilled water. When the 

solution reaches ~55°C add 24 drops of 10M NaOH and stir until the solution 
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becomes clear. Remove from heat and cool on ice before filtering the solution into the 

600 mL of phosphate buffer solution prepared in step 1. Adjust the pH to 7.3.  

2F- 0.2M Phosphate buffer (PB) 

• For 1 L of 0.5M di-sodium hydrogen phosphate (dibasic) solution, weigh 89 g of 

disodium phosphate (MW 177.99) and make up to 1 L with distilled water 

• For 500 mL of 0.5M sodium dihydrogen phosphate (monobasic) solution, weigh 39 g 

of sodium dihydrogen phosphate (MW 137.99) and make up to 500 mL with distilled 

water 

• For 1 L of phosphate buffer (PB) combine 80 mL of monobasic and 320 mL of dibasic 

to 600 mL of distilled water.  

2G- 30% sucrose solution 
For 100 mL, dissolve 30 g of sucrose with 100 mL of 1x PBS 

 

2H- 0.1M phosphate buffered saline (PBS, pH 7.3) 
For 2 L of 10 X PBS combine 27.6 g 𝑁𝑎𝐻!𝑃𝑂).2𝐻!𝑂, 163.4 g NaCl and 35.6 g of 𝑁𝑎!𝐻𝑃𝑂). 

2𝐻!𝑂 with 2 L of distilled water. Adjust the pH to 7. 


