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Abstract 

Anorexia/cachexia syndrome (ACS) causes the mortality of 20-30% of cancer patients 

and worsens the prognosis of many more. The mechanisms underlying ACS are poorly 

understood and, therefore, there is currently no effective method to combat this 

condition. Growth differentiation factor 15 (GDF15) is a cytokine which is released in 

response to cell stress and damage, such as is caused by cancer and chemotherapy. The 

action of GDF15 on its cognate receptor, GDNF alpha-like receptor (GFRAL), has been 

linked to anorexia, cachexia and nausea. The GDF15/GFRAL signalling network may 

therefore be a good target for cancer- and chemotherapy-induced ACS.  

In this thesis, I demonstrated that a low dose of exogenous GDF15 caused anorexia and 

aversion in healthy mice and pica behaviour in rats. Immunohistochemistry (IHC) 

showed that this low dose of GDF15 caused activation of neurons in the dorsal vagal 

complex (DVC), the lateral parabrachial nucleus, the central amygdala, the 

paraventricular nucleus of the hypothalamus, and the oval nucleus of the bed nucleus 

of the stria terminalis. These areas are known to be involved in signalling anorexia and 

weight loss. Retrograde tracing showed connections between activated neurons in 

these areas. 

Furthermore, IHC illuminated different neuronal phenotypes activated by GDF15 in 

these areas, including neurons containing the neuropeptide, cholecystokinin (CCK), in 

the DVC. Signalling through this population and the consequent anorexia was prevented 

pharmacologically using a CCK receptor antagonist or by selectively ablating these CCK 

neurons genetically. 

In future, it will be possible to directly manipulate GFRAL neurons using our bespoke 

Gfral-Cre mouse model, which I validated in my thesis. Gfral-Cre mice were crossed with 

a fluorescent reporter strain to show fidelity of Cre expression in GFRAL neurons. The 

mice were also crossed with a 1TB-hM3DqmCherry mouse, which caused the selective 

expression of a designer receptor, the activation of which caused anorexia and 

prevented gastric emptying. 
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GFRALDVC neurons were activated by GDF15, but not by other satiety or sickness signals. 

GFRAL neurons were, however, activated by chemotherapy treatments which caused 

anorexia, weight loss, and the increase of GDF15 in otherwise healthy mice. For these 

chemotherapy treatments, the prevention of GFRAL signalling by congenital knock out 

of the GFRAL receptor, or by treatment with a GFRAL-blocking antibody, reduced or 

reversed anorexia and weight loss. 

Although three different murine cancer models were tested here, none showed a 

suitable ACS phenotype which would have allowed further study of the link between 

GDF15 and cancer ACS. 

The effects of GDF15/GFRAL signalling during chemotherapy in this thesis, and reported 

during cancer in other literature, show the GDF15/GFRAL signalling network to be a 

promising target to combat ACS in cancer and chemotherapy. 
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1 Introduction 

1.1 Anorexia and cachexia 

Anorexia (literally ‘an’ = without and ‘orexis’ = appetite) describes reduced food 

intake due to lack of appetite/motivation to eat. Anorexia can occur in healthy 

individuals when they are full or satiated, for example by the consumption of a 

significant volume of food to cause mechanical stretch of the stomach, or sufficient 

nutrients to trigger the release of satiating hormones. Anorexia also occurs during 

illness. This can be due to a range of reasons, including nausea, pain, aversion, or as 

an adaptive sickness response. Over time, anorexia can lead to weight loss. In some 

chronic diseases, for example cancer, this weight loss can include the loss of lean as 

well as fat mass. This more problematic form of weight loss is deemed cachexia.  

Cachexia is known as a wasting disease, the etymology for which translates to ‘bad 

condition’. Cachexia is characterised primarily by the loss of skeletal muscle, but also 

encompasses the loss of other muscle types and fat mass. Both anorexia and cachexia 

are associated with inflammation (Fearon et al., 2011) and when seen together are 

referred to as anorexia cachexia syndrome (ACS). ACS is common in many chronic 

and inflammatory disease states, including, but not limited to, congestive heart 

failure, chronic kidney disease, rheumatoid arthritis, chronic obstructive pulmonary 

disorder (COPD), and cancer (Tisdale, 2004; Molfino, Laviano and Fanelli, 2010; Tazi 

and Errihani, 2010; von Haehling and Anker, 2010; Fearon et al., 2011). Overall, 

approximately 30% of cancer patients are expected to experience cachexia, with that 

number rising to 90% for patients with liver cancer, lung cancer, or cancers affecting 

the gastrointestinal tract (GIT) (Anker et al., 2019). ACS is predicted to be the cause 

of mortality for at least 20% of deaths amongst cancer patients (Argilés et al., 2014). 

Despite cachexia being so common amongst patients with cancer and having such 

detrimental effects, it has historically been difficult to diagnose due to there being 

no real definition of the condition. It was only in 2011 that a criteria for the definition 

of cancer cachexia was decided by an international consensus (Fearon et al., 2011). 
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Cancer cachexia is now described as “a multifactorial syndrome characterised by an 

ongoing loss of skeletal muscle mass (with or without loss of fat mass) that cannot 

be fully reversed by conventional nutritional support” (Fearon et al., 2011). Clinical 

criteria for the diagnosis of cachexia can be found in Box 1.  

The development of effective treatments for cachexia has been further impeded by 

poor understanding for the mechanisms by which it acts. Although there has been a 

large amount of research in the area, and many mechanisms have been suggested, 

there is still no evidence of what causes cachexia (Tazi and Errihani, 2010). The lack 

of understanding of the causes of cachexia have meant that it is extremely difficult 

to address. 

As this classification suggests, whilst cachexia is frequently accompanied by anorexia, 

at least a portion of weight loss is independent of reduced food intake (Fearon et al., 

2011). Alterations in energy metabolism, nutrient utilisation, and the reduced ability 

to replace lost muscle mass in cachexia may be responsible for this weight loss 

(Argilés et al., 2014; Lerner, Tao, et al., 2016; Baracos et al., 2018; Garcia-Jimenez 

BOX 1: In cancer, these are the criteria for a diagnosis of cachexia, copied from Fearon 

et al. (2011):  

“• Weight loss >5% over past 6 months (in absence of simple starvation); or 

• BMI <20 and any degree of weight loss >2%; or 

• Appendicular skeletal muscle index consistent with sarcopenia (males <7·26 kg/m²; 

females <5·45 kg/m²)* and any degree of weight loss >2%† 

*Defined reference values (sex-specific) and standardised body composition measurements are 

essential to undertake assessment of skeletal muscle depletion. Although there is a paucity of 

reference values related to cancer-specific outcomes (Prado et al., 2007; Prado, Birdsell and 

Baracos, 2009), a generally accepted rule is an absolute muscularity below the 5th percentile. This 

can be assessed as follows: mid upper-arm muscle area by anthropometry (men <32 cm², women 

<18 cm²); appendicular skeletal muscle index determined by dual energy x-ray absorptiometry 

(men <7·26 kg/m²; women <5·45 kg/m²); lumbar skeletal muscle index determined by CT imaging 

(men <55 cm²/m²; women <39 cm²/m²); whole body fat-free mass index without bone determined 

by bioelectrical impedance (men <14·6 kg/m²; women <11·4 kg/m²). 

†A direct measure of muscularity is recommended in the presence of fluid retention, a large 

tumour mass, or obesity (overweight).” 
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and Goding, 2019). Loss of muscle mass may be linked to increased inflammation as 

chronic inflammation leads to muscle breakdown (Narsale and Carson, 2014). In this 

case, inflammation causes loss of muscle mass both by increasing muscle 

degradation and decreasing synthesis of new muscle tissue (Narsale and Carson, 

2014).  

Many inflammatory cytokines and pathways have been implicated in ACS. Some of 

the cytokines most frequently found to increase during cachexia are interleukin-1β 

(IL-1β), interleukin-6 (IL-6) and tumour necrosis factor α (TNF-α) (Tijerina, 2004; 

Fearon, Glass and Guttridge, 2012; Onesti and Guttridge, 2014). Whilst these 

cytokines and others demonstrably contribute to anorexia and weight loss/cachexia, 

none have yet been found to be causative of this syndrome (Vaughan, Martin and 

Lewandowski, 2013). Monoclonal antibodies against some of these cytokines are 

currently used in the treatment of cancer (Korneev et al., 2017). However, as these 

cytokines are not the cause of ACS, prevention of their signalling is not sufficient to 

fully combat ACS (Fearon, Glass and Guttridge, 2012; Collin R. Elsea, Kneiss and 

Wood, 2015).  

Whilst it affects many organs, cachexia has the greatest impact on adipose tissue and 

skeletal muscle (Weber, Arabaci and Kir, 2022). In addition to depletion of muscle 

mass and fat stores, cachexia literally causes wastage of energy as signals cause 

increased browning of white adipose tissue and thermogenesis (Weber et al., 2022) 

and a change from oxidative phosphorylation, to less efficient glycolysis in some 

affected cells (Molfino, Laviano and Fanelli, 2010; Donohoe, Ryan and Reynolds, 

2011; Argilés et al., 2014), all of which increases energy expenditure. 

At this time, ACS remains a very real problem faced by many patients with chronic 

diseases including cancer. Despite being the focus of a lot of research over many 

years, we are only now beginning to understand the causes and design treatments. 

Those listed above show promise, but as the causes of ACS during disease in general 

are so poorly understood, there is currently no effective strategy to combat it. 
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1.2 What causes weight loss in cancer?  

Cancer is a disease which can affect any tissue of any person, regardless of gender, 

age, or ethnicity, and is predicted to affect between 1:2 and 1:3 people during their 

lifetimes (Ahmad et al., 2015). Cancer is caused by mutations in cells, which allows 

them to grow and divide in an uncontrolled manner. In most tissues, uncontrolled 

division of mutated cells leads to the formation of solid masses, called tumours. ACS 

is extremely common amongst cancer patients, with approximately 50% of cancer 

patients expected to be affected (Argilés et al., 2014), increasing to up to 90% of 

patients, depending on the type and stage of cancer (Ahmad et al., 2015). 

Unfortunately, ACS during cancer can greatly increase risk of mortality (Siff et al., 

2021), with skeletal muscle atrophy being a predictive factor of survival (Daly et al., 

2018). During cancer, anorexia, weight loss, and cachexia can stem from several 

peripheral and central mechanisms. 

On the most basic level, tumours can physically prevent the uptake of nutrients by 

forming in the GIT, or in key secretory organs such as the pancreas. During pancreatic 

cancer, tumours can interfere with insulin production and secretion, thereby 

interrupting normal glucose homeostasis (Ito, Igarashi and Jensen, 2012). On the 

other hand, tumour cells can release hormones which cause weight loss, e.g. tumours 

releasing gut hormones such as glucagon (Ito, Igarashi and Jensen, 2012), or waste 

products such as lactate which can lead to reduction of appetite (Baile et al., 2017). 

Lactate released from tumour cells can circulate, crossing the blood-brain barrier 

(BBB), and then interact with glucose-sensing neurons and neurons involved in 

hunger and satiety signalling in the brainstem and hypothalamus (Baile et al., 2017).  

In addition, tumours are often accompanied by inflammation (Ezeoke and Morley, 

2015). For example, pro-inflammatory cytokines, IL-1β, IL-6, and TNF-α are released 

by macrophages in the tumour microenvironment (Ramos et al., 2004; Molfino et al., 

2010; Suzuki et al., 2013; Lerner et al., 2016). These factors induce anorexia by 

activating central anorectic signalling pathways via actions in the GIT and vagus, or 

directly in areas of the brain not protected by the BBB (Ezeoke and Morley, 2015). In 

the periphery, exposure to pro-inflammatory cytokines can cause alterations in the 
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tumour metabolism, which can lead to deficiency in minerals such as zinc (Siren and 

Siren, 2010; Hendifar et al., 2019). Zinc is vital in a number of processes including 

nutrient absorption and sense of taste (Yagi et al., 2013). It is very common for taste 

and smell perception to be altered during cancer, and this can be a strong factor 

influencing anorexia (Ezeoke and Morley, 2015). 

Signalling by pro-inflammatory cytokines released by tumours and surrounding cells 

can also impact body composition by acting peripherally to induce proteolysis in 

muscle tissue (Yeh and Schuster, 1999; Fearon, Glass and Guttridge, 2012; Argilés et 

al., 2014; Siff et al., 2021). Whilst this mostly affects skeletal muscle, during more 

severe forms of cancer cachexia, this can include smooth and cardiac muscle, for 

example those muscles responsible for swallowing and breathing correctly (Rausch 

et al., 2021; Malla et al., 2022). This is one way in which cachexia can increase the 

risk of mortality. Inflammatory factors have also been shown to impact on 

lipogenesis, lipolysis, and thermogenesis (Arruda et al., 2010; Siff et al., 2021; Malla 

et al., 2022; Weber, Arabaci and Kir, 2022), causing further depletion of energy 

stores. 

Certain inflammatory cytokines such as TNF-α, IL-1, and IL-6 are known to decrease 

gastric motility, which can lead to severe feelings of nausea and emesis (Tijerina, 

2004), as well as causing activation of areas of the brain which have direct influence 

on the degradation of peripheral energy stores. The hypothalamus is well 

documented to affect peripheral energy homeostasis via alterations in processes 

such as hepatic gluconeogenesis (Könner et al., 2007) and modulation of energy 

expenditure (Arruda et al., 2010).  Hypothalamic signalling can affect muscle wasting 

directly by causing a switch between peripheral anabolism and catabolism. Ramos et 

al, (2004) show that hypothalamic signalling can directly cause peripheral muscle 

wasting. Though the main focus of research into the effects of central signalling on 

anorexia/cachexia has been on the hypothalamus, the hindbrain is now emerging as 

having an important role. The role of the dorsal vagal complex (DVC) in the hindbrain 

on food intake and energy homeostasis will be discussed more fully in section 1.6. 
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On a smaller scale, tumours often consist of fast-growing cells which are poorly 

supplied by vascular structures and, therefore, do not receive adequate nutrition or 

oxygen (Nagy et al., 2009). For small groups of cells, nutrients and oxygen can be 

obtained via passive diffusion from the surrounding environment. During cancer, 

clusters of cells can form rapidly, growing large enough that cells towards the centre 

would require infrastructure, such as blood vessels to ensure a supply of oxygen and 

nutrients an adequate removal of waste products. However, often cells divide too 

rapidly for the necessary infrastructure, such as blood vessels, to form. Equally, when 

tumours do form vascular structures, they are often disorganised and inefficient 

(Nagy et al., 2009). Without adequate vasculature, cells inside large tumours cannot 

access oxygen or nutrients, and waste products build up (Paredes, Williams and San 

Martin, 2021). For this reason, tumours can often feature stressed, starving cells and 

can have a large energetic demand.  

This puts the body under stress to produce metabolic substrates as quickly as 

possible to meet the demand. During  cancer ACS, the body increases the availability 

of metabolic substrates in three ways: promotion of lipolysis and tissue breakdown, 

inhibition of lipid storage enzymes, and a switch from full oxidative phosphorylation 

to glycolysis (Donohoe et al., 2011; Weber et al., 2022). Glycolysis is far less efficient 

than oxidative phosphorylation, so less ATP is produced per unit of substrate, 

exacerbating the problem of lack of energy (Molfino, Laviano and Fanelli, 2010; 

Argilés et al., 2014; Paredes, Williams and San Martin, 2021).  

Further to this, even under circumstances when glucose is available, cancer cells can 

be programmed to preferentially use amino and fatty acids as a metabolic substrate. 

For example, several studies have shown that cancer cells prefer to use the amino 

acids such as arginine, glutamine, and aspartate as respiratory metabolites (Argilés 

et al., 2014; Lerner, Tao, et al., 2016; Garcia-Jimenez and Goding, 2019). This 

preference further promotes muscle-wasting by encouraging the breakdown of 

muscle tissue to provide for amino acid demand (Argilés et al., 2007; Lerner, Tao, et 

al., 2016). Cachexia is therefore known as a ‘wasting disease’; not just due to muscle 

wasting, but also due to wasting energy. Unfortunately, in addition to stress signalling 
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causing anorexia and cachexia, starvation and pseudo-starvation may also promote 

metastasis, making the disease worse (Garcia-Jimenez and Goding, 2019). 

Despite signalling stress to promote neoangiogenesis (Chiavenna, Jaworski and 

Vendrell, 2017; Altorki et al., 2019) and increase supply of metabolic substrates 

(Paredes, Williams and San Martin, 2021), it is still common for cancer cells to die 

from lack of nutrients, hypoxia, or simply being too mutated to survive (Brown and 

Wilson, 2004; Gatenby and Gillies, 2004). Under these circumstances, cell death 

occurs via necrosis, rather than apoptosis. When cells die in this disorganised 

manner, they release their contents, which can be toxic, which then comes into 

contact with surrounding cells, damaging those as well, causing dedifferentiation, 

inflammation, the release of more distress signals, and increasing waste build up in 

the tumour microenvironment (Gatenby and Gillies, 2004; Bredholt et al., 2015). 

These waste products and the pro-inflammatory cytokines their release can trigger, 

are also able to pass through into circulation and reach receptors in the central 

nervous system, triggering negative responses, such as anorexia, nausea, and emesis 

(Ezeoke and Morley, 2015). 

In summary, tumours initiate the breakdown of muscle and fat to supply their 

growing energy demands, and then release inflammatory cytokines and toxins into 

circulation. These signals can act peripherally to cause degradation of fat and muscle 

and act centrally to cause nausea, emesis, anorexia, and further depletion of 

peripheral energy stores. There have been many suggestions as to which signals 

cause ACS during cancer. Those commonly suggested are IL-1β, IL-6, and TNF-α. 

Whilst these cytokines certainly contribute to anorexia, weight loss, and muscle 

wastage, none have been found to be causative of cancer ACS. The lack of knowledge 

of the causes of ACS is one of the key reasons that there is currently no completely 

effective therapy. 

1.3 What causes weight loss with cancer therapy?  

During cancer, cytotoxic therapy can also be a cause of ACS. Current, non-surgical 

treatment strategies for cancers include any combination of chemotherapy, 
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radiotherapy, hormone therapy, and targeted therapies such as monoclonal 

antibodies and growth factor antagonists. Cytotoxic chemotherapy is one of the most 

commonly used strategies to combat cancer and there are many different types 

which act via different mechanisms to prevent cell division and bring about cancer 

destruction. Different classes of chemotherapy will be described in more detail in 

chapter 7. Common side effects of the majority of traditional chemotherapies include 

combinations of nausea, vomiting, stomach pain, anorexia, and weight loss (Joint 

Formulary Committee, 2022). For example, it is estimated that >90% of cancer 

patients receiving cisplatin, a commonly used chemotherapeutic, will experience 

nausea and vomiting (Rapoport, 2017).  

Cancer therapies can destroy tumours by several mechanisms, for example, by 

preventing cell division by disrupting DNA, cytoskeletal structures, and enzymes 

involved in cellular maintenance and repair. Cancer therapies often target rapidly 

dividing cells. In adulthood, there are relatively few cell types which divide 

frequently. Those that do are often exposed to harsh environments in which they are 

subject to destruction by mechanical and chemical means (e.g., epithelial cells in the 

stomach are exposed to low pH stomach acid and abrasion by food). Therefore, 

whilst systemic therapies may be used to destroy rapidly dividing cancer cells, they 

may also be responsible for destroying these other, healthy cells.  

As with spontaneous necrosis of cancer cells, cell death caused by cytotoxic therapies 

also causes an immune response and the release of a range of inflammatory 

cytokines which can lead to anorexia, cachexia, and visceral malaise. As discussed 

earlier, these cytokines and other factors released can act centrally and in the 

periphery and can lead to alterations in visceral hormone release, changes in taste 

perception, nausea, vomiting, and muscle and fat catabolism (Elsea et al., 2015; 

Ezeoke and Morley, 2015). 

In addition to the ways in which cancers cause anorexia and weight loss, 

chemotherapies can affect food intake and body composition/weight by destroying 

healthy cells in and around to GIT (Sonis, 2004; Wafai et al., 2013). Non-specific, 

systemic chemotherapeutics have the greatest impact on rapidly dividing cells such 
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as the gut endothelium. Destruction of luminal epithelial cells limits surface area via 

which nutrients can be absorbed, further reducing the nutrients available to the 

body. Chemotherapies also damage and destroy the gut microbiota (Bajic et al., 

2018). The gut microbiota is plays an important role in maintaining the integrity of 

the intestinal lumen, and intestinal dysbiosis can therefore further compromise the 

intestinal endothelium, compounding the direct damage caused by chemotherapy 

(Bajic et al., 2018).  

Outside of the gut, it is common for chemotherapies to cause damage to peripheral 

enteric neurons, and this can contribute to disruption of vagal signalling, which in 

turn slows gastric emptying and leads to nausea and emesis (Wafai et al., 2013; 

McQuade et al., 2016). Additionally, damage to peripheral sensory neurons by 

chemotherapy can cause neuropathic pain (Park et al., 2013; Bajic et al., 2018). 

Together, interference with normal signalling of energy balance and pain caused by 

chemotherapy can lead to depression, anorexia, and cachexia (Ezeoke and Morley, 

2015; Bajic et al., 2018).  

ACS has been found to decrease the efficacy of chemotherapies, the impact of which 

is worse prognosis (Bachmann et al., 2008; Arthur et al., 2016). For example, Daly et 

al. (2018) found that reduction in muscle mass was predictive of increased risk of 

mortality. Further to this, reduction in fat and muscle mass are associated with 

increased toxicity from chemotherapies (Dewys et al., 1980; Donohoe, Ryan and 

Reynolds, 2011; Fearon, Arends and Baracos, 2013), meaning lower doses must be 

used, or that drug cannot be used at all (Donohoe, Ryan and Reynolds, 2011; Fearon, 

Arends and Baracos, 2013). There is also evidence that ACS/starvation situations 

place cancer cells into a ‘dormant’ state, in which they do not rapidly divide, thereby 

allowing them to avoid destruction and increasing chances of relapse (Prunier et al., 

2018; Garcia-Jimenez and Goding, 2019). In this way, chemotherapy treatment is a 

part of an unfortunate paradox, in which the therapy to treat the cancer causes 

cachexia, which in turn makes chemotherapy less effective. 

Prophylactic antiemetic treatments given before chemotherapies have recently 

become more effective, reducing the incidence and severity of chemotherapy-
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induced nausea and vomiting (Aapro, 2016). However, these side effects are still 

present for many drugs (Majem et al., 2022). Nausea, emesis, anorexia, and the 

accompanying weight loss have been responsible for keeping many new and 

innovative cancer therapies off the market and are a common cause for patient non-

compliance (Rapoport, 2017). In this “Catch-22” situation, patients receiving therapy 

which causes ACS show reduced response to treatment and, therefore, worsened 

prognosis (Bachmann et al., 2008; Arthur et al., 2016). Patients not receiving therapy 

may still experience ACS from the cancer itself, which will continue to delvelop due 

to lack of therapy. 

It is important to note that whilst many chemotherapies and cancer therapies do 

cause nausea, emesis, anorexia, and weight loss, this is not the case for all 

chemotherapies (Joint Formulary Committee, 2022). As mentioned earlier, though 

many inflammatory signals are increased by chemotherapies which cause nausea, 

anorexia, and cachexia, and undoubtedly have a role in signalling these effects, none 

have been found to be causative of ACS. Investigation is needed to discover whether 

certain factor(s) are changed by chemotherapies which cause ACS, but not in those 

which do not. These factors could contribute to, or cause, ACS following 

chemotherapy treatment. This is something which will be explored further in 

chapters 7 and 8. 

Recently, information regarding a cytokine which may be this signal has come to light. 

This cytokine, growth differentiation factor 15 (GDF15) is a main point of 

investigation in this thesis and will be discussed in more detail below.  

1.4 Strategies to combat anorexia cachexia syndrome 

The main challenges when treating ACS are to increase calorie intake and prevent 

loss of/maintain muscle mass. Current options to increase caloric intake are to 

encourage patients to consume a high-calorie diet and eat more of their favourite 

foods. This can be supported by treatment with appetite stimulants. Currently, 

available appetite stimulants include ghrelin-based treatments (Neary et al., 2004; 

Tazi and Errihani, 2010; Mendes et al., 2015; Duan, Gao and Zhu, 2021) or megestrol 
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acetate (megace). Cannabinoid receptor agonists are also being developed as 

appetite stimulants to treat patients with ACS (Tazi and Errihani, 2010; Ezeoke and 

Morley, 2015). 

These appetite stimulants utilise endogenous signals which act on central feeding 

circuits to increase feelings of hunger and the drive to eat. Megace is a synthetic 

progesterone analogue which is additionally used to treat certain hormone-sensitive 

cancers (Yeh and Schuster, 2006). Megace can also combat cachexia to an extent via 

action on glucocorticoid receptors. This increases weight gain (Yeh and Schuster, 

2006). However, megace-induced weight gain appears dependent on an increase in 

fat mass, without affecting lean mass. Whilst this is useful, this is not a therapy which 

is able to fully combat ACS. Appetite stimulants face further limitations when treating 

ACS as, although they can combat anorexia, cachexia cannot be fully reversed by 

increasing nutritional support (Fearon et al., 2011).  

Slightly more promising are analogues of the orexigenic hormone, ghrelin. Under 

healthy conditions, ghrelin is released in greatest quantity immediately prior to 

mealtimes. Not only does ghrelin act in the hypothalamus, DVC and on the vagus to 

stimulate hunger and promote increased energy intake (Pradhan, et al., 2013), 

ghrelin also decreases energy usage and promotes growth and expansion of energy 

stores. It does this by supressing thermogenesis (Lin et al., 2011; Pradhan, Samson 

and Sun, 2013), promoting the release of growth hormone, which has anabolic 

properties (Kojima et al., 1999; Sun et al., 2004), and promoting adipogenesis and 

lipogenesis, whilst preventing proteolysis and protecting muscle cells from apoptosis 

(Mendes et al., 2015).  

The protective and proliferative actions of ghrelin on muscle occur during sarcopenia, 

another muscle-wasting condition (Porporato et al., 2013; Wu et al., 2020), and 

therefore may also occur during cachexia. This makes the ghrelin pathway a good 

target for both anorexia and weight loss/cachexia. However, caution must be applied 

to the use of ghrelin signalling pathways if treating cancer-induced ACS as there is 

evidence that increased ghrelin signalling can cause growth and proliferation of 

tumour cells (Majchrzak et al., 2012; Lin and Hsiao, 2017). Ghrelin is also found at 
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high levels in certain metastatic tumours compared with non-metastatic tumours 

(Majchrzak et al., 2012; Lin and Hsiao, 2017). 

Treatment options which focus on combatting the cachexia component of ACS focus 

on preserving and increasing muscle mass. This can include encouraging the patient 

to participate in gentle exercise (Fearon, Arends and Baracos, 2013; Vaughan, Martin 

and Lewandowski, 2013; Crawford, 2019), treatment with non-steroidal anabolic 

hormone analogues (Coats et al., 2011; Dobs et al., 2013), and myostatin blockers 

(Busquets et al., 2012; Duan, Gao and Zhu, 2021). There is some suggestion that, 

exercise can encourage maintenance of existing muscle mass, as well as promoting 

replacement of degraded muscle, and reduction of inflammation, which can 

minimise further muscle loss (Fearon, Arends and Baracos, 2013; Hardee, Counts and 

Carson, 2019; Hendifar et al., 2019; Graham et al., 2021; Siff et al., 2021). Similarly, 

myostatin antagonists can help prevent further degradation of muscle, whilst 

androgen receptor modulators, such as enobosarm, can help to increase muscle 

mass during and after cancer therapy (Busquets et al., 2012; Dobs et al., 2013). 

Despite appetite stimulants and attempts to build muscle mass, nutrition still may 

not be accessible to patients as cancers can cause changes in taste perception, 

making foods unbearable to consume, and certain changes made by cancers (e.g. 

blockage of GIT or zinc deficiency) may physically prevent nutrient absorption 

(Ezeoke and Morley, 2015). Though there is currently not a pharmacological method 

to combat changes in taste perception, many tumours can be removed surgically or 

shrunk/destroyed using other cancer therapy methods, thus removing physical 

barriers to nutrient absorption.  

One of the most reliable methods of reversing cancer ACS available is to shrink or 

destroy the tumour (Weber, et al., 2022). Unfortunately, this can be a complex 

process, with some tumours being inoperable and many cancer therapy options 

additionally contributing to ACS, nausea, and emesis. In particular, chemotherapy, 

radiation therapy, immune therapies, and opioid painkillers are known to cause 

nausea and emesis (Joint Formulary Committee, 2022). Reasons that cancer 

therapies induce nausea and emesis include reduced liver function, causing build-up 
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of waste products in circulation, reduced gastric emptying, and release of signals 

from the gut and other visceral organs, such as serotonin and substance P (Andrews 

and Horn, 2006; Lacy, Parkman and Camilleri, 2018). These then activate central 

nausea pathways, both directly through blood-borne signals and through signalling 

via the enteric nervous system and the vagus (Lacy, Parkman and Camilleri, 2018; 

Sanger and Andrews, 2018; Zhong et al., 2021; Carson et al., 2022). Depending on 

how therapies are causing nausea and emesis, different antiemetic drugs may be 

prescribed.  

Though emesis is often accompanied by nausea, nausea and emesis work via similar, 

but separate pathways. Emetic pathways were discovered before nausea pathways, 

therefore historically, antiemetic drugs were effective against emesis, but not nausea 

(Andrews and Sanger, 2014; Sanger and Andrews, 2018). In more recent years, with 

increasing understanding of what causes nausea, more effective antiemetics have 

been developed which are better at combatting both nausea and emesis (Jones et 

al., 2011; Lacy, Parkman and Camilleri, 2018).  

It is now common for serotonin antagonists, neurokinin-1 inhibitors, antihistamines, 

and drugs which increase gastric motility to be prescribed alongside chemotherapies 

and radiotherapy which cause nausea and emesis (Joint Formulary Committee, 2016; 

Roila et al., 2016). These help to prevent activation of peripheral and central nausea 

pathways by preventing signalling from the vagus as well as direct activation of 

neurons in the dorsal vagal complex (DVC), an area key in coordinating both satiety 

and sickness signalling and will be discussed more thoroughly below. These drugs are 

effective at increasing patient quality of life and nutrient uptake, but once again, are 

not fully effective at preventing ACS. 

To understand how cancer and cancer therapies cause anorexia, cachexia, nausea, 

and emesis, it is necessary to briefly explore current understanding of appetite and 

body weight regulation. 
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1.5 Maintenance of body weight 

Maintenance of energy balance is essential to remain healthy and functional. This is 

integrally linked with body composition and the maintenance of body weight, which 

represents our stores of the macronutrients that are needed to function.  

Simply put, body weight is maintained as a balance between energy intake and 

expenditure. Energy intake occurs via feeding, and is spent in processes such as 

respiration, growth, and thermogenesis. If energy intake is greater than energy 

expenditure, then weight gain occurs, stores of glycogen and triglycerides increase, 

and growth of other tissues such as muscle is possible. The body can also compensate 

to a degree for an excess of energy intake by wasting energy through adaptive 

thermogenesis (Reddy et al., 2014; Geary, 2020). If energy intake is less than 

expenditure, weight is lost, with energy stores being broken down to increase 

availability of metabolic substrates. Changes in body weight for healthy adults is 

generally accounted for by changes in fat mass (Heymsfield et al., 2014; Geary, 2020). 

To maintain energy balance and a healthy body, the brain and endocrine systems 

interact to control the availability of nutrients. As feeding is a behaviour, energy 

intake is under the control of central signalling networks. When the body is in caloric 

deficit or energy has been replenished, signals from the GIT and peripheral energy 

stores, such as adipose tissue and muscle, travel to the brain via either the peripheral 

nervous system or the endocrine system (Pradhan, Samson and Sun, 2013). The brain 

then coordinates responses to seek food, feed, or terminate feeding, depending on 

what is appropriate. This will be discussed in more detail below. Such signals 

regarding energy status can also act directly in the periphery to coordinate responses 

such as insulin release or to glucose storage (Baldini and Phelan, 2019). For example, 

the hormone ghrelin, released from the GIT, acts centrally to increase food intake, 

but also acts directly on adipose tissue to promote lipogenesis and adipocyte growth 

(Pradhan, Samson and Sun, 2013). 

Body weight is also affected by central and peripheral signalling in times of stress and 

disease. During starvation, signals from the brain promote the breakdown of muscle 
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and fat stores to increase availability of metabolic substrates (Argilés et al., 2007; 

Fearon, Arends and Baracos, 2013; Klaus, Igual Gil and Ost, 2021). Alternatively, when 

toxins are ingested, body weight can be affected by the actions of inflammatory 

cytokines directly on muscle and fat (Braun et al., 2011; Glass and Olefsky, 2012; Liu 

et al., 2022), and by central signalling pathways which cause anorexia, changes in 

thermogenesis and signal to peripheral energy stores to further cause 

proteolysis/lipolysis (Donohoe, Ryan and Reynolds, 2011; Duan, Gao and Zhu, 2021). 

Finally, emotional stress has the ability to alter feeding habits via signalling networks, 

including the hypothalamic-pituitary-adrenal (HPA) axis and central regions such as 

the bed nucleus of the stria terminalis (BNST) and the central amygdala (CeA) 

(Maniam and Morris, 2012; Di Bonaventura et al., 2014; Sominsky and Spencer, 2014; 

Hardaway et al., 2019). Activation of the HPA axis via stress and disease can further 

affect body weight by signalling to cause the breakdown of fat and muscle stores 

(Braun et al., 2011; Peckett, Wright and Riddell, 2011). These central pathways are 

influenced by energy status, emotional status, sickness, and stress. 

1.6 Anorectic pathways 

Food intake is a key part of the maintenance of body weight. Most mammals eat in 

bouts, called meals. Under normal circumstances, meals are initiated by appetite, 

which describes the motivation to eat. Once enough is deemed to have been 

consumed, meals are terminated by satiation, a process by which the brain signals 

that enough volume and/or nutrients have been ingested. Satiety, a feeling of being 

replete, during which time there are enough nutrients to support normal functioning, 

growth and activity, then prevents further food seeking behaviour and ingestion until 

there is once again a caloric deficit (Greenway, 2015). 

Feeding is a behaviour, and as such is controlled by central signalling pathways. 

Increases and decreases in feeding can lead to changes in body weight. These 

changes generally stem from changes in quantity of glycogen on a day-to-day basis 

(Wasserman, 2009; Duan, Gao and Zhu, 2021). In addition to feeding affecting body 

weight, activation of central signalling pathways can directly affect body weight by 

encouraging anabolism or catabolism of lipids, proteins and glycogen stores (Braun 
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et al., 2011; Mullur, Liu and Brent, 2014; Saito et al., 2015). Generally, feeding and 

body weight are maintained as part of normal homeostasis, but changes can be made 

in response to sickness, stress, and reward stimuli. 

Under homeostatic control, when there is a caloric deficit, we become hungry, seek 

food, and eat. Hunger is a negative emotional state (Betley et al., 2015) and can be 

signalled by orexigenic hormones (Abizaid et al., 2006; Chen et al., 2009). Ingestion 

of food causes stretch in the GIT which is detected by mechanoreceptors. The intake 

of different nutrients is also detected in the GIT, causing the release of anorectic 

hormones (Konturek et al., 2004). These signals can be received in the brainstem, 

specifically in the dorsal vagal complex (DVC), either via the vagus nerve as part of 

the enteric nervous system, or directly in the area postrema (AP) and the nucleus of 

the solitary tract (NTS) (Konturek et al., 2004; Browning and Travagli, 2016).  

The DVC is a term used to describe three regions in the brainstem: the AP, the NTS, 

and the motor nucleus of the vagus/10th cranial nerve (DMX) collectively. The AP is 

known as the chemoreceptive trigger zone in humans and has a major function in 

signalling emesis (Borison, 1974; MacDougall and Sharma, 2023). The structure is 

common to many species, including mice and rats (non-emetic species), and shrews, 

monkeys, and humans (emetic species). The AP is located next to the 4th ventricle 

(4V) and is a circumventricular area in the brain. This means that it is not protected 

by the BBB. This exposure allows neurons in the AP direct contact with factors 

circulating in the bloodstream. These signals include hormones, nutrients, and toxins. 

Whilst most renowned for signalling nausea and emesis, the AP also has a pivotal role 

in processing satiety cues (Grill and Hayes, 2012; Lutz, 2016).  

The NTS is a much larger area than the AP, with the rostral and caudal regions 

performing different functions. The more rostral portions of the NTS mediate 

gustatory signalling, gastric motility, blood pressure and circulation around the 

gastrointestinal tract (GIT), and have a role in respiratory signalling (Browning and 

Travagli, 2016). The more caudal portion, like the AP, is involved in both nausea and 

satiety signalling (Browning and Travagli, 2016). In combination these areas affect 

nutrient uptake, firstly by influencing motivation to eat, then by controlling the rate 
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at which food travels through the GIT and the circulation of blood to transport the 

resulting substrates. 

There are many separate populations of neurons in the AP and NTS which are 

responsible for the different functions which these areas perform. These neurons can 

be defined by their content of neuropeptides and neurotransmitters, their location 

within the DVC, and their projections to other parts of the brain. The different 

populations of neurons also respond to different stimuli. For example, some neurons 

are more responsive to toxic signals and others to nutritive cues (Heeley and Blouet, 

2016; Roman, Derkach and Palmiter, 2016; Roman, Sloat and Palmiter, 2017; 

D’Agostino et al., 2018).  

There are some neurons in the DVC which respond preferentially to different 

elements of food, e.g. different chain lengths of lipid, different amino acids, or sugars 

(D’Agostino et al., 2016; Heeley and Blouet, 2016). Even within populations of these 

neurons, it is possible to find different subsets which signal via different efferent 

pathways. For example, there is a population of neurons in the AP/NTS which contain 

the neurotransmitter cholecystokinin (CCK). Activation of these neurons causes a 

reduction in food intake (D’Agostino et al., 2016). This is achieved by separate 

subsets of CCK neurons signalling to the hypothalamus, inducing anorexia, or to the 

PBN and CeA, a pathway involved in negative feelings of nausea and malaise (Roman 

et al., 2017). 

Typically, homeostatic control of food intake is described as a function of the 

hypothalamus. In this model, neurons containing agouti-related peptide (AgRP), 

neuropeptide Y (NPY) and GABA signal hunger and drive food seeking and ingestion, 

whilst inhibiting neighbouring anorectic neurons which contain pro-

opiomelanocortin (POMC) (Cone et al., 2001). AgRP/NPY neuronal activity is inhibited 

by circulating factors and hormones released in response to feeding. This then allows 

for activation of POMC neurons which signal anorexia and in turn inhibit AgRP/NPY 

neurons (Waterson and Horvath, 2015). These neurons are undoubtedly essential to 

feeding behaviour, as ablation of the ARC during adulthood leads to starvation and 

death in mice (Gropp et al., 2005; Luquet et al., 2005). However, feeding is essential 
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to continuing life, and therefore there is a lot of redundancy in networks controlling 

this behaviour. The role of the DVC in control of food intake in health and disease is 

now becoming more prominent in discussions around feeding. It is clear that the DVC 

has roles not just in ‘general housekeeping’ following feeding to coordinate efficient 

nutrient absorption, but also in signalling emotional responses and aversion or 

reward following feeding (Yagi et al., 2013; Zhong et al., 2021). This will ensure the 

right food substances are being sought. 

For both input areas, neurons integrate feeding/hunger cues by projecting to other 

areas including the parabrachial nucleus (PBN) and hypothalamic nuclei, which then 

form networks by signalling to other regions such as the CeA or the BNST (Garfield et 

al., 2015; Waterson and Horvath, 2015). In concert, these signalling networks 

coordinate the cessation of food seeking and consumption when energy balance has 

been restored, and project back down via the DVC to affect gastric motility, hormone 

release, and alterations in blood pressure necessary to utilise nutrients which have 

been consumed (Browning and Travagli, 2016). 

On the other hand, feeding can be curtailed by negative stimuli which cause nausea, 

emesis, pain, or aversion. These stimuli seem to cause anorexia and weight loss using 

similar brain regions and signalling networks as those which cause satiety and 

satiation. The key difference is often the populations of neurons in those areas which 

are activated. A good example of this is the lateral PBN (lPBN), which is known to 

coordinate both satiating and aversive signals to terminate feeding, by integrating 

signals coming from the DVC and PVH and signalling to other regions such as the PVH, 

amygdala, or NTS (Alhadeff et al., 2015; Garfield et al., 2015; Campos et al., 2016). 

Calcitonin gene related peptide (CGRP) neurons in the lPBN form a part of an aversive 

anorectic pathway. Satiating signals received in the lPBN are received by neurons 

separate from the neurons which contain CGRP (Garfield et al., 2015). Similarly, 

whereas satiating signals are received in the DVC by neurons such as those expressing 

prolactin-releasing peptide (PrRP) (Lawrence, Ellacott and Luckman, 2002), it is 

common for sickness signals to activate neurons containing signalling peptides such 

as preproglucagon (PPG), serotonin, dopamine, and glutamate in the DVC (Roman, 
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Derkach and Palmiter, 2016; Alhadeff et al., 2017; Leon et al., 2021; Zhong et al., 

2021). 

In addition to preventing food intake, emesis can contribute to anorexia during 

sickness and disease. Emesis, though often accompanied by nausea, is in fact a 

distinct process (Singh and Kuo, 2016). Emesis can be brought about in a number of 

ways, one of which is a response to toxins, such as ingested pathogens or drug 

therapies which damage the luminal cells in the GIT (Zhong et al., 2021). In this case, 

it can be the vago-vagal reflex which causes emesis (Lacy, Parkman and Camilleri, 

2018). Normally the vago-vagal reflex is activated by mechanical stretch in the GIT 

caused by the ingestion of food (Travagli and Anselmi, 2016). Signalling by sensory 

vagal afferents to the DVC and back via vagal motor efferents causes tonic inhibition 

of the muscles surrounding the stomach, allowing it to stretch and accommodate 

food (Travagli and Anselmi, 2016; Powley, 2021). In the presence of toxins and 

inflammatory cytokines, this reflex arc is interrupted, removing the tonic inhibition 

of muscles in the stomach wall and causing sudden contraction of the stomach, 

forcing the contents upward into the oesophagus for removal (Lacy, Parkman and 

Camilleri, 2018). Alternatively, toxins/inflammatory signals can act directly on the AP 

to activate both vagal efferents, and/or higher brain regions to cause emesis 

(Andrews and Horn, 2006; Browning and Travagli, 2016). 

Alternatively, emesis can be linked to nausea. Nausea is caused by activation of 

neurons in the DVC, for example those containing cholecystokinin (CCK) or serotonin 

(Billig, Yates and Rinaman, 2001; Andrews and Horn, 2006; Ezeoke and Morley, 2015; 

Rapoport, 2017), which then signal to the PBN and CeA in a highly aversive pathway 

(Alhadeff et al., 2015; Roman, Sloat and Palmiter, 2017; Palmiter, 2018) which, 

further to terminating food intake, causes learned aversion (Zhong et al., 2021). In 

turn, the DVC may cause a decrease of gastric motility (Browning and Travagli, 2016), 

which further increases feelings of nausea, which may eventually lead to an emetic 

response processed with the involvement of higher brain regions (Zhong et al., 2021). 

In all cases, afferent signalling causing emesis is integrated in the DVC and travels to 

the GIT via vagal efferents (Zhong et al., 2021).  
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Central pathways which cause anorexia can further be involved in causing weight loss 

and changes in body composition during disease. For example, in addition to causing 

anorexia, the activation of certain hypothalamic neurons can increase thermogenesis 

and cause the catabolism of peripheral energy stores (Arruda et al., 2010; Dodd et 

al., 2014; Siff et al., 2021) and can signal the breakdown of glycogen in visceral 

organs, muscle, and fat (Duan et al., 2021). This can be in response to direct action 

of inflammatory signals in the hypothalamus, or as a result of signalling from areas 

like the DVC (Grill and Hayes, 2012; Siff et al., 2021). 

It is apparent that the DVC is an important integratory area, receiving both humoral 

and neuronal inputs to affect feeding behaviour and body composition. A major goal 

of this thesis is to explore the ways in which GDF15/GFRAL signalling causes anorexia 

and weight loss. GFRAL neurons, discussed in more detail below, are located in the 

DVC, and may use some of the above signalling pathways to cause anorexia and 

weight loss during cancer and chemotherapy.  

1.7 GDF15 

Growth differentiation factor 15 (GDF15) is a cytokine and a member of the TGFβ 

family. It was first described in the 1990s by the Breit group in Australia (Fairlie et al., 

1999) under the name of macrophage inhibitory cytokine 1 (MIC-1) and the Unsicker 

group in Germany (Strelau et al., 2000) under the name of GDF15.  

Under normal physiological circumstances in humans, GDF15 circulates at a low level 

of between 200-2150 pg/ml (Brown et al., 2002; Tsai et al., 2015; Welsh et al., 2022). 

This figure increases with aging and pregnancy (Fujita et al., 2016; Welsh et al., 2022). 

This mostly originates from the liver, but can also be found at low levels in the heart, 

lungs, kidneys, testes, adipocytes, and epithelial cells (Fairlie et al., 1999). GDF15 is 

often described as a pleiotropic hormone, due to its many roles in neural 

development, skin maintenance, influencing body composition, and disease 

development (Strelau et al., 2000; Wang, Baek and Eling, 2013; Yang et al., 2017; Tran 

et al., 2018; Luan et al., 2019). 
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GDF15 release is increased from cells which have been damaged or stressed, for 

example by radiation (Sándor et al., 2015), hypoxia (Albertoni et al., 2002; Hinoi et 

al., 2012), mitochondrial stress (Kang et al., 2021), amino acid deficiency/starvation 

(Patel et al., 2019). These circumstances can come about during disease states such 

as rheumatoid arthritis (Brown et al., 2007), obesity (Tsai et al., 2015), congestive 

heart failure (Xu et al., 2006; Kempf et al., 2007; Wollert, Kempf and Wallentin, 2017), 

chronic kidney disease (Nair et al., 2017), and cancer (Welsh et al., 2003; Tsai et al., 

2018). During disease, the circulating concentration of GDF15 can increase by 10-100 

times normal levels (Tsai et al., 2012). In many cases, the circulating levels of GDF15 

correlate with patient outcome, and so GDF15 is now beginning to be used as a 

prognostic biomarker for several diseases including cancer (Adela and Banerjee, 

2015; Fujita et al., 2016; Lerner, Gyuris, et al., 2016; Wollert, Kempf and Wallentin, 

2017; Cao et al., 2021). Interestingly, drug therapies can also cause an increase in 

GDF15 (Altena et al., 2015; Hsu et al., 2017; Coll et al., 2019).  

The only non-pathophysiological situations when GDF15 is secreted in large amount 

is during pregnancy, when it is released by the placenta (Hromas et al., 1997), and 

heavy exercise (Laurens et al., 2020). The functional role of GDF15 during pregnancy 

at this time is unknown, though excessive secretion correlates with the presentation 

of morning sickness and hyperemesis gravidarum (Petry et al., 2018; Fejzo et al., 

2019).  

There is strong evidence that both cancer and cancer therapy can cause increases in 

GDF15. During cancer, GDF15 can be produced and released from the tumour and 

the tumour microenvironment (Bauskin et al., 2005; Huh et al., 2010; Bruzzese et al., 

2014). It is also possible that GDF15 is released from other affected tissues e.g., 

adipose and muscle, or tissues particularly affected by chemotherapy treatment. In 

fact, since the initiation of this research, evidence has emerged that Gdf15 is 

increased in the liver during treatment with the chemotherapy, cisplatin (Patel et al., 

2019). Cancer therapies, by their nature, also cause cell damage and therefore the 

release of inflammatory signals (Elsea, Kneiss and Wood, 2015; Wong et al., 2018; 

Loman et al., 2019; Grant et al., 2021). Several chemotherapy drugs, including 
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cisplatin and camptothecin have now been proven to cause increases in circulating 

GDF15 (Hsu et al., 2017; Breen et al., 2020; Worth et al., 2020; Lu et al., 2022). 

Though GDF15 is present and increased during different disease states, it is not 

generally clear what role it plays during disease. In several cases, increased GDF15 

can be a positive or a negative prognostic marker (Unsicker et al., 2013, Emmerson, 

2018). The best example of this is during cancer. 

There have been many studies investigating the roles of GDF15 during cancer, but 

despite this, the actions of GDF15 during cancer are varied and sometimes opposing. 

In some cases, increased GDF15 can increase survival (Husaini et al., 2015; Ratnam 

et al., 2017; Lu et al., 2018) and sensitise cancer cells to non-steroidal anti-

inflammatory drugs (Baek et al., 2000; Martinez et al., 2006; Lincová et al., 2009). 

However, GDF15 can also increase metastasis and invasion (Senapati et al., 2010; 

Griner, et al., 2013; Aw Yong et al., 2014; Siddiqui et al., 2022), increase neo-

angiogenesis (Huh et al., 2010; Song, et al., 2012), and protect slower dividing cancer 

cells from chemotherapy drugs, promoting cancer relapse (Prunier et al., 2018; Bellio 

et al., 2022), with increased levels being associated with morbidity and mortality 

(Lerner et al., 2015). Like other TGFβs, which can inhibit or stimulate the proliferation 

of cells (Prunier et al., 2018), GDF15 increase has been linked to both inhibitory and 

proliferative effects on the growth of tumours (Emmerson et al., 2018). The role that 

GDF15 plays in the growth and progression of tumours seems to depend on the type 

and stage of cancer, with positive effects being seen in less severe cancers.  

Not in contention is the fact that increased GDF15 causes anorexia and weight loss. 

When GDF15 is increased in rodents, monkeys, or humans, whether by injection 

(Emmerson et al., 2017; Hsu et al., 2017; Yang et al., 2017; Mullican et al., 2017), 

genetic over expression (Macia et al., 2012), or tumour expression (Johnen et al., 

2007; Chrysovergis et al., 2014), food intake is decreased and consequently body 

weight is reduced.  

A proportion of weight loss in response to GDF15 is due to reduced food intake 

(Johnen et al., 2007; Emmerson et al., 2017; Hsu et al., 2017; Yang et al., 2017; 

Mullican et al., 2017; Xiong et al., 2017; Luan et al., 2019; Cimino et al., 2021) as pair-
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fed obese mice treated with GDF15 or vehicle lose comparable amounts of weight 

(Tsai et al., 2016; Yang et al., 2017; Mullican et al., 2017). In mice which are not obese, 

GDF15 can impact body weight and composition by decreasing the rate of gastric 

emptying, (Xiong et al., 2017), increasing lipolysis in white adipose tissue (Chung et 

al., 2017; Laurens et al., 2020; Suriben et al., 2020), and causing the browning of 

white adipose, a key function in thermogenesis  (Tsai et al., 2018; Ost et al., 2020), 

and reducing muscle mass (Johnen et al., 2007; Breen et al., 2020; Suriben et al., 

2020). 

Though GDF15 causes decreases in brown adipose mass (Ost et al., 2020; Suriben et 

al., 2020), evidence that GDF15 alters energy expenditure is conflicting. Whilst some 

groups see an increase in energy expenditure/increased metabolic rate (Johnen et 

al., 2007; Tsai et al., 2013; Chrysovergis et al., 2014; Lerner, Tao, et al., 2016; Yang et 

al., 2017; Tsai et al., 2018; Tran et al., 2018), others see no change (Macia et al., 

2012). Results seem to be dependent on whether the animal being treated with 

GDF15 is obese or not (Yang et al., 2017; Tsai et al., 2018). GDF15 may affect energy 

balance by increasing anxiety behaviours and altering locomotor activity (Low et al., 

2017). 

Weight loss with GDF15 is accompanied by increased insulin sensitivity and improved 

glucose profile in diet induced obese mice (Yang et al., 2017; Mullican et al., 2017; 

Xiong et al., 2017; Tran et al., 2018). This may be due to effects of GDF15 on organs, 

such as the liver and pancreas, or is more likely explained by the loss of fat mass in 

obese rodents. As GDF15 release is not affected by time of day or mealtimes (Tsai et 

al., 2015; Patel et al., 2019), it is unlikely to be involved in the physiological control 

of energy balance on a day-to-day basis. However, GDF15 knock-out (KO) mice 

become obese to a greater extent than wild-type (WT) littermates (Mullican et al., 

2017), so GDF15 may act as a last line defence against obesity. 

GDF15 also has less beneficial effects on control of energy balance. There is now 

evidence, from work in this thesis and by other groups, that GDF15 is aversive and 

causes anorexia by triggering nausea and emesis, and visceral malaise in rodents and 

lesser primates (Borner, Shaulson, et al., 2020; Borner, Wald, et al., 2020; Worth et 
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al., 2020; Sabatini et al., 2021). This is supported by several human studies which find 

that severity of morning sickness and hyperemesis gravidarum are linked to levels of 

GDF15 during pregnancy (Fejzo et al., 2018, 2019; Petry et al., 2018), and the finding 

that GDF15 causes activation of aversive anorectic central signalling pathways (Hsu 

et al., 2017; Worth et al., 2020). Anorexia caused by this aversion and nausea leads 

not just to weight loss, but in mice with spontaneous or implanted tumours, 

excessive GDF15 can also lead to cachexia (Tsai et al., 2012; Lerner et al., 2016; Jones 

et al., 2018; Suriben et al., 2020; Albuquerque et al., 2022). This may hold true for 

human patients as well as rodent models, as higher levels of GDF15 in cancer patients 

correlates with cachexia (Lerner et al., 2015; Jones et al., 2018; Ahmed et al., 2021). 

As GDF15 is increased by cancer and cancer therapy, and causes anorexia, weight 

loss, and cachexia in animal models, the GDF15 signalling pathway may be a good 

target to combat cancer and chemotherapy-induced ACS. To successfully manipulate 

GDF15 signalling, we must find out more about it. 

1.8 GFRAL 

Though GDF15 was discovered in 1999, it was more than 15 years before its cognate 

receptor was discovered. Johnen et al. (2007) initially proposed that hypothalamic 

TGFβ II receptors may play a role in signalling GDF15-induced anorexia and weight 

loss. However, it has since been shown that GDF15 does not act directly on these 

receptors. In 2017, four groups from different pharmaceutical companies published 

simultaneously in Nature and Nature Medicine, data showing that GDNF alpha-like 

receptor (GFRAL) is the cognate receptor for GDF15 (Emmerson et al., 2017; Hsu et 

al., 2017; Yang et al., 2017; Mullican et al., 2017).  

GFRAL is a tyrosine kinase receptor and is a divergent member of the GDNF family of 

receptors. When activated, GFRAL dimerises with co-receptor RET and forms a 

receptor complex (Yang et al., 2017; Mullican et al., 2017). RET is necessary for GFRAL 

to function (Yang et al., 2017; Mullican et al., 2017). The four original papers each 

showed that GDF15 acts exclusively on the GFRAL receptor, and that GFRAL is 

likewise only activated by GDF15 (Emmerson et al., 2017; Hsu et al., 2017; Yang et 



Chapter 1: Introduction 

48 
 

al., 2017; Mullican et al., 2017). Although Xiong et al. (2017) found that an adapted, 

long-lasting form of GDF15 bound in the colon of healthy mice, these four groups 

each showed that GFRAL receptors are expressed exclusively in the brainstem. 

Despite its location in the brainstem, GFRAL neuronal activation is not reliant on vagal 

input (Borner et al., 2017). 

Since the discovery of GFRAL, there has been a great deal of interest in utilising the 

GDF15/GFRAL signalling network for therapeutic purposes, either to treat obesity 

and metabolic disease, or to combat anorexia and weight loss during disease. Several 

groups have now produced and successfully used antibodies against GDF15 or GFRAL 

to combat anorexia and weight loss during disease and therapy in murine models, 

including cancer (Joshi et al., 2011; Wang et al., 2014; Breen et al., 2020; Ding et al., 

2020; Suriben et al., 2020; Cimino et al., 2021) and metformin therapy (Coll et al., 

2019). 

To use the GDF15/GFRAL signalling system appropriately and effectively to combat 

cancer- and chemotherapy-induced anorexia and weight loss, more knowledge is 

required about GFRAL, its signalling network, and how GDF15/GFRAL signalling 

causes anorexia, weight loss, and cachexia. Thus far, only a small amount of research 

has been conducted to identify GFRAL neurons and their signalling pathways. 

In 2017, Yang et al. showed that some GFRAL neurons express the catecholamine 

synthetic enzyme, tyrosine hydroxylase (TH), which was later confirmed by the 

Luckman group (Worth et al., 2020), data for which is presented in chapter 4. GFRAL 

neurons have also been found to express the glucagon-like peptide 1 receptor (GLP-

1R) (Frikke-Schmidt et al., 2019) and neuropeptide FF (NPFF) (Zhang et al., 2022). A 

population of THDVC neurons have a known role in control of energy balance as a part 

of a satiety signalling pathway (Dodd et al., 2014). GFRAL neurons may therefore 

utilise satiety pathways to cause anorexia. NPFFDVC neurons seem to have a role in 

signalling glucose homeostasis, and may therefore be involved in the GDF15/GFRAL 

effect on glucose control (Zhang et al., 2022). 

In mice, GLP-1 is used centrally as a neuropeptide to signal anorexia via both 

reward/satiety pathways (Holt et al., 2019; Brierley et al., 2021) and aversive 
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pathways (Williams et al., 2018; Holt et al., 2019). Whilst GFRAL neurons activation 

is aversive (Borner, Shaulson, et al., 2020; Borner, Wald, et al., 2020; Worth et al., 

2020; Sabatini et al., 2021), and there is precedent for aversive anorectic signalling 

to be a composite of aversive and rewarding signals (Roman, et al., 2017), the 

anorectic actions of GLP-1 on GLP-1R neurons appears to be distinct from the actions 

of GDF15 on GFRAL neurons (Frikke-Schmidt et al., 2019).  

As fewer than half of GFRAL neurons express TH, and the actions of GDF15 are 

separate from GLP-1, there is still work needed to elucidate the identity of GFRALDVC 

neurons and find out which transmitters or peptides they might be using to induce 

anorexia and weight loss in response to activation by GDF15. 

Likewise, only a little is known about the GFRAL signalling network outside of the 

DVC. Hsu et al. (2017) showed that GDF15 activates GFRALDVC neurons, neurons 

expressing CGRP in the PBN, and neurons in the CeA. Though they did not investigate 

the connections between these areas, GFRAL neurons could be utilising this aversive 

anorectic pathway as described by Carter et al. (2014), Cai et al. (2014), and Alhadeff 

et al. (2015).   

The limited expression of GFRAL, its fidelity to GDF15, the anorectic/weight loss 

properties of GDF15/GFRAL signalling, and the increases of GDF15 in diseases 

including cancer and chemotherapy make the GDF15/GFRAL signalling system an 

interesting target to explore for treatment of cancer and chemotherapy ACS. 

Different central regions and pathways contribute to anorexia and weight loss in 

different ways. Finding out which pathways GFRAL neurons use to signal will aid the 

understanding of how GFRAL neuron signalling causes anorexia, weight loss, and 

cachexia. This may then provide options in the future to target specific parts of the 

signalling pathway to reduce anorexia, weight loss, and nausea/emesis during 

disease, without impacting on any beneficial effects GFRAL signalling may be having 

on tumour growth or survival. Therefore, GFRAL signalling networks will be explored 

in this thesis, as well as the viability of targeting this system to combat cancer and 

chemotherapy induced ACS.  
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1.9 Aims 

The aims of my PhD relate to the six experimental chapters of my thesis, each of 

which will contain specific objectives (see Chapters 3-8). Thus, the aims of this thesis 

are as follows: 

1. To understand the mechanism by which GDF15 interacts with the brain to 

reduce food intake (Chapter 3) 

2. To describe the phenotype and function of GFRAL-expressing neurons 

(Chapter 4) 

3. To discover central signalling pathways utilised by GFRAL neurons (Chapter 5) 

4. To define GDF15 secretion in mouse models of cancer (Chapter 6) 

5. To survey cancer treatments which cause the secretion of GDF15 (Chapter 7) 

6. To prevent GFRAL signalling during chemotherapy (Chapter 8) 
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2 Methods 

2.1 Reagents and antibodies 

2.1.1 General 

PB 0.1M phosphate buffer was produced by dissolving 6.24 g/l 

NaH2PO4.2H2O (Sigma Aldrich, UK) and 28.48 g/l 

Na2HPO4.2H2O (Sigma Aldrich, UK) in distilled water. 

PBT 0.2% Triton X-100 (Sigma Aldrich, UK) in 0.1M PB. 

PBS Phosphate buffered saline (PBS) was made using PBS tablets 

(Sigma), according to the manufacturer’s instructions. 

2.1.2 Drugs and viruses 

GDF15 Lyophilised recombinant human GDF15 (R&D Systems, 

Abingdon, UK. Cat#. 9279-GD-050) dissolved in 100 μl of 15 

mM HCl. GDF15 solution was neutralised by adding 80 μl 7.5 

mM NaOH. GDF15 was then diluted to the correct 

concentration using sterile saline. GDF15 was injected at 4 

nmol/kg, in a volume of 4 ml/kg, subcutaneously unless 

stated otherwise. 

Devazepide Powdered devazepide (Tocris, Abingdon, UK) was 

reconstituted in pure DMSO, then diluted to a working 

concentration of 1 mg/4 ml in 40% DMSO using saline. 

Devazepide was administered IP at 1 mg/kg in a volume of 4 

ml/kg. Control animals for the devazepide study were treated 

IP with 4 ml/kg saline containing 40% DMSO. 
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GFRAL mAb GFRAL monoclonal antibody (Emmerson et al., 2017) was 

reconstituted at 2.28 mg/ml in sterile PBS and was injected at 

10 mg/kg intraperitoneally. 

Fluorogold Hydroxystilbamidine. 4% in sterile water (Invitrogen, Paisley, 

UK. H22845) 

CNO Clozapine-N-oxide (CNO) was reconstituted in sterile saline 

and injected IP at a volume of 4 ml/kg to give a dose of 

3 mg/kg. 

2.1.3 Genotyping 

Lysis buffer 25 mM NaOH (Sigma Aldrich, UK) and 0.2 mM EDTA (Sigma 

Aldrich, UK) in DNAse/RNAse-free water (Life technologies 

Ltd, Paisley, UK) 

Neutralising buffer 40 mM Tris HCl (Sigma Aldrich, UK) dissolved in 

DNAse/RNAse-free water 

TAE 40mM Tris HCl (Sigma Aldrich, UK), 20mM acetic acid (Sigma 

Aldrich, UK) and 1mM EDTA (Sigma Aldrich, UK) in distilled 

water. 

2.1.4 Histology 

Heparinised saline 20 kU/l heparin (Sigma Aldrich, UK). 0.9% NaCl (w/v) in 

distilled water. 

30% sucrose 

solution 

Sucrose (Sigma Aldrich, UK) dissolved in 0.1M PB. 

Cryoprotectant 30% each of ethylene glycol and glycerol in 0.05M PB. 
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Table 1. Antibodies for immunohistochemistry 

Primary antibodies Concentration Company Catalogue # 

Rabbit anti-cFos 

polyclonal 
1:1000 Abcam ab190289 

Rabbit anti-cFos 

polyclonal 
1:1000 Santa Cruz SC52 

Goat anti-DsRed 

polyconal 
1:500 Santa Cruz 33353 

Mouse anti-PKCδ 

monoclonal 
1:500 BD Biosciences 610398 

Chicken anti-GFP 

polyclonal 
1:2000 Abcam ab13970 

Sheep anti-GFRAL 

polyclonal 
1:200 

ThermoFisher 

Scientific 
PA5-47769 

Rabbit anti-TH 

polyclonal 
1:2000 Abcam ab112 

Sheep anti-TH 

polyclonal 
1:1000 Millipore ab1542 

Secondary 

antibodies 
Concentration Company Catalogue # 

Donkey anti-

rabbitbiotin 
1:500 

Jackson Immuno 

Research (JIR) 
711-065-152 

Donkey anti-

mouseAlexa 594 
1:1000 JIR 715-585-150 

Donkey anti-

goatAlexa 594 
1:1000 JIR 705-585-147 

Donkey 

anti-SheepAlexa 594 
1:1000 Molecular Probes A11016 

Donkey anti-

chickenAlexa 488 
1:1000 JIR 703-545-155 

Donkey anti-

sheepAlexa 350 
1:1000 Molecular Probes A21097 

Streptavadin594 1:1000 JIR 016-580-084 

Streptavadin488 1:1000 JIR 016-540-084 
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2.2 Animals 

In vivo experiments described in this thesis were carried out at one of three locations: 

the University of Manchester (Manchester, UK), Alderley Park (Macclesfield, UK), and 

Eli Lily (Indianapolis, IN, USA). All experiments were carried out under the relevant 

ethical guidelines as laid out at each institution. UK experiments were carried out in 

accordance with Home Office regulations. 

Non-transgenic “wild type” C57Bl/6 mice were obtained from Envigo (Huntingdon, 

UK) or Charles River (Manston, UK). All transgenic animals were bred in house on a 

C57Bl/6 background, with the exception of Scl26a-Cre mice, which were on a mixed 

C57BL/6;FVB/N;129S6 background. 

Mice were kept on a 12 hr light/12 hr dark cycle (lights on 07:00-19:00 BST) in rooms 

maintained at a temperature of 21oC ±2 and 40-60% humidity. Unless stated 

otherwise, mice were housed in groups of no more than 6 per cage, with ad libitum 

access to standard mouse chow (Special Diet Services, UK, or Envigo, UK) and water. 

Mice were not changed between diets whilst on study. In cases where mice were 

single housed for the purpose of a study, they were allowed a minimum of 1 week to 

acclimatise to new housing before any experimentation was carried out. 

All mice were acclimatised to handling for at least 1 week prior to study. During this 

time, baseline food intake and body weight measurements were taken daily. All IP 

and SC injections were administered using 29G insulin syringes, which had the 

smallest possible gauge needle, to minimise pain from injection.  
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Table 2. Transgenic strains of mouse 

Strain Origin 

Calca-Cre 

Kindly gifted by Prof. Richard Palmiter 

(Carter et al., 2013) PMID:24121436 

Cck-Cre Jackson Laboratories, stock#: 012706 

Crh-Cre Jackson Laboratories, stock#: 012704 

Gcg-Cre (Parker et al., 2012) PMID:22638549 

Gfral-Cre Luckman group (unpublished) 

Pdyn-Cre Jackson Laboratories, stock#: 027958 

Penk-Cre Jackson Laboratories, stock#: 025112 

Prlh-Cre (Dodd et al., 2014) PMID:25176149 

Slc17a6-Cre Jackson Laboratories, stock#: 016963 

1TB-hM3DqmCherry D’Agostino group (unpublished) 

Ai32 (ChR2-eYFP) Jackson Laboratories, stock#: 012569 

Rosa26-loxSTOPlox-eYFP Jackson Laboratories, stock#: 006148 

GFRAL KO Taconic, stock#: TF3754 

 

2.2.1 Fluorescent reporter strains 

Fluorescent reporter strains were generated by crossing ‘Cre’ lines with either a 

Rosa26-loxSTOPlox-eYFP mouse, which caused the expression of a yellow fluorescent 

marker in cell bodies, or an Ai32 mouse, which induced the expression of ChR2-eYFP 

on the membranes of neuronal cell bodies and their processes. 
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2.2.2 Genotyping 

All heterozygous transgenic animals were genotyped to ensure expression of the 

correct genes. Ai32 (ChR2-eYFP), Calca-Cre, Slc17a6-Cre, and Rosa26-loxSTOPlox-

eYFP animals were maintained as homozygous colonies. All homozygous breeders 

were checked for the correct genotype before being crossed. After this, any F1 

offspring resulting from homozygous crosses were not genotyped for these traits. 

To genotype heterozygous transgenic animals, ear punches were collected into 

Eppendorf tubes. 75 µl alkaline lysis buffer was added to each tube and samples were 

heated at 95 OC on a Grant QBD4 heating plate (Grant Instruments, Cambridge, UK) 

for 45 min. Samples were then removed from the heating plate, placed on ice, and 

an equal volume of acidic neutralising buffer was added. Samples were briefly 

vortexed to ensure tissue lysis and thorough mixing. 2.5 µl of each DNA sample was 

used per PCR reaction. 

Genotyping PCR primers were obtained from Sigma (UK). PCR reactions were made 

using GoTaq Hot Start Polymerase Kit (Promega, Southampton, UK), according to the 

manufacturer’s instructions and run on a PCR thermocycler. Specific primer 

sequences and thermal cycling protocols are stated below, in Table 3. All ‘Cre’ lines 

were genotyped using a generic ‘Cre’ protocol, except Gcg-Cre mice, which used an 

‘iCre’ protocol. 

Gel electrophoresis was used to separate DNA fragments in the PCR product. PCR 

product was run on a gel comprising of 1.5% agarose (Bioline, London, UK) and 

0.005% SafeStain (Invitrogen, UK) in TAE solution. Gels were visualised on an Alpha 

Innotech Corporation open-source UV transilluminatior and imaged using a digital 

camera. 
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Table 3. Primer sequences used for genotyping of transgenic strains 

PCR PCR cycling protocol Primer sequences 

General 

‘Cre’ 

95 °C for 2 min, (95 °C for 30 s, 62 

°C for 1 min,  72 °C for 1 min) x32 

cycles, then 72 °C for 5 min, and 

hold at 4 oC indefinitely. 

Cre target (F):  

GCC CTG GAA GGG ATT TTT GAA GCA 

Cre target (R):  

ATG GCT AAT CGC CAT CTT CCA GCA 

Cre control (F):  

GGT CAG CCT AAT TAG CTC TGT 

Cre control (R):  

GAT CTC CAG CTC CTC CTC TGT C 

‘1TB-

hM3Dq’ 

94 °C for 30 s, (94 °C for 30 s, 56 °C 

for 30 s,  68 °C for 30 s) x35 cycles, 

then 68 °C for 5 min, and hold at 4 

oC indefinitely. 

1TB-lox-F2: 

CATCAAGCTGATCCGGAACCC 

1TB-FRT-R1: 

GGGTACATCACGTGCTAGCTTT 

‘iCre’ 

95 oC for 2 min, (95 oC for 1 min, 

57 oC for 1min, 72 oC for 1 min) x 

35 cycles, then 72 oC  for 5 min, 

and 4 oC indefinitely. 

PPG Cre 002:  

GAC AGG CAG GCC TTC TCT GAA 

PPG Cre 003:  

CTT CTC CAC ACC AGC TGT GGA 

β catenin (Control F):  

AAG GTA GAG TGA TGA AAG TTG TT 

β catenin (Control R):  

CAC CAT GTC CTC TGT CTA TTC 

‘GFRAL KO’ 

95 °C for 15 min, (94 °C for 45 s, 60 

°C for 1 min,  72 °C for 1 min) x35 

cycles, then 72 °C for 5 min, and 

hold at 4 oC indefinitely. 

GFRAL-15 (F): 

CAACAAATGAACACATATTGATTGAGTA

GG 

GFRAL-16 (R):  

GTATGGATGACCTCCACTGTACAG 

NEO3B (Control R): 

GTGTGGCGGACCGCTATCAGGAC 
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2.3 Surgery 

2.3.1 Preparation and recovery 

Mice were anaesthetised by one of two methods. For all surgeries, barring those 

targeting the DVC, anaesthesia was induced using 3% isoflurane in oxygen. Once mice 

were anaesthetised, the fur was shaved, and skin swabbed with iodine at the incision 

site. The mouse was placed in a stereotaxic frame (Kopf Instruments, Tujunga, CA, 

USA). For surgeries using isoflurane, anaesthetic was decreased to 2-2.5% isoflurane 

in oxygen for maintenance during surgery. 

All animals were administered a SC injection of 1 ml of sterile saline and a SC injection 

of analgesic at the start of surgery. Analgesia consisted of 0.1 mg/kg buprenorphine. 

At the end of surgery, mice were placed in a warm cabinet maintained at 37 oC and 

returned to normal housing once they were fully mobile. All animals were allowed a 

minimum of 2 weeks recovery before participating in further studies. This also 

allowed time for expression of viral products. 

2.3.2 Intracranial injections 

Intracranial injections were targeted at specific brain regions, co-ordinates for which 

were estimated using a mouse stereotaxic brain atlas (Paxinos and Franklin, 2001). 

Co-ordinates can be found in Table 4, below. A small incision was made in the skin 

and small hole(s) were drilled above the area(s) of interest as estimated by distance 

from lambda using a Vernier scale. Viruses or tracers were injected into the brain 

using a glass pipette attached to a Drummond nanoinjector (Drummond Scientific 

Company, Broomall, PA, USA). An average of three injections were made at each 

injection site, 2 min apart, and moving dorsally by 0.1 mm between each injection. 

This was to reduce the chance of damaging brain tissue which can be caused by 

injecting higher volumes. This also reduced the amount the injected substance 

spread.  

An additional modified surgical method was used to deliver viruses to the DVC 

(D’Agostino et al., 2016, 2018). This is described in detail in chapter 4.  
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Table 4. Target regions for stereotaxic surgery 

Region Schematic Co-ordinates 

DVC (AP/NTS) 

 
From Obex 

A/P: -0.2 mm  

M/L: 0 and ±0.2 mm  

D/V: -0.2 mm  

lPBN 

 From Bregma 

A/P: -4.9 mm 

M/L: -1.4 mm 

D/V: -3.8 mm 

CeA 

 From Bregma 

A/P: -1.4mm  

M/L: -2.7mm  

D/V: -5.1mm  

ovBNST 

 
From Bregma 

A/P: +0.3 mm  

M/L: -1.0 mm 

D/V: -4.5  

PVH 

 From Bregma 

A/P: - 0.7 mm 

M/L: -0.3 mm  

D/V: -5.5 mm  
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2.4 Assignment of animals to studies 

For all studies, animals were randomly assigned to groups using the Microsoft Excel 

(RAND) function. For studies investigating body weight and food intake, animals were 

pseudo-randomised to ensure similar average body weights and ratio of male:female 

within groups. This involved an initial sort of animals into groups using the (RAND) 

function, followed by manual adjustments. 

Where possible, blinding was further ensured during analysis by not labelling each 

animal with group until it was necessary (for example during cell counts, see section 

2.9.5). 

2.5 Feeding experiments 

Unless stated otherwise, mice were singly housed to permit measurement of 

individual food intake. If chow had been removed before the study, it was returned 

immediately after injection(s) were administered. Chow was weighed in the hopper, 

on digital scales (OHaus, Nänikon, Switzerland) accurate to 10 mg. 

2.5.1 Night-time feeding 

Mice were deprived of food for 2-3 hr before lights out. Experimental substances 

were administered within one hour before lights out. Food was weighed in the 

hopper before injection (0 hr), and then at 1 hr, 2 hr, 4 hr, and 24hr after injection(s). 

2.5.2 Fasted re-feeding 

Mice were deprived of food at lights out on the day before the study. The next 

morning (approx. 16 hr later), test substances were administered, and chow was 

immediately returned in a pre-weighed food hopper. The food hopper was weighed 

as described above at 1 hr, 2 hr, 4 hr, and 24 hr after experimental treatment.  

2.5.3 Repeated dose of chemotherapy food intake measurements 

These experiments were run over the space of a week for some chemotherapy 

treatments. On the morning of day 0, the first dose of chemotherapy drug was 
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administered IP. Food weight and body weight were measured at this time and then 

at the same time daily for the remainder of the study. Further doses of chemotherapy 

were administered at the time of food and body weight measures on days 3 and 5. 

Mice were anaesthetised and culled via cardiac puncture on day 6, 24 hr after the 

final dose of chemotherapy. Food and body weight were measured immediately 

before cull. 

2.6 Measuring body weight and composition 

Mice were weighed using digital scales (OHaus), accurate to 10 mg. Body composition 

was measured by quantitative magnetic resonance using an EchoMRI-900 scanner 

(EchoMRI LLC, Houston, USA). The scanner was first calibrated using canola oil. Mice 

were then scanned with a gain of 3 and no water setting. Fat mass and lean mass 

were recorded in grams. 

2.7 Blood collection and preservation of tissues 

2.7.1 Blood sampling and plasma preparation 

Heparinised tubes were prepared by coating clean Eppendorf tubes with pipetting 

200KU/l heparin (Sigma Aldrich, cat. H5515), reconstituted in distilled water. Coated 

tubes were kept at 4oC until use. 

Non-terminal bleeds were performed via tail tip puncture. Mice were placed in a hot 

box at 37oC for 5 min before blood samples were collected. Mice were then placed 

in a restraint tube and a sterile needle was used to puncture the tail tip. Gentle 

pressure was applied to the tail and blood was collected using a heparinised pipette 

tip to quickly transfer into a heparinised tube.  

Terminal bleeds were performed under heavy isoflurane anaesthesia. Mice were 

anaesthetised with 3-4% isoflurane in oxygen at a rate of 1 l/s. Mice were either 

decapitated and trunk blood was collected, or cardiac puncture was performed.  

All blood was collected into heparinised tubes, gently inverted several times to 

ensure thorough mixing of blood with heparin and placed on ice for a maximum of 2 
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hr. Blood was then centrifuged at 1000 XG for 20 min at 4oC and resulting plasma was 

stored at -80oC.  

2.7.2 Preservation of tissue 

Brains and lungs were dissected and post-fixed for 24 hr in 10% formalin (Merck, UK) 

at 4 oC. At this point, tissue was transferred into a 30% sucrose solution, and kept at 

4 oC until equilibrated. Preserved tissue was rapidly frozen on dry ice and stored at -

80 oC. 

2.8 GDF15 ELISA 

Initially, GDF15 in plasma was detected using a pre-assembled mouse/rat-specific 

GDF15 Quantikine enzyme-linked immunosorbent assay (ELISA) kit (R&D Systems, 

UK. Cat. MGD150) following manufacturer’s instructions. GDF15 standards, samples 

or control samples were plated in duplicate and diluted 1:20 with assay diluent in 

each well. The plate was incubated at room temperature for 2 hr on an orbital plate 

shaker set at approximately 80 rpm, then thoroughly aspirated. Plates were washed 

four times with the wash buffer provided. Plates were aspirated and dried between 

each wash. Mouse/rat GDF15 conjugate was added to each well and the plate 

incubated for a further 2 hr at room temperature on the plate shaker. The plate was 

then washed four times with wash buffer as before, then incubated in substrate 

solution for 30 min at room temperature in the dark. Acidic stop solution was quickly 

added and the optical density of each well measured within 30 min of the addition 

of stop solution. Plates were read using a BioTek Synergy HT plate reader and BioTek 

Gen5 microplate reader and imager software at 450 nm with a correction at 630 nm.  

To coat plates in house, later studies used an R&D Systems mouse/rat GDF15 DuoSet 

ELISA kit (cat. DY6385). GDF15 capture antibody was reconstituted at 800 ng/ml in 

PBS. Clean 96-well plates, provided in the relevant ancillary kit (R&D Systems, UK. 

Cat. DY008) were coated by adding 100 μl GDF15 capture antibody to each well and 

incubating overnight at room temperature. The GDF15 ELISA was then performed as 

described above. 
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The eight-point standard curve was established by reducing the data with a four-

parameter logistic (4-PL) curve-fit using GraphPad Prism 8 software (GraphPad Prism, 

California, USA). This then allowed duplicate readings to be interpolated in the same 

programme. Averages of duplicate readings were used for statistical analysis. 

2.9 Histology 

2.9.1 Transcardial perfusion 

Mice were heavily anaesthetised with 5% isoflurane in oxygen, until the pedal pinch 

withdrawal reflex was lost, and then transcardially perfused with heparinised saline 

then 10% formalin (Merck, London, UK) via a 23G needle clamped into the apex of 

the left ventricle of the heart. Following decapitation, the brain was removed and 

post-fixed overnight in 10 % formalin at 4 oC. Brains were then dehydrated in 30 % 

sucrose solution at 4 oC. Brains were rapidly frozen on dry ice and stored at -80 oC. 

2.9.2 Sectioning tissue 

Before sectioning, brains were blocked by making a coronal cut rostral to the 

cerebellum. Frozen, blocked, brains were fixed to the stage of a freezing sledge 

microtome (Bright 8000, Bright Instruments, Luton, UK) using distilled water. 30 µm 

sections were cut and placed in PB. For longer term storage, brains were transferred 

into cryoprotectant and stored at -20 oC. For caudal blocks, containing the DVC and 

PBN, sections were cut into 3 sets. For rostral blocks, containing PVH, CeA, and 

ovBNST, sections were cut into 4 sets. 

2.9.3 Fluorescence immunohistochemistry 

Sections were washed three times for 5 min in PBT, followed by blocking solution (5% 

normal donkey (NDS) serum in PBT) for 1 hr at room temperature, then incubated 

overnight with antibodies in 1% NDS in PB. 

Sections were then washed three times for 5 min in PBT, then 2 hours with secondary 

antibodies diluted in 5% NDS in PBT. For experiments using biotinylated secondary 

antibodies, sections were washed three times in PB for 5 min then incubated for an 

hour in streptavidin conjugated to a fluorescent Alexafluor (see Table 1). Then, for all 
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protocols, sections were washed twice for 5 min in PB, three times for 5 min in 

distilled water, and mounted on non-adhesion slides in distilled water.  

Slides were air-dried overnight and Prolong Gold anti-fade mountant (ThermoFisher, 

cat. P36930) was used to attach coverslips. 

2.9.3.1 Validation of GFRAL primary antibody 

As the GFRAL primary antibody (Thermofisher Scientific, cat. PA5-47769) was new to 

the group at the beginning of this project, validation was required. Initial experiments 

were performed with brain sections containing DVC which were exposed to only the 

primary GFRAL antibody, and sections without the DVC stained with both primary 

and secondary antibodies (data not shown). These experiments showed no 

fluorescence. Furthermore, sections of brain tissue containing DVC from Gfral-/- mice 

was stained using the GFRAL antibody. In this tissue, there was also no evident 

fluorescent signal. An example of this tissue can be seen in section 8.4.1.2, Figure 8.2. 

2.9.4 Microscopy 

Fluorescently stained brain sections were visualised using a Zeiss snapshot 

Axiomanager.D2 upright microscope (Zeiss, Oberkochen, Germany) and images were 

captured using a Coolsnap HQ1 camera (Photometics, AZ) and Micromanager 

software v1.4.23 (https://imagej.net/Micro-Manager). A Texas Red Fs45 filter set 

was used to capture red Alexafluor594 staining, a FITC Fs38 filter set was used to 

capture green Alexafluor488 staining, and blue staining (fluorogold and Alexafluor395) 

was captured using a DAPI Fs49 filter set. Images were captured using a 5x or 10x 

objective lens. 

2.9.5 Cell counts 

Cell counts were performed using Fiji software (Schindelin et al., 2012). DVC images 

were stitched together using the ‘pairwise stitching’ macro and a ‘linear blending’ 

method before cell counts were performed. Counts were performed using the ‘cell 

https://imagej.net/Micro-Manager
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counter’ macro. For counts on images which contained more than one colour 

channel, each channel was counted separately. For quantification of co-localisation 

of two or more channels, colour images were overlaid, and all markers were 

displayed to ensure fair counting.  

Other brain areas (PBN, CeA, ovBNST, PVH), which were encompassed in a single 

image, were not stitched, but were processed and counted in the same way. 

To ensure blinding of the user during cell counts, animals only labelled with their 

treatment groups during the in vivo portion of the study, and then again after cell 

counts had been completed. 

2.10 Statistics 

All raw data was entered manually into Microsoft Excel software. Basic calculations 

were performed in Excel (e.g., calculation of food intake, % body weight change, and 

average cell count/section). For all experiments, outliers were manually identified in 

Excel as < µ - 2 standard deviations (SD) or > µ + 2SD and were excluded from the 

data set. Once data had been processed, it was analysed using GraphPad Prism 

software. Data was checked for normal distribution using a Shapiro-Wilk test and 

subsequent analyses were performed as described below:  

For experiments which compared saline/vehicle vs. a single treatment group at a 

single time point (e.g., cell counts and certain ELISAs), data was analysed using an 

unpaired Student’s t test or Mann-Whitney U test, as appropriate. For experiments 

which compared saline/vehicle vs. multiple treatment groups at a single time point 

(e.g., food intake over 24 hr following chemotherapy treatment in different 

genotypes of mice), data were analysed using a one-way ANOVA or non-parametric 

equivalent. This was then followed by a post hoc Sidak’s multiple comparisons test. 

Two-way ANOVA or non-parametric Kruskal-Wallis tests were performed to compare 

data collected across multiple time points, e.g. cumulative food intake and body 

weight change over the space of a week. This was followed by a post hoc Dunnett’s 

or Sidak’s multiple comparisons test. 
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Correlation analysis was performed to assess the connection between GDF15 

concentration and food intake or body weight measurements. This was carried out 

using Pearson correlation analysis.  

All data is plotted as mean, with error bars representing standard error of the mean 

(SEM). Significance is denoted on graphs as * p <0.05, ** p <0.01, *** p <0.001. 
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3 The effects of exogenous GDF15 

3.1 Introduction 

GDF15 administration decreases food intake, causes weight loss, and improves 

insulin and glucose tolerance (Suriben et al., 2020; Macia et al., 2012; Emmerson et 

al., 2017; Hsu et al., 2017; Yang et al., 2017; Mullican et al., 2017; Tsai et al., 2018; 

Day et al., 2019; Worth et al., 2020). Therefore, there is interest in GDF15 as a 

potential therapeutic target for obesity. However, GDF15 secretion is caused by cell 

stress and damage (Park et al., 2012; Altena et al., 2015; Patel et al., 2019; Townsend 

et al., 2021), which is present in such disease states as kidney disease, heart failure, 

arthritis and cancer (Bauskin et al., 2010; Ho et al., 2013; Unsicker et al., 2013; Lerner 

et al., 2015; Nair et al., 2017; Johann et al., 2021; Wang et al., 2022), and not by meal 

times (Tsai et al., 2015). This could indicate that GDF15 is not a regulator of normal 

energy balance.  

In addition to weight loss and decreased food intake, GDF15 has been linked to 

nausea and emesis. This includes morning sickness, and its more severe form, 

hyperemesis gravidarum (Fejzo et al., 2018; Petry et al., 2018; Borner, Shaulson, et 

al., 2020; Borner, Wald, et al., 2020; Fejzo et al., 2022). Increased GDF15 has also 

been linked to cachexia, a form of weight loss which can occur independently of food 

intake (Chrysovergis et al., 2014; Suriben et al., 2020) and encompasses loss of both 

fat and lean mass, in addition to inflammation (Fearon et al., 2011). Understanding 

how GDF15 causes anorexia and weight loss is essential when deciding how and 

when to manipulate its actions in a therapeutic context. Thus far, there has been a 

lack of evidence of how GDF15 causes anorexia and weight loss. 

Animals can decrease or stop feeding due to many reasons, including feeling 

full/satiated, pain, fear, nausea, or sickness (Aviello et al., 2021; Cifuentes and 

Acosta, 2022). Valence is a term used in the field of psychology to describe the feeling 

a stimulus causes. Valence is positive if a feeling is good or pleasurable, such as 

satiety, or negative if the feeling is bad or unpleasant, for example, pain, sickness, or 
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nausea (Russell, 2003). Establishing the valency induced by GDF15 will be important 

if considering it as a therapeutic target. An early indicator that GDF15 might have 

negative valence came from Low et al. (2017), wherein GDF15 knock-out mice 

showed reduced anxiety behaviours compared with wild-type littermates (Low et al., 

2017). Following this study, further evidence, including work in this chapter, emerged 

that GDF15 signalling has a negative valence (Borner, Shaulson, et al., 2020; Borner, 

Wald, et al., 2020; Worth et al., 2020). Though a signalling system may have negative 

valence, it is possible that it utilises additional pathways with varying effects (Roman 

et al., 2017). It is, therefore, necessary to investigate the valence of GDF15 as well as 

its overall effects which may utilise different signalling pathways. 

Feeding and feeding-related behaviours are controlled by a number of known central 

signalling pathways. Some of these are activated during the normal, physiological 

regulation of energy balance, some are specific to sickness and disease, and others 

may be activated by either. GDF15 may utilise one or several of these pathways to 

cause anorexia and weight loss.  

Classically, the DVC and the hypothalamus, in particular the ARC and the PVH, have 

received the most attention when investigating the central control of feeding 

behaviour. These areas are not only involved in the maintenance of normal energy 

balance but are also involved in regulating feeding behaviour during sickness and 

disease (Cone et al., 2001; Cimino et al., 2021; Cifuentes and Acosta, 2022).  

The DVC is comprised of three regions: the AP, NTS, and DMX. These areas respond 

locally to affect feeding behaviour and nutrient uptake as a part of circuits affecting 

gastric motility, emesis, gustation, and control of blood flow around the GIT 

(Browning and Travagli, 2016). The DVC also sends signals to, and receives 

descending signals from, higher cortical areas co-ordinating feelings of nausea, and 

satiety (Browning and Travagli, 2016). Therefore, this region is heavily involved in the 

control of food intake by co-ordinating both satiety and sickness.  

Input to the DVC comes from the vagus relaying signals from the GIT, direct exposure 

of neurons to circulating factors via the AP, which is a circumventricular organ, and 

from other regions in the brain (Grill and Hayes, 2013; Sanger and Andrews, 2018). 
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In combination these areas affect nutrient uptake, firstly by influencing motivation 

to eat, then by controlling the rate at which food travels through the GIT and the 

circulation of blood around the GIT to transport the resulting substrates. In 2017, 

four groups published the finding that GDF15 acts exclusively on GFRAL receptors 

(Emmerson et al., 2017; Hsu et al., 2017; Yang et al., 2017; Mullican et al., 2017). 

These same groups found that GFRAL receptors are expressed exclusively in the DVC. 

This region is therefore the starting point in this chapter for investigations into how 

GDF15 causes anorexia and weight loss. 

In the process of my investigations, in addition to the DVC and hypothalamus, other 

parts of the brain were found to be engaged by GDF15 signalling. These included the 

PBN, CeA, and ovBNST. The PBN and CeA are both known to play a critical roles in 

signalling pathways which affect satiety and sickness and therefore affect food intake 

(Carter et al., 2013; Cai et al., 2014; Alhadeff et al., 2015; Zséli et al., 2016; Chen et 

al., 2018; Palmiter, 2018; Hardaway et al., 2019). Though there has been less 

intensive investigation, the ovBNST has also been implicated in the control of feeding 

behaviour (Maracle et al., 2019; Wang et al., 2019).  

Within these areas of the brain, specific populations of neurons are involved in the 

different aspects of feeding and energy balance. The DVC contains a highly 

heterogeneous population of neurons, many of which affect food intake via circuits 

which result in positive or negative valence (Browning and Travagli, 2016). Much is 

already known about neuronal types in the DVC which contribute to anorexia and 

weight loss. For example, a population of neurons in the NTS express prolactin-

releasing peptide (PrRP). These neurons are activated by satiety-inducing signals such 

as feeding, ingestion of lipids, and systemic satiety hormones such as CCK (Dodd et 

al., 2014). PrRP neurons in the DVC are a subpopulation of neurons which express TH 

(Dodd et al., 2014), the rate limiting enzyme in the production of catecholamines. TH 

neurons are a part of several pathways affecting food intake and energy balance 

(Dodd et al., 2014). On the other hand, another population of neurons in the caudal 

NTS express preproglucagon (PPG). These neurons are sensitive to stimuli which 

cause sickness and pain, such as LiCl and gastric stretch (Brierley et al., 2021; Leon et 

al., 2021).  
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A third population of neurons in the NTS and AP contain the neuropeptide, CCK. In 

addition to being a gut derived satiety hormone, CCK is produced and released by 

neurons in the DVC  to decrease feeding via two separate pathways; one which 

aversion/negative valence (D’Agostino et al., 2016; Roman et al., 2017). Further 

examples of anorectic neuronal populations in the DVC are those containing pro-

opiomelanocortin (POMC) (Fortin et al., 2020), and those containing the vesicular 

glutamate transporter, VGLUT (Wu, Clark and Palmiter, 2012).  

With the exception of the GFRALDVC population (Yang et al., 2017; Frikke-Schmidt et 

al., 2019; Zhang et al., 2021), little is known about the phenotype of neurons in the 

DVC which are activated by GDF15. It may be the case that GDF15 causes the 

activation of other, known, anorectic signalling networks. If this is the case, 

exploration of this knowledge could be informative of how GDF15 signalling 

influences feeding behaviour and may provide targets via which GDF15 signalling can 

be manipulated.  
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3.2 Aims and objectives 

Hypothesis: GDF15 interacts with the brain, via known anorectic regions and cell 

populations, to induce anorexia and weight loss. 

Aim: To understand the mechanism by which GDF15 interacts with the brain to 

reduce food intake. 

1) What happens when circulating GDF15 is increased? 

- Establish a dose of GDF15 which causes anorexia in mice. 

- Discover the valency of exogenous GDF15 treatment by behavioural 

testing. 

2) What central signalling pathways does exogenous GDF15 affect to cause 

anorexia? 

- Investigate whether GDF15 treatment activates neuronal types in the 

DVC which are known to affect food intake. 

- Explore which other areas of the brain are activated by an anorectic 

dose of GDF15.  
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3.3 Methods 

3.3.1 Animals 

Adult male C57BL6/J mice (Envigo, Hillcrest, UK) between the ages of 10 and 20 

weeks were used for feeding studies and behavioural valence studies. 

Male Sprague-Dawley rats (Envigo, Indianapolis, USA) at approximately 270 g at the 

start of the study were used in pica testing. 

PomceGFP mice were bred and housed by Dr Garron Dodd at the University 

Melbourne, Victoria, Australia.  Cck-Cre, Gcg-Cre (Parker et al., 2012), Prlh-Cre, or 

Slc17a6-Cre mouse lines were crossed with a Rosa26eYFP fluorescent reporter strain 

as described in 2.2.1 to generate fluorescent reporter lines. These animals were used 

in neuronal activation immunohistochemistry studies.  

All animals were kept under standard conditions as described in General Methods 

2.2 unless otherwise stated. 

3.3.2 GDF15 treatment 

GDF15 was administered SC to mice at 0 nmol/kg, 2nmol/kg, 4 nmol/kg, or 8 nmol/kg 

at a volume of 4 ml/kg. 0 mg/kg (VEH) groups were administered 4 ml/kg saline SC. 

A night-time feeding study (2.4.1) and a fasted re-feeding study (2.4.2) were 

performed with these doses of GDF15 as described in General Methods. 

3.3.3 Behavioural valence studies 

3.3.3.1 Conditioned taste aversion 

Male C57Bl6/J mice were given one week to acclimatise to single housing with two 

bottles containing water. 

To condition mice, water was removed from cages overnight for 16 hr before SC 

injection VEH or 4 nmol/kg GDF15. Two bottles containing 30% sucrose in sterile 

water were returned to mice for 30 min immediately after injection. Bottles 

containing sucrose were weighed before and after the 30 min period. When bottles 
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containing sucrose solution were removed, mice were returned two bottles of water 

and allowed to recover for 24 hr. 

After 24 hr, water was again removed overnight for 16 hr. On the next day, all mice 

were returned one bottle containing water and one containing 30% sucrose solution 

for 30 min. The side of the cage which the sucrose was placed was alternated within 

the group in order to avoid any placement bias. Sucrose and water bottles were 

weighed before and after the 30 min. % intake was measured for water and sucrose 

as the % of total weight of fluid consumed during the 30 min test period. 

3.3.3.2 Conditioned place avoidance 

To measure conditioned place avoidance, a two-chamber apparatus was used, in 

which a darker chamber, with rough black floor and black spotted walls, was 

connected to a lighter chamber, with smooth grey floor and grey striped walls, by a 

brightly lit corridor (Harvard Biosciences/Bio-chrom Ltd., Cambridge, UK). A digital 

camera was set above with a view of the whole apparatus and SMART software 

(Smart v3.0, Panlab, Harvard Biosciences/Biochrom Ltd.) was used to detect the mice 

and record time spent in each location. 

A pre-test score was determined on day 1 by allowing mice free movement through 

both chambers and corridor for 30 min. Time spent in each area was recorded and 

the chamber in which mice spent most time was determined the preferred side. This 

was the darker side for all mice. On days 2 and 3, mice underwent training sessions 

in which they were injected SC with saline or 4 nmol/kg GDF15 in a volume of 4 ml/kg. 

Mice were given 10 min in their home cages after injection, before being placed for 

30 min in the ‘preferred’ chamber, with the corridor removed.  Day 4 was the test 

day. This followed the same protocol as day 1, the pre-test day, and mice were 

recorded for 30 min with freedom to move between both chambers but were not 

treated with any drugs. 

A conditioned place avoidance (CPA) score was calculated for the pre-test and test 

days by subtracting the amount of time spent in the non-preferred side from the time 

spent in the preferred side during the 30 min of recordings. 
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Conditioned place avoidance testing was carried out by Dr Christopher Cook and Ms 

Katie Tye from the Luckman group at the University of Manchester. 

3.3.3.3 Pica behaviour 

Pica, the eating of non-nutritive substances, was measured in male Sprague-Dawley 

rats by collaborators at Eli Lily (Indianapolis, USA). In this study, rats were 

acclimatised to the presence of kaolin clay in their cages for 1 week prior to the study. 

Rats were then injected with vehicle (acetate buffer, pH 5.5, 1 ml/kg) SC, 0.2 mg/kg 

GDF15, reconstituted in acetate buffer, SC, 128 mg/kg LiCl, reconstituted at 0.3M in 

water, IP, daily for 3 days. Kaolin intake was measured daily during this time. 

This pica behaviour study was carried out by Jesline Alexander-Chacko and colleagues 

at Lilly Research Laboratories, Eli Lilly & Company, Indianapolis, United States. 

3.3.4 Neuronal activation  

In all studies examining neurons activated by GDF15, mice were kept in their home 

room and cages. If they were moved to another room, they were placed there at 

least 3 hr before the start of the study and the room was kept quiet for the duration 

of the time that the mice were there. This allowed the mice to acclimatise to the new 

environment and gave time for any cFos generated by the stress of moving to subside 

before the start of the experiment. 

Mice were injected SC with VEH or 4 nmol/kg GDF15 in a volume of 4 ml/kg and food 

was removed from mice at the time of injection to avoid the expression of cFos due 

to the consumption of food. For group-housed mice, food was removed at the time 

the first mouse in the cage was injected. 2 hr after injection, mice were transcardially 

perfused and brains dissected, fixed, and processed as described in General Methods 

2.6.2 and 2.8. 

3.3.5 Immunohistochemistry 

A standard protocol, as described in General Methods (2.8.3) was used throughout 

this chapter. 
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3.3.6 Statistics and analysis 

All raw data was entered into Microsoft Excel, where outliers, determined as being 

±2 standard deviations from the mean, were removed. Data was then analysed using 

GraphPad Prism 7 or 8 software (GraphPad Software, San Diego, California, USA). All 

data were assessed for normal distribution using a Shapiro-Wilk test. 

Food intake studies were analysed using a two-way ANOVA, followed by a post hoc 

Dunnett’s multiple comparisons test. % fluid intake for conditioned taste avoidance 

test was analysed using a two-way ANOVA followed by post hoc Sidak’s multiple 

comparisons test. Conditioned place avoidance was analysed using a paired t test and 

kaolin intake (pica behaviour) was compared using a mixed-effects two-way ANOVA 

analysis followed by post hoc Tukey’s multiple comparisons test.  

All data are presented as mean, with error bars representing SEM. 
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3.4 Results 

3.4.1 Effect of exogenous GDF15 on food intake 

To establish an anorectic dose of GDF15, the normal physiological drive for mice to 

eat was challenged by treating WT mice with 0 nmol/kg (vehicle), 2nmol/kg, 

4nmol/kg, or 8nmol/kg GDF15 shortly before lights out. At 2 hr post-treatment, all 

doses of GDF15 caused anorexia in comparison with the 0 nmol/kg GDF15-treated 

group (Fig. 3.1A). The cumulative effect persisted for at least 24 hr after injection, 

with the greatest decrease being shown by the mice treated with the highest dose of 

8 nmol/kg GDF15 (p <0.0001 at 24 hr). The potency of the anorectic effect of GDF15 

was tested with the stronger feeding stimulus of fast-refeeding. When mice were 

fasted for 16 hr overnight, the lowest dose of 2 nmol/kg GDF15 was no longer able 

to overcome the drive to feed by the morning (Fig. 3.1B). However, both higher doses 

of 4 nmol/kg and 8 nmol/kg were still able to overcome this stronger feeding stimulus 

and reduce food intake. As seen in the night-time feeding study, the anorectic effect 

of GDF15 lasted at least 24 hr. As 4 nmol/kg was the lowest dose consistently able to 

cause anorexia, this was the dose used moving forward. 

  

Figure 3.1. Effect of GDF15 treatment on food intake. Cumulative food intake of 
wild-type male mice treated with GDF15 A) just before lights out and B) during 
refeeding following a 16 hr fast. n=6/group. Data were analysed using two-way 
ANOVA with post hoc Dunnett’s multiple comparisons test. Error bars represent 
SEM.* p <0.05, ** p <0.01, *** p <0.001. 
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3.4.2 Valency of GDF15 

To begin investigating how GDF15 causes anorexia, conditioned taste aversion (CTA) 

and conditioned place avoidance (CPA) tests were performed. GDF15 induced 

aversion in both CTA (Fig. 3.2A) and CPA (Fig. 3.2C) tests.  

In the CTA, mice were trained to associate a novel taste (sucrose) with an SC injection 

of saline vehicle (VEH) or GDF15. Mice treated with VEH showed a clear preference 

for sucrose after training, with 82 ±9% of their total fluid intake being sucrose during 

the test session. On the other hand, mice which associated sucrose with GDF15 

strongly avoided it, with an average of 8% ±6 of their total fluid intake being sucrose.  

In the CPA, mice were placed into a two-chamber apparatus, one side of which was 

‘light’ and the other ‘dark’ (Fig. 3.2B). The preferred side was calculated as the 

chamber in which mice spent most time during the pre-test session. This was the 

‘dark’ chamber for all mice. Association of the preferred chamber with GDF15 

decreased the amount of time spent in the preferred chamber from an average of 

534 s to 254 s (Fig. 3.2C). 

Finally, GDF15 induced pica behaviour in rats (Fig. 3.2D). Pica, which was measured 

here by intake of kaolin clay, was greater in rats treated with GDF15 than those 

treated with LiCl by day 2 (2.98 g ±2.18 vs. 1.61 g ±2.29, respectively). This is an 

interesting result as LiCl is known to cause severe nausea and malaise in rodents 

(Andrews and Horn, 2006). 
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Figure 3.2. Valence of GDF15. Conditioned taste aversion was measured as A) % fluid 
intake of water or sucrose in wild-type mice, trained to associate sucrose solution 
with saline or 4 nmol/kg GDF15 administration. n = 6/group. Conditioned place 
aversion (CPA) was measured by placing wild-type male mice into a B) two-chamber 
apparatus which comprised of a dark, rough-floored chamber connected to a light, 
smooth-floored chamber by a brightly lit corridor. C) CPA score was compared before 
conditioning mice to associate the preferred chamber with saline (VEH) or 4 nmol/kg 
GDF15 treatment and after. n=6/group. % Fluid intake was analysed using a two-way 
ANOVA followed by post hoc Sidak’s multiple comparisons test. CPA score was 
compared using a paired t test. D) Pica behaviour was measured in rats by measuring 
kaolin clay intake following daily injections of vehicle, 0.2 mg/kg GDF15 or 128 mg/kg 
LiCl. n = 9-10/group. Analysed using mixed-effects analysis followed by post hoc 
Tukey’s multiple comparisons test. All error bars represent SEM. * p <0.05, 
** p <0.01, *** p <0.001 compared with VEH or pre-test scores. Contributions: B/C) 
CPA was performed by Dr Christopher Cook and Ms Katie Tye. D) Rat pica behaviour 
study was performed by Jesline Alexander-Chacko and colleagues at Eli Lilly, 
Indianapolis.  
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3.4.3 Activation of GFRALDVC neurons by GDF15 

Fluorescence immunohistochemistry showed that within the DVC, GFRAL-

immunoreactive neurons were found specifically in the AP and the dorsal region of 

the NTS at the level of the AP (Fig. 3.3A). The bulk of GFRAL neurons were found 

between Bregma −7.32 mm and −7.76 mm, with occasional GFRAL neurons seen 

slightly more rostrally or caudally in the NTS. On these occasions, there were 

between 1-3 GFRAL neurons present in the section. As these neurons were not 

consistently seen in these more rostral and caudal parts of the NTS, all cell counts 

involving GFRAL in the DVC were restricted to sections between Bregma −7.32 mm 

and −7.76 mm. 

Whilst no GFRAL neurons in the DVC of mice treated with saline contained cFos, the 

lowest anorectic dose of 4 nmol/kg GDF15 caused activation of an average of 71% of 

GFRAL neurons the AP (p <0.0001) and 19% of GFRAL neurons in the NTS (p = 0.0012. 

Fig. 3.3B). In terms of numbers of cells, this represented an average of 15 out of 22 

GFRAL+ve neurons in the AP and 4 out of 18 GFRAL+ve neurons in the NTS. There was 

another population of neurons in the medial NTS (mNTS) which were 

immunoreactive to cFos following GDF15 treatment which did not contain GFRAL. 
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Figure 3.3. Location of GFRAL immunoreactive neurons in the dorsal vagal complex. 
A) Fluorescence staining of native GFRAL receptor protein alongside a schematic of 
corresponding sections showing the location and density of expression GFRAL-
immunoreactive neurons within the dorsal vagal complex (DVC). cFos, the 
transcription factor, was used as a proxy of neuronal activation. B) Dual fluorescence 
staining of GFRAL (magenta) with cFos (green) in the DVC of mice treated with vehicle 
(VEH) or GDF15 between Bregma −7.32 mm and −7.76 mm and quantification of the 
% of cFos+ve GFRAL neurons in the DVC. Triangular pointers indicate GFRAL neurons 
expressing cFos following an exogenous dose of GDF15. Arrow indicates a population 
of neurons which do not express GFRAL which express cFos following an exogenous 
dose of GDF15 in the medial region of the nucleus of the solitary tract (NTS). AP = 
area postrema, cc = central canal, DMX = 10th cranial nerve/dorsal motor neuron of 
the vagus. % of cFos+ve neurons was analysed using a Mann-Whitney U test. 
** p < 0.01. 
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3.4.4 GDF15 activates anorectic neuronal populations in the DVC 

To assess whether GDF15 utilises other known pathways to induce anorexia, other 

anorectic neuronal populations in the DVC were investigated using dual 

immunofluorescence. Slc17a6 is the gene encoding the vesicular glutamate 

transporter, VGLUT2, Prlh is the gene encoding PrRP, and Gcg is the gene encoding 

PPG. 

In addition to activating GFRAL-expressing neurons in the DVC, GDF15 treatment led 

to expression of cFos in 10% of approximately 170 neurons/section which expressed 

the neurotransmitter, CCK (Fig. 3.4A), 10% of approximately 90 neurons/section 

which expressed the catecholamine producing enzyme, TH (Fig. 3.4B), and 10% of 

approximately 330 neurons/section which expressed VGLUT2 (Fig. 3.4C). These 

neuronal types were activated in the AP and in the NTS. In all cases, a larger 

percentage of the neurons investigated were activated in the AP than in the NTS.  

By contrast, GDF15 activated only one or two neurons containing PrRP per animal 

(Fig. 3.4D). This was not a significant increase from the number of neurons activated 

in saline-treated animals (p = 0.0631). GDF15 did not activate any neurons containing 

PPG (Fig. 3.4E), or POMC (Fig. 3.4F). 

In the DVC, there were two distinct groups of neurons activated: one in the AP and 

dorsal NTS, and another in the medial NTS. In the AP, approximately 58% of neurons 

contained CCK, 24% contained TH, and 54% contained VGLUT. In terms of the number 

of cells, this represented approximately 10 ±2 neurons/section expressing CCK-

Cre::eYFP, 4 ±1 neurons/section containing TH, and 10 ±1 neurons/section expressing 

VGLUT2-Cre::eYFP. No GFRALAP neurons contained POMC and there were no PrRP or 

PPG neurons in the AP.  In the NTS there was an average of approximately 80 neurons 

immunoreactive to cFos. Of these, approximately 11% per section contained CCK, 6%  

per section contained TH, and 26% per section contained VGLUT. No neurons 

activated in the mNTS contained PPG or POMC. 
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Figure 3.4. GDF15 activates neurons in the DVC. Different neuronal populations in 
the dorsal vagal complex (DVC) containing A) cholecystokinin (Cck)-Cre::eYFP, B) 
tyrosine hydroxylase (TH), C) vesicular glutamate transporter 2 (VGLUT2. Slc17a6)-
Cre::eYFP, D) preproglucagon (PPG. Gcg)-Cre::eYFP, E) prolactin-releasing peptide 
(PrRP. Prlh)-Cre::eYFP, or F) pro-opiomelanocortin (Pomc)eGFP were stained using 
fluorescence immunohistochemistry (green) in mice which had been treated with 
saline or GDF15. The number of DVC neurons activated in the dorsal vagal complex 
by GDF15 was determined by presence of cFos (magenta) in those neurons. Co-
localisation with cFos was quantified and analysed using an unpaired t-test or Mann-
Whitney U-test as appropriate. Error bars represent SEM. n= 2-7/group. ** p <0.01, 
*** p <0.001. AP = area postrema, cc= central canal, DMX = 10th cranial nerve/dorsal 
motor neuron of the vagus, NTS = nucleus of the solitary tract. Contributions: F) 
experiment performed by Dr Garron Dodd, who kindly provided the images. 
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3.4.5 Activation of other brain regions by GDF15 

Activation of other brain regions associated with regulating food intake was 

investigated following GDF15 treatment. In the PBN, exogenous GDF15 

administration cause the expression of cFos specifically in a small, distinct population 

in the external lateral region (elPBN. Fig. 3.5A).  GDF15 treatment also led to cFos 

expression in neurons in the CeA (Fig. 3.5B), the ovBNST (Fig. 3.5C), and the PVH (Fig. 

3.5D). The identity of the neurons activated in these areas will be explored in 

Chapter 5.  
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Figure 3.5. Brain regions activated by exogenous GDF15. cFos expression in neurons 
in A) the external lateral parabrachial nucleus (elPBN) between Bregma -5.02mm and  
−5.20 mm, B) the central amygdala (CeA) between Bregma −0.82mm and −0.94 mm, 
C) the oval nucleus of the bed nucleus of the stria terminalis (ovBNST) between 
Bregma +0.14 mm and +0.38 mm, and D) the paraventricular nucleus of the 
hypothalamus (PVH) between Bregma −0.70 mm and −1.06 mm in mice treated 
subcutaneously with saline vehicle or 4 nmol/kg GDF15. Neuronal activation was 
estimated by the presence of cFos (white). aca = anterior commissure, ic = internal 
capsule, LV = lateral ventricle, scp = superior cerabellar peduncle, 3V = 3rd ventricle. 
n= 4/group PBN, n=6-7/group CeA, ovBNST, and PVH. Cell counts were analysed via 
unpaired t test or Mann-Whitney U-test as appropriate. All error bars represent SEM. 
* p<0.05, *** p <0.001. Contributions: B)-D) IHC, imaging, and counts performed by 
Dr Amy Worth. 
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3.5 Discussion 

3.5.1 Dose of GDF15 

Tsai et al. (2018) stated in their review that GDF15 circulates at a concentration of 

20–1200 pg/ml in normal physiological conditions in humans. In a more recent study, 

Welsh et al. (2022) found this figure to be higher, but both found that this quantity 

can greatly increase during aging and disease (Tsai et al., 2018; Welsh et al., 2022). 

However, there is no recommendation in literature of the concentration at which 

GDF15 circulates in mice during normal, healthy conditions. There is also variation in 

doses of exogenous GDF15 with which mice are reported to have been treated to 

cause anorexia and weight loss (Emmerson et al., 2017; Hsu et al., 2017; Miyake et 

al., 2021). It was, therefore, necessary to establish an anorectic dose of GDF15 in 

mice. The lowest anorectic dose was used in order to engage the minimal effective 

neuronal circuitry and so obtain the clearest idea of what the actions of GDF15 are. 

In this chapter, a dose of 4 nmol/kg GDF15 was chosen as a model of GDF15-induced 

anorexia as this was the lowest dose to consistently induce anorexia (Fig. 3.1).  

Though this is a much lower dose than is used in most of the literature, this dose of 

4 nmol/kg may still equate to a large amount of GDF15 in circulation. In 2019, Patel 

et al. published a study in which mice were injected with varying doses of GDF15, 

which was subsequently measured in the plasma of those mice for 24 hr after. 

According to their study, an exogenous dose of 4 nmol/kg GDF15 administered 

subcutaneously results in roughly 4000-5000 pg/ml GDF15 in circulation 2 hr after 

injection, the time point at which blood and brain tissue were collected in these 

studies. In the rest of this thesis, the ‘low’ dose of 4 nmol/kg GDF15 therefore 

produces a far greater quantity of circulating GDF15 than endogenous GDF15 

released in response to various stimuli examined in this thesis (which increases to an 

average of approximately 500 - 1800 pg/ml, depending on the chemotherapy 

applied. See Chapter 7).  
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Furthermore, there is very little evidence in literature regarding concentrations of 

endogenous GDF15 during disease in mice. The only evidence thus far comes from 

Breen et al. (2020), who found endogenous levels of GDF15 in the plasma of 

anorectic/cachectic tumour-bearing mice was significantly less than 1 ng/ml. This, 

therefore, leaves an important gap in knowledge. In future, endogenous GDF15 

levels should be measured in mouse disease models to gain a better understanding 

of what quantities of GDF15 are relevant to the symptoms of diseases such as cancer. 

3.5.2 GDF15 is an aversive stimulus 

To understand how GDF15 causes anorexia and weight loss, its valency was 

investigated. Initial indicators that GDF15 might have a negative valency came from 

Low et al., who found that GDF15 KO mice showed reduced anxious behaviours 

which are associated with stimuli which cause a negative valency (Low et al., 2017). 

In this chapter, this is confirmed as when paired with a positive stimulus (sucrose or 

‘dark’ in the CTA or CPA studies, respectively), GDF15 caused avoidance, indicating 

that its effects are unpleasant (Fig. 3.2A&C). In addition, GDF15 caused increased pica 

behaviour in rats, even in comparison with LiCl, a potent nauseating stimulus (Fig. 

3.2D). These findings are also consistent with those of Borner et al., who published 

twice in 2020 showing that GDF15 causes anorexia and aversion by inducing nausea, 

emesis, and visceral malaise in rodent models (Borner, Shaulson, et al., 2020; Borner, 

Wald, et al., 2020). The studies by Borner et al. were published the same year as the 

findings in Figure 3.2, and together, these data contribute to the current 

understanding of how GDF15 causes anorexia and weight loss in rodents. 

The effects of GDF15 on inducing nausea and emesis seem to be consistent across 

species, including primates (Breen et al., 2020) and potentially humans. Circulating 

GDF15 levels have previously been linked to morning sickness and its more severe 

form, hyperemesis gravidarum in pregnant women (Petry et al., 2018; Fejzo et al., 

2019). Although pregnancy is a physiological state, it does cause significant stress to 

the body. Throughout literature, circulating GDF15 is associated disease states and 

in response to cell stress and damage (Park et al., 2012; Altena et al., 2015; Fujita et 

al., 2016; Patel et al., 2019), which can also be associated with nausea and emesis. 
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3.5.3 Central activation of neurons following GDF15 administration 

In this chapter, I confirmed that GFRAL is expressed in a very limited area in the AP 

and the dorsal region of the NTS at the level of the AP. Administration of GDF15 

caused cFos expression of an average of 47% of these GFRAL neurons in the DVC, 

with a much higher proportion of neurons activated being in the AP than the NTS 

(Fig. 3.3B). This could be because, unlike the NTS, the AP is a circumventricular area. 

As GDF15 acts directly on GFRAL receptors, it likely has easier access to GFRAL 

receptors in the AP than the NTS.  

When considering GFRAL as a therapeutic target, it is worth noting that the location 

of GFRAL noted here and elsewhere in literature has only ever been assessed in 

healthy individuals. It is possible that in disease states, GFRAL could be expressed 

elsewhere, e.g., on tumours, thereby allowing GDF15 to act on other parts of the 

body, and potentially have effects other than anorexia and weight loss. 

Literature shows that GDF15 acts exclusively through GFRAL receptors (Emmerson et 

al., 2017; Hsu et al., 2017; Yang et al., 2017; Mullican et al., 2017). However, there 

were many non-GFRAL neurons activated in the DVC following GDF15 injection (Fig. 

3.3B). Most notably, there is a group of neurons in the mNTS whose phenotype is still 

unknown. These activated neurons are located in an area in which known 

populations of anorectic neurons, which respond to both satiety and sickness signals, 

reside. Information about the identity of these non-GFRAL neurons which are 

activated by GDF15 would aid a better understanding of which signalling pathway(s) 

are activated by GDF15. This would not only allow an assessment the mechanism(s) 

by which GDF15 causes anorexia but could also allow the manipulation of GDF15 

signalling using established drugs and techniques. 

Studies in this chapter revealed that some GDF15-activated mNTS neurons contained 

CCK, TH, and VGLUT (Fig. 3.4). However, no more than a quarter of this population 

contained any of these markers. Therefore, the identity of this population remains 

relatively unknown. It is possible that this group of neurons activated by GDF15 is 

heterogeneous, and therefore expression of GFRAL is the unifying phenotype for 

these neurons. Whilst I have employed a direct technique, investigating whether 
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neurons expressing GFRAL also express known anorectic markers, in 2021, Zhang et 

al.  successfully applied a more general technique, RNASeq, to discover the different 

phenotypes of AP neurons mediating nausea behaviour. In their publication, Zhang 

et al. (2021) found that a group of glutamatergic neurons in the AP could be 

distinguished by the fact they also contained Gfral. This technique could also be 

employed to further explore the phenotype of GFRALNTS neurons in the future. 

Outside of the DVC, exogenous GDF15 caused cFos expression in a small area of the 

PBN, here described as the elPBN. This is a similar area in which Carter et al. (2013) 

and others describe a population of anorectic neurons containing the gene Calca, 

which encodes calcitonin gene-related peptide (CGRP). These neurons are part of a 

well-established aversive signalling network which includes the CeA, also activated 

by GDF15 administration. Therefore, CalcaelPBN neurons will be investigated in future 

chapters. The ovBNST and the PVH were also activated by GDF15. All these areas are 

capable of reducing feeding behaviour when activated and represent parts of the 

circuitry which cause anorexia by responding to both aversive and satiating signals. 

At this point, GDF15 has been shown to cause anorexia and have a negative valence. 

Judging by the phenotype of neurons activated in the DVC and the central regions 

activated by GDF15, it is still possible that GDF15 causes anorexia and weight loss via 

more than one pathway, much like CCKDVC neurons (Roman et al. 2017). As GDF15 

acts exclusively on GFRAL receptors, the next chapter seeks to expand knowledge 

about GFRALDVC neurons and how they signal in the hope of further understanding 

how activation of GFRAL neurons causes anorexia and finding ways in which to 

manipulate the GDF15/GFRAL signalling network. 

3.6 Conclusions 

- Low doses of GDF15 cause anorexia 

- Increased GDF15 has a negative valence 

- GDF15 activates GFRAL neurons in the AP and NTS, plus another 

population of non-GFRAL-expressing neurons in the mNTS 

- GDF15 causes expression of cFos in areas in the mid- and forebrain which 

have known roles in the regulation of food intake and body weight
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4 The phenotype and function of GFRAL-

expressing neurons  

4.1  Introduction 

Due to the ability of the GDF15/GFRAL signalling system to induce anorexia and 

weight loss, there is currently interest in this system both as a target to reduce 

obesity and to prevent weight loss in disease states (Wischhusen et al., 2020; Fung 

et al., 2021; Lu et al., 2022; Wen et al., 2022). In the previous chapter, I showed that 

increased GDF15 causes anorexia and aversion and this has been corroborated by 

other published works (Borner, Shaulson, et al., 2020; Borner, Wald, et al., 2020). 

However, at this point, relatively little is known about the phenotype of the GFRALDVC 

neurons which GDF15 acts on. This information is essential to provide a greater 

understanding of how the GDF15/GFRAL signalling system causes anorexia and may 

provide avenues via which the system may be manipulated therapeutically.  

In recent years, GDF15 has been shown to be increased by noxious stimuli, such as 

certain drug therapies (Altena et al., 2015; Hsu et al., 2017; Coll et al., 2019; Breen et 

al., 2020; Worth et al., 2020), exogenous toxins (Luan et al., 2019) and various disease 

states, including cancer (Breit et al., 2011; Chung et al., 2017; Luan et al., 2019; Patel 

et al., 2019; Breen et al., 2020). These stimuli can cause an inflammatory response, 

mitochondrial stress, and/or cellular damage and are often accompanied by 

anorexia, nausea, and weight loss, including cachexia. GDF15 can also be increased 

by chronic high fat feeding and exercise (Kleinert et al., 2018; Patel et al., 2019; Zhang 

et al., 2019; Laurens et al., 2020), which are not generally associated with nausea or 

aversion. As GDF15 acts exclusively on GFRAL receptors (Emmerson et al., 2017; Hsu 

et al., 2017; Yang et al., 2017; Mullican et al., 2017), GFRALDVC neurons may be 

sensitive to different kinds of anorectic stimuli, such as those which are involved in 

signalling satiety and reward, or those involved in signalling nausea and aversion. 

In this chapter, the response of GFRAL neurons to a range of anorectic stimuli will be 

tested. Satiety-associated stimuli investigated will be an IP dose of the intestinal 
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satiety hormone, CCK, and an oral dose of lipid. The potent nausea-inducing stimulus, 

LiCl, will also be tested. Although GDF15 levels are not affected by acute food intake 

(Tsai et al., 2015; Patel et al., 2019), it is possible that GFRAL neurons are responsive 

to more than one type of signal and may use multiple signalling pathways to cause 

anorexia. 

To date, there has been relatively little work investigating the phenotype of GFRAL 

neurons. What is known is that some GFRAL neurons express TH (Yang et al., 2017), 

and in mice and humans, GFRAL is a sub-population of DVC neurons which express 

the GLP-1 receptor (Frikke-Schmidt et al., 2019; Zhang et al., 2021). There are several 

neuronal populations in the DVC, in the location where GFRAL neurons are found, 

which are known to be involved in signalling anorexia and weight loss. Examples of 

these include neurons expressing CCK, PPG, and PrRP, (Dodd et al., 2014; D’Agostino 

et al., 2016; Holt et al., 2019; Brierley et al., 2021). As GDF15 activates neurons which 

express CCK, TH and VGLUT (Fig. 3.2), it is possible that neurons which express GFRAL 

may also express one or more of these neuropeptides. This will be investigated using 

fluorescence IHC and in situ hybridisation.  

A more direct way of investigating the phenotype and function of GFRAL neurons and 

the GFRAL neuronal signalling network would be by targeting or manipulating GFRAL 

neurons directly using a transgenic Gfral-Cre mouse model. During the course of 

these studies, one such model was created by the Luckman group. The presence of 

Cre recombinase exclusively in neurons expressing GFRAL allows for both the cell 

bodies and the processes of Cre-expressing neurons to be fluorescently marked, 

showing more about the location and projections of GFRAL neurons. The Cre also 

enables the manipulation of GFRAL neurons specifically by causing the expression of 

actuating channels or receptors (e.g., channel rhodopsin for optogenetic 

experiments, or designer receptors exclusively activated by a designer drug 

(DREADDs) for chemogenetic manipulation).  
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4.2 Aims and objectives 

Hypothesis: GFRALDVC neurons are activated following application of anorectic 

stimuli, and contain other known anorectic markers. 

Aim: To describe the phenotype and function of GFRAL-expressing neurons 

1) Increase understanding of how GFRALDVC neurons induce anorexia and weight loss 

- Establish what types of stimuli activate GFRAL neurons 

- Investigate the phenotype of GFRALDVC neurons using IHC 

- Investigate what neuropeptides GFRAL neurons release to induce anorexia 

2) Validate the new Gfral-Cre mouse model 

- Establish the location of Cre expression 

- Compare the effects of activating GFRAL neurons using GDF15 (native GFRAL) 

vs. artificially activating  GFRAL neurons in the Gfral-Cre model 
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4.3 Methods 

4.3.1 Animals 

Cck-Cre, Gcg-Cre, Prlh-Cre and Slc17a6-Cre mice were crossed with the Rosa26eYFP 

fluorescent reporter strain as described in General Methods 2.2.1 to generate 

fluorescent reporter strains for IHC experiments.  

Gfral-Cre mice were newly generated by the Luckman group over the course of this 

project. Gfral-Cre mice were crossed with Ai32 (ChR2-eYFP) mice to generate Gfral-

Cre::ChR2-eYFP mice which express a fluorescently marked channel rhodopsin on the 

cell bodies and processes of Gfral-Cre neurons. Gfral-Cre mice were also crossed with 

1TB-hM3DqmCherry mice (D’Agostino, unpublished) to generate Gfral-

Cre::hM3dqmChery mice, which express the stimulatory DREADD in neurons expressing 

Gfral-Cre. 

4.3.2 Drugs and viruses 

GDF15 – administered subcutaneously as described in General Methods (2.1.2), with 

the exception of the CCK neuronal knock-down study (4.3.4.1). In this study, mice 

were administered 8 nmol/kg GDF15, rather than the usual 4 nmol/kg. 

AAV8-hSyn-DIO-mCherry (Addgene, cat. 50459-AAV8) 

AAV5-flex-taCasp3-TEVp: (Addgene. PMID:23663785)  

CCK - administered IP at a concentration of 6 μg/kg at a volume of 4 ml/kg.  

Oral lipid – 0.3ml 20% intralipid emulsion (Sigma Aldrich, cat. I141) was via oral 

gavage. 

LiCl - 128 mg/kg LiCl was administered IP at a volume of 10 ml/kg. 

Devazepide – administered IP at a concentration of 1 mg/kg and a volume of 4 ml/kg 

CNO – 3 mg/kg CNO administered via intraperitoneal route as described in General 

Mehtods (2.1.2). 
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4.3.3 Stereotaxic surgery 

AAV-mCherry (n = 7) or AAV-caspase (n = 7) were injected bilaterally into the NTS of 

9-11 week old  male Cck-Cre mice (D’Agostino et al., 2016, 2018). Mice were 

anaesthetised with an IP injection of ketamine and xylazine (80 mg/kg and 10 mg/kg, 

respectively, administered at a volume of 10 ml/kg). Following confirmation of 

anaesthesia by toe-pinch, the mouse was placed in a stereotaxic frame with its nose 

tilted downwards at roughly a 45o angle. An incision was made at the level of the 

cisterna magna, and neck muscles were carefully retracted. Following dura incision, 

the obex served as reference point for injections with a glass micropipette. AP/NTS 

coordinates were approximatively -0.2 mm A/P, 0 and ±0.2 mm M/L, -0.2 mm D/V 

from the obex. A schematic of these injections can be found in Table 4. 150 nl of virus 

was delivered during each of the three microinjections. Animals were administered 

analgesia (5 mg/kg Carprofen, SC) for 2 days post-operatively and given a minimum 

of 14 days recovery before experiments. Surgeries in this chapter were performed by 

Dr Giuseppe D’Agostino. 

4.3.4 Feeding studies 

4.3.4.1 Viral knock down of CCK neurons 

Cck-Cre mice which had been injected into the DVC with AAV-mCherry or AAV-

Caspase were acclimatised to new home cages in a Sable Promethion Core feeding 

system (Sable Systems International, Berlin, Germany) for at least one week prior to 

the feeding study. Mice underwent a night-time feeding study as described in 

General Methods (2.4.1) in a cross-over format. In this study, half of mice injected 

with AAV-mCherry and half of the mice injected with AAV-caspase were treated SC 

with saline (VEH), whilst the other half were treated with 8 nmol/kg GDF15 in a 

volume of 4 ml/kg. The Sable system recorded food weight every 3 s for the next 24 

hr. Mice were given one week to recover before the experiment was repeated, with 

mice previously treated with VEH being treated with GDF15, and vice versa. This 

experiment was carried out by Dr Amy Worth. 
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4.3.4.2 Pharmacological antagonism of CCK signalling 

This feeding study was carried out using 12-week-old male C57BL6/J mice (Envigo) as 

described in General Methods (2.4.1). Devazepide was administered 50 min before 

injection of GDF15. 

4.3.4.3 Chemogenetic activation of GFRAL neurons 

This study was carried out using 10-16 week old, male and female 

Gfral−Cre::hM3DqmCherry mice, as described in 2.4.1 General Methods. 

Mice were treated IP with either saline (n = 6) or 3 mg/kg CNO (n = 6) at a volume of 

10 ml/kg. 

In this study, the effects of CNO were more severe than when treating wild-type 

animals with GDF15. Unlike SC GDF15, animals treated with CNO showed obvious 

physical signs of sickness including squinting, hunching, and decreased mobility, 

resulting in the euthanasia of one mouse on humane grounds before the final time 

point.  

4.3.5 Gastric emptying 

Rate of gastric emptying was measured in the same Gfral-Cre::hM3DqmCherry animals 

described in 4.3.4, using a Cambridge Life Sciences Paracetamol assay kit (cat. 

K8002). 

Food was removed from animals overnight before the study. Mice were weighed and 

injected IP with either saline control (n = 5) or 3 mg/kg CNO (n = 6) at a volume of 4 

ml/kg. 30min later, mice were gavaged with 10 μl/kg paracetamol. Blood was 

collected by tail tip puncture using heparinised pipette tips immediately before 

paracetamol gavage (0 min), and 15 min, 30 min and 60 min after paracetamol 

gavage. Blood was immediately placed into heparinised Eppendorf tubes and placed 

on ice for a maximum of 2 hr. Blood was centrifuged for 20 min at 4 oC at 13,000 XG 

and resulting plasma was aliquoted and stored at -80oC until assayed. 
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The assay was run using the ‘reduced-volume assay’ protocol according to 

manufacturer’s instructions. Absorbance was read on a BioTek Synergy HT plate 

reader using BioTek Gen5 microplate reader and imager software at 620/690 nm. 

4.3.6 Neuronal activation studies 

Activation of GFRAL neurons is explored in this chapter in sections 4.4.1, 4.4.3, and 

4.4.5.2. In each of these studies, mice were briefly fasted from the time of treatment, 

barring mice which were orally gavaged with intralipid (‘oral gavage’. Fig.4.1D). These 

mice were instead fasted for overnight before treatment. All mice underwent 

transcardial perfusion, as described in General Methods 2.8.1, 90 min following 

treatment, with the exception of those treated SC with GDF15, which were perfused 

2 hr following treatment. Mice were treated as follows: 

4.3.6.1 GDF15 

12-week-old male C57BL6/J (Envigo) mice were injected SC with saline (VEH. n = 6) 

or 2 nmol/kg GDF15 (n =6) at a volume of 4 ml/kg.  

12-week-old male Cck-Cre::eYFP mice were injected SC with saline (VEH. n = 6) or 

4 nmol/kg GDF15 (n = 7) at a volume of 4 ml/kg.  

4.3.6.2 Satiety and sickness signals  

10-12-week-old male Cck-Cre::eYFP mice were injected IP with saline vehicle (VEH. 

n = 5) or 6 μg/kg CCK (n = 6) at a volume of 4 ml/kg.  

10-12-week-old male Cck-Cre::eYFP mice were administered 0.3 ml saline (VEH) or 

0.3 ml of 20% intralipid emulsion (oral lipid. Sigma Aldrich, cat. I141) via oral gavage. 

10-12-week-old male Cck-Cre::eYFP mice were injected IP with saline (VEH. n = 6) or 

128 mg/kg LiCl (n = 6) at a volume of 10 ml/kg, giving a final dose of 0.15 M LiCl. 

The tissue for LiCl, IP CCK, and oral lipid treated mice was kindly supplied by Dr Amy 

Worth. 
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4.3.6.3 Chemogenetic activation of Gfral-Cre neurons 

14-21 week old male and female Gfral-Cre::hM3DqmCherry mice were injected IP with 

saline (n = 5) or 3 mg/kg CNO (n = 6) at a volume of 4 ml/kg. 

4.3.7 Histology 

IHC was carried out as described in General Methods 2.8.3. Images were collected 

using the standard protocol described in 2.8.4, barring images captured for Fig. 4.4. 

Images for this study were acquired using a Panoramic-250 microscope slide scanner 

(3D-Histech, Budapest, Hungary) using a 40x/0.95 Plan Apochromat objective (Zeiss) 

and the TRITC and FITC filter sets. Snapshots of the slide scans were taken using Case 

Viewer software (3D-Histech) and any further processing required was carried out 

using Fiji software (Schindelin et al., 2012). Red channels were pseudo-coloured 

magenta for the purposes of presentation only. IHC in Fig. 4.4 was carried out by Ms 

Sangavy Loganathan. IHC and imaging in Fig. 4.5 was carried out by Ms Valeria 

Collabolletta, both under under Rosemary Shoop’s instruction. 

4.3.8 RNAscope in situ hybridisation 

Four or five 10 µm-thick tissue sections at the level of the AP were collected from 8-

week-old C57BL/6J mice (n = 3). Cck (cat# 402271-C1) and Gfral (cat#417021-C3) 

mRNA was detected using RNAscope Multiplex Fluorescent Assay reagent kits 

(Advanced Cell Diagnostics, Inc, Newark, CA), according to the manufacturer’s 

instructions, at Gubra (Hørsholm, Denmark). Slides were counter stained with DAPI 

to identify cellular nuclei. Slides were scanned under a 20X objective in an Olympus 

VS120 Fluorescent scanner. 
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4.4 Results 

4.4.1 GFRAL-expressing neurons are activated by GDF15, but not by other 

satiety or sickness signals 

To better understand how GFRALDVC neurons induce anorexia, mice were treated 

with a range of stimuli known to cause anorexia via different mechanisms. GDF15 

activated GFRAL-expressing neurons in a dose dependent manner, with VEH 

activating an average of 0% GFRAL neurons, 2 nmol/kg GDF15 activating an average 

of 24% GFRAL neurons (Fig. 4.1A) and 4nmol/kg activating an average of 47% GFRAL 

neurons (Fig. 4.1B). 

GFRAL neurons were not activated by a satiety-inducing dose of CCK (p > 0.9999, Fig. 

4.1C), or an oral infusion of lipids (p > 0.9999, Fig. 4.1D), both of which generally 

caused high levels of neuronal activation in the DVC. 

Very few GFRAL-expressing neurons were activated when mice were treated with 

the nausea-inducing drug LiCl (Fig. 4.1E). Though the difference in activation between 

saline- and LiCl-treated mice was statistically significant (p = 0.0304), the average 

number of GFRAL neurons activated by LiCl was between 1 and 2 per section. 
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Figure 4.1. GFRAL-expressing neurons are activated by GDF15, but not by other 
satiety or sickness signals. Activation of GFRAL-expressing neurons (magenta) in the 
dorsal vagal complex (DVC) as measured by co-localisation with the transcription 
factor, cFos (green), following treatment with vehicle (VEH) or A) SC 2 nmol/kg 
GDF15, B) SC 4 nmol/kg GDF15, c) IP 6 μg/kg CCK, D) oral gavage of lipid (20% 
intralipid emulsion), or E) IP 128 mg/kg LiCl. n= 6/group. Data analysed using an 
unpaired t test or Mann-Whitney U test as appropriate. * p < 0.05, ** p< 0.01, 
*** p< 0.001. Contributions: C)-E) Sectioned tissue kindly provided by Dr Amy Worth. 
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4.4.2 Phenotype of GFRAL neurons 

To further understand how GFRALDVC neurons affect anorexia, co-localisation of 

GFRAL receptors with other neuronal markers associated with anorexia was 

investigated. A series of Cre-expressing mice were crossed with the Rosa26EYFP 

reporter strain. Fluorescence immunohistochemistry revealed that an average of 

58% of GFRALAP and 33% of GFRALNTS neurons (visualised by immunohistochemistry 

for the native receptor protein) co-localised in Cck-Cre::eYFP neurons. (Fig. 4.2A).  

24% of GFRALAP neurons and 31% of GFRALNTS neurons contained the catecholamine 

marker, TH (Fig. 4.2B), and 54% of GFRALAP and 21% of GFRALNTS neurons contained 

the vesicular glutamate transporter, VGLUT2 (Fig. 4.2C). There was no co-localisation 

of GFRAL in Prlh-Cre::eYFP- or Gcg-Cre::eYFP-expressing neurons (Fig. 4.2D and E, 

respectively). PrRP was expressed in neurons in a more ventral portion of the NTS 

than GFRAL, and the bulk of neurons expressing PPG in the DVC are expressed more 

caudally than GFRAL neurons. There were very few sections available which 

contained both PPG and GFRAL neurons. 

As there were concerns that the Cck-Cre::eYFP model may have some developmental 

expression of eYFP, RNAscope analysis also was carried out. 69% of GfralAP neurons 

and 35% GfralNTS mRNA-containing neurons also contained Cck mRNA, a higher 

percentage than was estimated by immunohistochemistry in the reporter mouse 

(Fig. 4.2F). 
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Figure 4.2. Phenotype of GFRAL neurons in the dorsal vagal complex. A series of 
Cre-expressing mice were crossed with a fluorescent reporter strain. Dual 
fluorescence staining of GFRAL (magenta) with A) Cck-Cre::eYFP, B) TH, C) VGLUT 
(Slc17a6)-Cre::eYFP, D) PrRP (Prlh)-Cre::eYFP, and E) PPG (Gcg)-Cre::eYFP (green) in 
the DVC between Bregma -7.32 mm and -7.76 mm. Pie charts represent the % GFRAL 
neurons in the area postrema (AP) and nucleus of the solitary tract (NTS) which co-
localise with neuronal markers. F) In situ hybridisation histology of Gfral and (white) 
and Cck (green) with DAPI (blue) staining in the DVC. n=3-4 mice for each study. cc= 
central canal, DMX =motor nucleus of the vagus/10th cranial nerve. Contributions: F) 
experiment commissioned to Gubra, who provided raw images. Resulting counts 
performed in collaboration with Dr Amy Worth. 
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4.4.3 CCK+ve GFRALDVC neurons use CCK as a neurotransmitter to signal and 

cause anorexia 

Dual-label fluorescence immunohistochemistry and in situ hybridisation studies 

revealed that the majority of GFRAL neurons contain CCK (Fig. 4.2A and F) and that 

GDF15 caused activation of both GFRAL+ve and CCK+ve neurons in the DVC (Fig. 4.1A 

and B and Fig. 3.4A respectively). In order to confirm that neurons which co-express 

GFRAL and CCK in the DVC are activated by GDF15, triple-label fluorescence staining 

was carried out in Cck-Cre::eYFP mice which had been treated with saline or GDF15. 

A mean of 59% of activated GFRALDVC neurons also contained CCK in animals treated 

with GDF15, compared with 0% in animals treated with saline control (p <0.0001. Fig. 

4.3A). 

To investigate whether CCKDVC neurons and CCK neurotransmitter mediate GDF15-

induced anorexia, a two-fold approach was taken. Firstly, CCK neurons were ablated 

in the DVC by injecting a Cre-inducible caspase virus (AAV5-flex-taCasp3-TEVp) into 

the DVC of male Cck-Cre::eYFP. The caspase virus caused a significant reduction in 

the number of CCK+ve neurons (p = 0.0004, Fig. 4.3B). During a night-time feeding 

study, caspase-treated mice were protected from the anorectic effects of GDF15 

compared with mice which had received a control AAV-mCherry injection into the 

DVC (Fig. 4.3C).  

Secondly, CCK signalling was prevented by pharmacological antagonism. 12-week-

old, male C57 mice were injected IP with devazepide, a selective CCK1 receptor 

antagonist, before being treated with GDF15 in a night-time feeding study (Fig. 4.3D). 

Signalling from CCK1 receptors is anorectic (Konturek et al., 2004), therefore 

preventing their signalling could have caused an increase in food intake. However, 

preventing CCK signalling with devazepide alone did not significantly affect food 

intake at any time point (vehicle-saline vs. devazepide-saline). GDF15 caused a 

decrease in food intake by 4 hr (p <0.0001, vehicle-saline vs vehicle-GDF15). Animals 

pre-treated with devazepide were completely protected from this GDF15-induced 

anorexia (Fig. 4.3D).  
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Figure 4.3. GFRAL neurons use CCK to send anorectic signals. Cck-Cre::eYFP mice were 
treated with 4 nmol/kg GDF15. A) Triple-label fluorescence staining was used to show co-
localisation between GFRAL (red), Cck-Cre::eYFP (green), and cFos (blue). Percentage of 
cFos-immunoreactive GFRAL neurons which also contain CCK was quantified. AP= area 
postrema, cc= central canal, DMX = motor nucleus of the vagus/10th cranial nerve, NTS = 
nucleus of the solitary tract. Cck-Cre::eYFP mice were injected into the dorsal vagal 
complex with a control virus or a virus inducing the expression of caspase. B) The number 
of CCK+ve neurons was quantified following injection of virus. C) Food intake was 
measured in control- or caspase-treated mice following an injection of 8 nmol/kg GDF15. 
In another experiment, wild-type mice were treated with CCK-receptor antagonist, 
devazepide (1 mg/kg), followed by 4 nmol/kg GDF15. D) Food intake was measured for 
24 hr afterwards. n = 5-6/group. Quantification of neuronal expression analysed using a 
Student’s t-test or Mann-Whitney U-test as appropriate. Food intake data were analysed 
using two-way ANOVA followed by post hoc Tukey’s multiple comparisons test. * p <0.05, 
** p <0.01, *** p <0.001. Contributions: Surgery for B) and C) performed by Dr Guiseppe 
D’Agostino. B) IHC and cell counts performed by Dr Amy Worth. C) Data collection and 
analysis performed by Dr Amy Worth  
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4.4.4 Validation of a Gfral-Cre mouse model 

4.4.4.1 Colocalisation of native GFRAL with Gfral-Cre 

To validate the newly generated Gfral-Cre mouse, the fidelity of Cre expression with 

native GFRAL protein needed to be proven. Gfral-Cre mice were crossed with a 

reporter strain, causing the expression of ChR2-eYFP on the cell bodies and processes 

of neurons expressing Cre. Immunohistochemical analysis of the brains from the 

resulting offspring showed high levels of co-localisation between native GFRAL 

protein and Gfral-Cre::ChR2-eYFP (Fig. 4.4A), with a mean of 85% of Gfral-Cre cells 

marked with ChR2-eYFP co-localising with native GFRAL staining, and 71% of neurons 

stained for native GFRAL co-localising with Gfral-Cre::ChR2-eYFP in the DVC (Fig. 

4.4B). Occasional ChR2-eYFP-marked cells (<3 per section) were seen in isolation in 

the cortex, the medial lemniscus or the nucleus of the trapezoid body (Fig. 4.4C). 

These cells did not have the same morphology as GFRAL neurons seen in the DVC and 

are likely ectopic expression of ChR2-eYFP in glial cells. These occasional cells did not 

express native GFRAL protein and were not activated by GDF15. 
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Figure 4.4. Fidelity of Gfral-Cre to neurons expressing native GFRAL in the Gfral-Cre 
mouse model. Gfral-Cre mice were crossed with a DIO-ChR2-eYFP strain to validate 
expression of Cre in neurons expressing native GFRAL. A) i) A representative section 
of hindbrain stained for native GFRAL (magenta) and ChR2-eYFP (green), ii) the dorsal 
vagal complex (DVC) and iii) a zoomed section of the DVC split into the separate 
colour channels showing co-localisation between native GFRAL and the eYFP 
reporter. B) Pie charts quantifying the percentage of neurons expressing native 
GFRAL which contain ChR2-eYFP (magenta), and the percentage of neurons 
containing ChR2-eYFP which express native GFRAL (green). C) An example of ectopic 
Cre-induced ChR2-eYFP expression in the cortex. Percentages calculated as an 
average of counts from 6 animals. Contributions: IHC performed by Ms Sangavy 
Loganathan.  
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4.4.4.2 The effects of activating of Gfral-Cre neurons 

Having established that the Cre is expressed in GFRAL neurons, it was necessary to 

establish whether activation of Gfral-Cre neurons caused similar effects to activation 

of GFRAL neurons. Gfral-Cre mice were crossed with a 1TB-hM3DqmCherry line, which 

allows the expression of a stimulatory DREADD, marked with a fluorescent mCherry 

reporter, exclusively in Gfral-Cre neurons. 

During a night-time feeding study, activation of Gfral-Cre neurons using the 

stimulatory DREADD prevented feeding for at least 4 hr following injection of CNO 

(Fig. 4.5A). By 24 hr after injection, there was no longer a significant difference 

between food intake for saline- vs. CNO-treated groups. Injection of CNO activated 

an average of 63% of Gfral-Cre neurons in the DVC vs. 2% neurons in animals treated 

with saline vehicle (Fig. 4.5B).  

Furthermore, activation of Gfral-Cre neurons by the stimulatory DREADD almost 

entirely prevented gastric emptying as measured using a paracetamol assay (Fig. 

4.5C). During the 60 min following oral gavage of paracetamol, the concentration of 

paracetamol in the plasma of mice treated with saline increased and peaked at 

0.32 mmol/l at 15 min. The plasma concentration of paracetamol for CNO-treated 

mice peaked at 0.04 mmol/l at 15 min. Area under the curve analysis shows that 

there was a significant difference in the quantity of paracetamol in the plasma of 

saline vs. CNO-treated mice during the experiment (p = 0.0408, Fig. 4.5D). 
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Figure 4.5. Actions of Gfral-Cre neuronal activation. Gfral-cre mice were crossed 
with a 1TB-hM3DqmCherry strain, which caused the expression of a stimulatory 
DREADD in neurons expressing Cre. A) Cumulative food intake after 
Gfral−Cre::hM3DqmCherry mice were injected with saline or 3 mg/kg CNO and Bi-ii) 
activation of Gfral-Cre neurons 2 hr after treatment with CNO. Gfral-
Cre::hM3DqmCherry mice were treated with saline or 3 mg/kg CNO, then given an oral 
gavage of 10 µl/kg paracetamol. C) Concentration of paracetamol was measured in 
plasma for 60 min after. D) Area under the curve (AUC) analysis of quantity of 
paracetamol in plasma of Gfral−Cre::hM3DqmCherry mice for 60 min following oral 
gavage of paracetamol. n=5−6/group for cumulative food intake and paracetamol 
assay. n= 3-4/group activation of Gfral-Cre neurons by CNO. Cumulative food intake 
and paracetamol concentration were analysed using two-way ANOVA followed by 
post hoc Sidak’s multiple comparison test. Activation of Gfral-Cre neurons was 
analysed using an unpaired t test. * p <0.05, ** p <0.01, *** p <0.001. Contributions: 
In vivo studies run with the help of Dr Claire Feetham and Dr Nicolas Nunn. IHC and 
imaging for Bi performed by Ms Valeria Collabolletta. 
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4.5 Discussion 

4.5.1 Activation of GFRALDVC neurons 

At the beginning of this project, literature had shown that GDF15 acts through GFRAL, 

and that GFRAL is expressed exclusively in the brainstem (Emmerson et al., 2017; Hsu 

et al., 2017; Yang et al., 2017; Mullican et al., 2017). However, it was not known if 

GDF15/GFRAL-induced anorexia plays a role in normal physiological control of energy 

balance, was a part of a sickness response, or both. Therefore, this chapter explored 

whether GFRAL neurons were responsive to known sickness and satiety signals. 

In this chapter, neurons expressing GFRAL were activated by GDF15 in a dose-

dependent manner but were not activated by satiety signals such as oral infusion of 

lipids or an IP dose of CCK (Fig. 4.1). This is perhaps not surprising as we had found 

that GDF15 causes a negative valence and work by other groups has shown that 

GDF15 is released in response to cellular damage or stress (Park et al., 2012; Fujita et 

al., 2016; Chung et al., 2017; Patel et al., 2019; Townsend et al., 2021) – neither of 

which are associated with satiety. Additionally, though the level of circulating GDF15 

may be linked to body mass index in humans, it is not affected by meal times (Tsai et 

al., 2015). Therefore, satiety signals released in response to physiological feeding are 

unlikely to utilise the GDF15/GFRAL signalling network to cause anorexia. 

More surprisingly, GFRAL neurons were not particularly activated by the sickness 

mimetic, LiCl (Fig.4.1E). This contrasts with the findings of Sabatini et al. (2020), who 

found that LiCl did activate Gfral-Cre neurons in their GfraleGFP model. However, their 

model showed a large amount of ectopic expression in non-GFRALDVC neurons. 

Though there was a slight increase in %GFRAL neuron activation caused by LiCl in my 

study, this amounted to an average of one neuron per section activated in the LiCl 

group. This is unlikely to be enough to cause the anorexia phenotype. It may be that 

LiCl, whilst acting on neurons in the DVC to cause nausea, does not cause cell damage 

or stress sufficient to induce the release of GDF15, and therefore causes nausea and 

anorexia via a different pathway. In support of this idea, LiCl causes the activation of 

populations of neurons in the DVC which do not co-localise with GFRAL-expressing 
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neurons, such as PPG neurons (Luckman, unpublished). This evidence does not 

disprove the idea that GFRAL neurons are activated in response any signals which 

induce aversive anorexia and nausea, particularly as there is evidence LPS and 

Poly(I:C), bacterial and viral toxins respectively, do cause the release of GDF15 and 

subsequently, the activation of GFRAL neurons (Luan et al., 2019; Cimino et al., 2021). 

Rather, it is more likely that GFRAL neurons are activated indirectly by noxious 

stimuli, which cause the release of GDF15.  

In this chapter, GFRAL receptors were found in the same neuronal populations which 

were activated by GDF15 in the Fig. 3.4. These were neurons expressing CCK, TH, and 

VGLUT, but not PPG or PrRP (Fig. 4.2). Since the beginning of this work, two groups 

have also shown that GFRALDVC neurons express GLP-1Rs (Frikke-Schmidt et al., 2019; 

Zhang et al., 2021).  

When considering manipulating the activation of GFRAL neurons, TH and VGLUT are 

not appropriate targets via which to manipulate GFRAL signalling, as both are widely 

expressed throughout the brain and are used in multiple different signalling 

pathways. Targeting either of these populations would therefore cause multiple 

confounding side-effects alongside any alterations in feeding behaviour and body 

weight caused by GDF15/GFRAL signalling.  

Additionally, although GFRAL neurons do express GLP-1Rs, Frikke-Schmidt et al. 

(2019) show that very few neurons in the AP which express both GFRAL and GLP-1R 

are responsive to GDF15. As Frikke-Schmidt et al. (2019) do not quantify the 

percentage of GFRAL neurons express GLP-1R or vice versa, it is possible that GLP-1R 

is expressed on a sub-population of GFRALDVC neurons which are not responsive to 

GDF15. This would make sense as no matter the dose of GDF15, only around 70% of 

GFRALAP neurons are activated (discussed in later chapters). As these GLP-1R-

expressing GFRAL neurons are unresponsive to GDF15, manipulation of GLP-1Rs 

would also provide an accurate model to study GDF15/GFRAL signalling. 

However, although CCK is expressed widely in the brain, CCK neurons outside the 

blood-brain barrier (i.e., in the AP) might be open to systemic manipulation. Provided 
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that GFRAL neurons use CCK to signal, CCK could be a possible target to affect GFRAL 

signalling. 

4.5.2 GFRAL neurons use CCK as a neurotransmitter to induce anorexia 

This chapter provided evidence that GFRAL neurons use CCK to signal and that 

GDF15-induced anorexia can be decreased or prevented by preventing CCK signalling 

(Fig. 4.3). Up to this point, I have shown that GDF15 activates CCKDVC neurons (Fig. 

3.4A) and GFRAL neurons contain CCK (Fig. 4.2A). However, this does not prove that 

GFRAL neurons use CCK to induce anorexia. With GFRAL being a subpopulation of 

CCKDVC, it was possible that GDF15 activated DVC neurons and CCK+ve GFRAL 

neurons were separate from each other.  

To begin investigating whether GFRAL neurons might use CCK to induce anorexia, 

Cck-Cre::eYFP animals were treated with GDF15 and activation of GFRAL neurons 

which contained CCK was sought using triple-label fluorescence IHC. As CCK+ve 

GFRAL neurons evidently were activated by GDF15 (Fig. 4.3A), it is possible that 

GFRAL neurons, utilising CCK as the transmitter, mediate the anorectic effects of 

GDF15. To explore this possibility, CCK signalling in the DVC was prevented in two 

different ways – by specifically destroying CCK neurons in the DVC and by 

pharmacological antagonism of CCK signalling. 

When CCK signalling from the DVC was prevented, both by destroying the neurons 

using the caspase virus (Fig. 4.3B) and pharmacological block using devazepide (Fig. 

4.3D), the anorectic response to GDF15 administration was prevented. Unlike 

pharmacological block of CCK signalling, in which food intake trended towards an 

increase following devazepide treatment (Fig. 4.3D), there was no difference in food 

intake between the control-saline and caspase-saline groups (Fig. 4.3C). This may be 

because CCK signalling was only prevented in the DVC in the caspase-treated mice, 

whereas it was prevented everywhere in devazepide-treated mice, both for central 

and gut derived CCK signalling. 

Interestingly, Cck-Cre mice treated with mCherry/caspase virus were unresponsive 

to the dose 4 nmol/kg GDF15 which is used elsewhere throughout this thesis. The 
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addition of the Cre to CCK neurons should not have a phenotypic effect on mice, 

however Cck-Cre mice do become obese when they age. Due to the time taken for 

mice to undergo surgery and recovery, mice in this study had already somewhat aged 

and become overweight by the time the night-time feeding study was performed. 

There is now evidence that GFRAL becomes unresponsive to GDF15 during obesity 

(Chow et al., 2022). In this study, it is possible that, due to being overweight, these 

mice were less able to respond to GDF15, and therefore a higher dose was needed 

to overcome this. This does not make results from this experiment invalid, as they 

still describe the effects of reducing or preventing CCK signalling on food intake 

during GDF15 treatment. Furthermore, 8 nmol/kg GDF15 which was used in this 

experiment is still a lower dose of GDF15 than is used in most published literature, 

with which results in this thesis are compared. 

An IP dose of devazepide, a selective antagonist for the CCK1 receptor, is likewise a 

valid model to demonstrate the role of central CCK signalling during GDF15 

treatment. Activation of central CCK1 receptors causes the reduction of food intake 

and satiety (Konturek et al., 2004). Contrary to original belief, CCK1 receptors are 

found centrally in several areas of the brain (May et al., 2016; Zeng et al., 2020), 

including the elPBN (Worth et al., 2020), an area activated by GDF15 (Fig. 3.5A). 

Devazepide is also able to cross the BBB to act on central CCK1 receptors (Woltman 

et al., 1999).  

Though CCK signalling also occurs outside of the brain, predominantly through CCK1 

receptors on vagal afferents (Konturek et al., 2004), the effects of GDF15 are not 

dependent on signalling from the gut via the vagus (Borner et al., 2017). The systemic 

effects of devazepide are therefore unlikely to impact on the effects of GDF15. This 

was proven to be the case when comparing the vehicle/saline and 

vehicle/devazepide groups, which did not show any difference in food intake, except 

at the 24 hr time point, when devazepide-treated mice had a trend towards increased 

food intake (p = 0.2338. Fig 4.3D). 

Taken together, it is evident that devazepide can affect central CCK signalling, with 

its systemic effects being irrelevant to the effects of GD15 on feeding behaviour and 
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is therefore a good model to assess whether GFRAL neurons use CCK to induce 

anorexia. Indeed, if the actions of devazepide by itself increase feeding, this is not a 

negative effect if the proposition is to treat unwanted anorexia and weight loss. 

As CCK receptors are frequently expressed on cancer cells and CCK signalling has 

been shown to have proliferative effects (Zeng et al., 2020), CCK antagonists may be 

attractive for the treatment of cancer on two fronts – for the prevention of ACS, and 

the prevention of tumour growth. However, though CCK antagonists are currently 

used clinically and devazepide itself is used in human trials (Berna et al., 2007), 

devazepide has a half-life of around 4 hr (Reidelberger et al., 2003). If treating during 

chronic conditions such as cancer or chemotherapy-induced anorexia/weight loss, 

devazepide would need to be administered several times per day for weeks or 

months until the disease had been effectively treated/cured. A better option may 

then be to target the GFRAL receptor with a longer-lasting therapy. Fortunately, such 

therapies have already begun to be developed, and one such antibody treatment will 

be further explored in Chapter 8.  

In summary, GFRAL neurons in the DVC are activated by GDF15, but not other satiety 

and sickness signals, and use CCK to induce anorexia. It is therefore likely that GFRAL 

neurons play a role in signalling anorexia and weight loss during situations which 

cause the increase of GDF15, and not during normal energy homeostasis. Whilst it is 

possible to manipulate the GDF15/GFRAL signalling pathway via CCK, the half-life of 

CCK receptor antagonists may be short enough to limit their usefulness in treating 

chronic anorexia and weight loss as would be seen in many disease states, so it would 

still be useful to find a longer acting drug or target the GFRAL receptors themselves.  

4.5.3 Evaluation of the Gfral-Cre model 

The Gfral-Cre mouse represents an excellent opportunity to investigate the 

GDF15/GFRAL signalling system in detail. As this was a newly generated mouse line, 

it required validation to ensure that it would be suitable for future use. To confirm 

this, I investigated whether the Cre was expressed only on neurons expressing native 

GFRAL protein and whether activation of Gfral-Cre neurons had similar effects to 

treating with GDF15. 
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IHC in the Gfral-Cre::ChR2-eYFP mice showed a high percentage of co-localisation 

between Cre-expressing neurons and native GFRAL staining and very little ectopic 

expression throughout the brain (Fig. 4.4A and B). The few cells which did express 

ChR2-eYFP outside of the DVC were not activated following administration of GDF15 

and appeared either alone or in clusters of fewer than three cells. Furthermore, these 

ectopic cells had significantly different morphology to GFRALDVC neurons, bearing 

most resemblance to glial cells, and did not express native GFRAL protein. Therefore, 

these ectopic cells are unlikely to have significant measurable effects when 

attempting to manipulate GFRAL signalling via Gfral-Cre neurons. Although Cre is not 

expressed in 100% of neurons which have positive staining for native GFRAL, when 

comparing the number of Gfral-Cre-expressing neurons in the DVC from both Gfral-

Cre::ChR2-eYFP and Gfral-Cre::hM3dqmCherry mice to the number of native GFRAL 

neurons detected with IHC, there was no significant difference. It is therefore likely 

that the majority of GFRAL neurons express Cre in the Gfral-Cre model, and that this 

is sufficient to represent the activity of the population of GFRALDVC neurons. 

That a sufficiently high number of GFRAL neurons contain Cre to represent the 

population seems likely as activating Gfral-Cre neurons using chemogenetics 

produced similar results as when treating with GDF15 (Fig. 4.5). Administration of 

CNO to Gfral-Cre::hM3DqmCherry mice caused anorexia (Fig. 4.5A). The severity of the 

anorexia in the Gfral-Cre::hM3DqmCherry animals compared with wild-types treated 

with GDF15 (Fig. 3.1) may be due to increased numbers of GFRAL neurons being 

activated by the DREADD (Fig. 4.5Bi) than by 4 nmol/kg GDF15 (Fig. 3.3B), which was 

judged to be a low anorectic dose. In terms of number of neurons activated, CNO 

activated 50% more GFRAL neurons compared with GDF15 (mean 30 ±6 

neurons/section CNO vs 19 ±2 neurons/section GDF15).  

In addition to the activation of Gfral-Cre neurons by chemogenetic stimulation, there 

was also increased cFos expression in neurons which did not express Gfral-Cre the 

mNTS of Gfral-Cre::hM3DqmCherry mice (Fig. 4.5Bi). Surprisingly, there was no 

difference in cFos expression or % GFRAL (/Gfral-Cre) activation in the AP in mice 

treated with GDF15 vs CNO, meaning that the difference was generated in the NTS. 
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The lack of difference in activation of GFRALAP neurons may be because 60-70% 

represents maximal activation of the population in this area.  

The increased activation of GFRALNTS neurons may be due to a matter of access. The 

AP is a circumventricular area and is therefore exposed to circulating factors 

including cytokines like GDF15. The NTS however, is at least partially protected by 

the BBB. CNO may be more effective at crossing the BBB than GDF15, and therefore 

would have had direct access to neurons in the NTS. Though it bears further 

investigation, as GDF15 and chemogenetic activation of Gfral-Cre neurons cause 

similar effects despite differences in the number of NTS neurons activated, it is likely 

that GFRAL neurons in the AP and NTS act as one continuous population to cause 

anorexia. 

Research by other groups shows that treatment with GDF15 delays gastric emptying 

(Xiong et al., 2017; Hinke et al., 2018; Borner, Wald, et al., 2020). The chemogenetic 

activation of Gfral-Cre neurons by CNO in our model almost prevented gastric 

emptying (Fig. 4.5C&D). Again, a more severe phenotype was seen than when 

treating with GDF15, as before this was likely due to increased numbers of GFRAL-

expressing neurons activated by the DREADD than by GDF15. 

The reduction in gastric emptying in Gfral-Cre::hM3DqmCherry mice following CNO 

treatment may be as severe as to be classified as gastroparesis. Gastroparesis can be 

a reason for anorexia itself (Webb and Fogel, 1995). Dramatic reduction or cessation 

of gastric motility prevents gastric emptying, therefore maintaining gastric stretch 

following feeding. This not only maintains satiety signals to prevent further feeding 

but can also be very uncomfortable or even painful. Indeed, following injection of 

CNO during the night-time feeding study, one mouse showed signs of pain and lack 

of mobility severe enough that it was destroyed on humane grounds. It is certainly 

true that delayed gastric emptying can contribute to feelings of nausea (Lacy, 

Parkman and Camilleri, 2018; Carson et al., 2022). Delayed gastric emptying may 

therefore be one of the mechanisms via which GDF15 and activation of GFRAL 

neurons leads to nausea and emesis. 
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Whilst assessing the effect of Gfral-Cre neuron activation by DREADD receptors, it is 

worth bearing in mind that whilst DREADDS are useful, they can present a less subtle 

method of testing the behavioural output following stimulation of a neuronal 

population. This may be another reason why the effect of CNO on Gfral-Cre neurons 

is greater than the effect of GDF15 on native GFRAL receptors. 

Generally, when receptors are activated, they trigger a specific intracellular signalling 

cascade within the cell. Activation of different receptor types can trigger different 

intracellular signalling cascades. In neurons, this can cause the release of signalling 

molecules which affect other cells. In this way, a neuron expressing multiple 

receptors can have different responses when different receptors are activated.  

When using DREADDs, all intracellular signalling cascades are activated. Therefore, 

activation of DREADDs in a neuronal population which expresses several different 

receptors may give a composite effect. For example, GFRAL neurons also express 

GLP-1Rs. The phenotypic effects of GFRAL activation are reported to be similar, but 

separate, from GLP-1R activation (Frikke-Schmidt et al., 2019). Therefore, activation 

of neurons expressing GFRAL using DREADDs is likely to show similar downstream 

effects as stimulating both of these receptors, which will be very difficult to separate. 

Furthermore, in Fig. 4.5, there was no negative control group of CNO-treated hM3Dq-

negative animals. Whilst the effects of CNO on negative controls are now well known, 

in this instance, the absence of a negative control may have posed an issue. Some 

commercially available CNO has been known to be contaminated with small amounts 

of clozapine (Mahler and Aston-Jones, 2018), which does have an impact on food 

intake and gastric emptying (Joint Formulary Committee, 2023). Mice which were 

positive for Gfral-Cre, but negative for 1TB-hM3DqmCherry, could have been treated 

with CNO as a negative control when investigating the effects of DREADDs on food 

intake and gastric emptying in the Gfral-Cre model. Fortunately, effects of DREADD 

activation on food intake and gastric emptying in this chapter were far more drastic 

than would be seen with contaminated CNO. Therefore, these results should not be 

discounted as the effect of low-level clozapine contamination. 
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Taken together, the high percentage of Cre expression in GFRAL neurons with low 

expression in other cells and the similarity in effect of treating with exogenous GDF15 

and activation of the Gfral-Cre neurons shows that the Gfral-Cre mouse is a good 

model to investigate the GDF15/GFRAL signalling network. This now opens up many 

opportunities to dissect the function of the different parts of the GFRAL signalling 

pathway which is being carried forward by the Luckman lab. 

For example, the Gfral-Cre mouse will allow deeper exploration of neurons and areas 

directly activated by GFRAL neurons. For example, the model could be used to 

confirm that GFRAL neurons directly activate neurons in the PBN and NTS using Cre-

assisted circuit mapping (CRACM). There has also been suggestion that activation of 

the PBN is anorectic but does not cause aversion (Sabatini et al., 2020). With the 

Gfral-Cre mouse, it will be possible to examine role of neurons these PBN neurons 

using optogenetic stimulation.  

The expression of Cre will also allow the selective knock-down of GFRAL neurons in 

the DVC using a virus such as the AAV-caspase used in Fig. 4.3. A model like this would 

be useful to explore the effects of preventing GFRAL signalling in different diseases 

and therapies including cancer and chemotherapy. This could in some ways be 

preferable to using a congenital knock out model, because GFRAL KO mice are known 

to become obese as they age. As circulating GDF15 is increased by obesity (Tsai et al., 

2015), this could affect feeding and body weight results in a way which a knock-down 

model would not. This would also be preferable to using a proxy, such as the Cck-Cre 

animals used in Fig. 4.3B&C, as the virus would target GFRAL neurons only, to give 

more specific results. 

This Gfral-Cre model therefore represents an exciting opportunity to help uncover 

information about the GFRAL signalling network and continue investigations into the 

role of GDF15/GFRAL signalling, not just in the context of cancer and chemotherapy, 

but other diseases. 
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4.6 Conclusions 

- GFRAL neurons are activated by GDF15, but not satiety signals 

- GFRAL-expressing neurons also contain CCK, TH, and VGLUT 

- GFRAL neurons use CCK as a neurotransmitter to cause anorexia 

- GDF15/GFRAL signalling can be manipulated by targeting CCK signalling 

- The Gfral-Cre mouse faithfully recapitulates the GFRAL expression pattern  

- Selective activation of GFRAL neurons causes anorexia and slows gastric 

emptying 

  



Chapter 6: GDF15 secretion in mouse models of cancer  

117 
 

5 The GFRAL signalling network 

5.1 Introduction 

To date, relatively little research has been published about the central GDF15/GFRAL 

neuronal signalling network. To understand how GDF15 signals to cause anorexia and 

weight loss and gain further understanding of how this system might be manipulated 

in a therapeutic context, further information about where GFRAL neurons project 

and the identity of GDF15-activated neurons should be sought. 

Data from Chapter 3 and published literature show that GFRAL receptors are only 

expressed in the brain, in the AP and the dorsal region of the NTS at the level of the 

AP (Emmerson et al., 2017; Hsu et al., 2017; Yang et al., 2017; Mullican et al., 2017). 

GDF15 causes a GFRAL-dependent anorexia, aversion and weight loss (Emmerson et 

al., 2017; Hsu et al., 2017; Yang et al., 2017; Mullican et al., 2017; Worth et al., 2020). 

Though GDF15 administration produces negative valency, there are a number of 

potential pathways which can affect anorexia and weight loss and which, individually, 

can have either positive or negative valency. 

In Chapter 4, I demonstrated that GFRAL neurons in the DVC contain and use CCK to 

signal. Roman et al. (2017) showed that activation of CCK neurons in the DVC which 

project to either the PBN or to the PVH cause anorexia. Though the net valency of 

CCKDVC signalling is negative, Roman et al. showed that CCKDVC
→PVH signalling has 

positive valency, whilst CCKDVC
→ PBN has negative valency. As such, CCKDVC signalling 

can potentially induce anorexia via two separate pathways. As GFRAL neurons are a 

sub-population of CCKDVC neurons and GDF15 causes activation of both the PBN and 

PVH, it is possible that GFRAL neurons cause anorexia in the same way as CCKDVC 

neurons.  

There are several known central signalling pathways which cause anorexia and 

weight loss via different mechanisms. Areas known to be involved in regulating food 

intake and body weight outside of the DVC include the PBN, the CeA, the ovBNST, 
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and the hypothalamus, in particular the ARC and the PVH. Though GDF15 does not 

affect activation of neurons in the ARC (Johnen et al., 2007; Hsu et al., 2017), all of 

these other areas are activated when GDF15 is increased. In addition, published data 

describes some of the neuronal populations within these areas which affect feeding 

behaviour. These populations contain phenotypic markers, such as calcitonin gene-

related peptide (CGRP), proenkephalin (PENK), prodynorphin (PDYN), protein kinase 

Cδ (PKCδ), and corticotropin releasing hormone (CRH). This chapter will therefore 

explore different neuronal types and pathways which cause anorexia, associated 

with either positive or negative valency. 

5.1.1 Areas of the brain activated by exogenous GDF15 

5.1.1.1 Parabrachial nucleus 

The PBN is a heterogeneous structure which can be divided anatomically into several 

different regions involved with different functions, such as water and salt balance, 

pain, visceral malaise, taste, and blood CO2 levels. PBN neurons are also a part of 

circuits influencing glucose homeostasis, body temperature, breathing, cardiac 

function and importantly in the context of these studies, feeding (Palmiter, 2018). 

Exogenous GDF15 causes the activation of unidentified neurons in the lPBN. There 

are a number of different candidate neuronal types in the lPBN potentially associated 

with the control of feeding behaviour, which will be investigated in this chapter; 

those containing CGRP, PENK, or PDYN. 

A subset of glutamatergic neurons in the elPBN express the Calca gene, which 

encodes the protein, CGRP (Carter et al., 2014). Over the last 10 years, work by the 

Palmiter group has shown these CalcaelPBN neurons are activated by ‘illness mimetics,’ 

such as lipopolysaccharide (LPS) and LiCl (Carter et al., 2013); anorectic signals, 

including CCK and leptin (Campos et al., 2016); affect meal size and duration (Carter 

et al., 2013); cause conditioned taste aversion (Carter et al., 2015; Chen et al., 2018). 

CalcaelPBN neurons form part of a well-studied and highly aversive anorectic signalling 

pathway from CCKDVC 
→ CalcaelPBN

→PKCδCeA (Carter et al., 2013; Cai et al., 2014; 

Alhadeff et al., 2015; Roman, et al., 2017). As exogenous GDF15 causes activation in 

the DVC, elPBN, and CeA and GFRALDVC neurons contain and use CCK to induce 
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anorexia, it is likely that GDF15/GFRAL signalling causes anorexia and weight loss via 

this signalling pathway. 

There are two more populations of neurons in the lPBN which may cause anorexia. 

These populations contain the opioid peptides, PENK and PDYN (Khachaturian et al., 

1983; Kim et al., 2020; Norris et al., 2021). Evidence for the actions of PENK neurons 

in the PBN is scarce, however, in the forebrain (specifically the PVH and the CeA), 

PENK neurons form a part of a reward signalling pathway (Le Merrer et al., 2009) and 

the pathway which signals binge eating in rodents in response to stress (Welch et al., 

1996; Blasio et al., 2014). To induce binge eating, the cleavage products of PENK, 

met-enkephalin and leu-enkephalin, act on central opioid receptors (Blasio et al., 

2014). Peripherally there is also a high level of innervation of the gut from PENK and 

PDYN neurons in response to the consumption of palatable diet (Clement-Jones and 

Rees, 1982). PENK signalling therefore clearly plays a role in the central control of 

feeding, using similar brain nuclei as GDF15/GFRAL signalling. 

Although the current knowledge about PENK signalling indicates a role in increasing 

food intake in response to physical/emotional stress (such as foot shock and restraint 

stress) (Martin-Garcia et al., 2011; Blasio et al., 2014), rather than decreasing food 

intake in response to stress at a cellular level such as would cause the increase of 

GDF15, there is no information about the role of PENKelPBN neurons, which may affect 

feeding differently. Alternatively, if all PENK neurons signal to increase food intake, 

GFRAL neuron activation may reduce PENK signalling to induce anorexia. As PENK 

neurons are located in the lPBN and may have a role in the control of food intake, it 

is worth investigating whether these neurons are being utilised by the GDF15/GFRAL 

signalling network to induce anorexia and weight loss.  

The effect of PDYNlPBN neurons on food intake has been more thoroughly explored.  

In their publication in 2020, Kim et al. described an aversive anorectic circuit from 

gut→ vagus → NTS → PDYNlPBN 
→PVH. This pathway was activated by the 

mechanoreception of both solids and fluids and shares characteristics of 

GDF15/GFRAL signalling in that it is part of an aversive signalling pathway, involving 

activation of similar brain regions. Furthermore, chemogenetic activation of GFRAL 
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neurons (see Chapter 4) caused severe delay of gastric emptying. Such a delay in 

gastric emptying may cause the activation of stretch receptors in the gut. Therefore, 

it is possible that GDF15/GFRAL signalling has some effect by acting on 

mechanoreceptors and may utilise PDYNlPBN signalling to cause aversion and 

anorexia. 

5.1.1.2 Central amygdala 

The CeA is a large, complex region in the forebrain which forms a part of several 

signalling pathways with various purposes. The functions of these include those 

regulating fear (Haubensak et al., 2010), anxiety (Pérez De La Mora et al., 2007), pain 

(Okere et al., 2000), addiction (Pursey et al., 2019), learning (Ma et al., 2011), reward 

(Douglass et al., 2017; Hardaway et al., 2019), salt intake (Andrade-Franzé et al., 

2015; Guan et al., 2018), food motivation (Douglass et al., 2017; Anesten et al., 2019), 

sickness and aversion (Ma et al., 2011; Carter et al., 2013; Alhadeff et al., 2015), and 

anorexia (Kovács et al., 2012; Park-York et al., 2013; Cai et al., 2014). The CeA 

therefore affects food intake via several different mechanisms. The CeA is both 

responsive to normal physiological feeding signals, such as systemic or centrally 

released neuropeptide, GLP-1 (Parker et al., 2013; Anderberg et al., 2014; Anesten et 

al., 2019), and systemically released gut hormone, CCK (Billig et al., 2001; Haubensak 

et al., 2010), and also stress and sickness/malaise stimuli (Elmquist et al., 1996; 

Alhadeff et al., 2015). Different populations of neurons within the CeA coordinate 

anorexia in response to these different signals. 

In the same way that the CeA forms a part of a diverse range of signalling pathways, 

the CeA is also comprised of multiple different neuronal phenotypes. Those which 

are known to induce anorexia include a population of neurons containing the 

enzyme, protein kinase C delta (PKCδ). This population seems to be a part of 

networks inducing anorexia in response to both satiety and sickness stimuli. For 

example, a satiety-inducing dose of systemic CCK has been shown to cause anorexia 

via activation of a pathway involving the DVC, ventral tegmental area, and CeAPKCδ 

neurons (Cai et al., 2014; Sanchez et al., 2022). On the other hand, these same 

neurons are also responsive to aversive sickness stimuli such as LiCl and the 
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chemotherapy drug, cisplatin, again resulting in anorexia (Cai et al., 2014; Alhadeff 

et al., 2015). In addition to PKCδ, the CeA also contains a separate population of 

neurons which contain corticotropin releasing hormone (CRH). This population in the 

CeA modulates feeding behaviour in response to physical/emotional stress 

(Haubensak et al., 2010) and may also form a part of the physiological control of 

feeding. 

It is possible that the GFRAL signalling network is utilising one, or both, of these 

neuronal populations to induce anorexia. As shown in Figure 4.3, GFRAL neurons 

utilise CCK to induce anorexia. Central release of CCK from the DVC has been shown 

to activate the lPBN as part of an aversive signalling pathway (Roman, Sloat and 

Palmiter, 2017), and there is an established aversive signalling pathway from 

DVC→lPBN→CeA (Alhadeff et al., 2015), which causes similar nausea/emesis effects 

as the central release of CCK and increased GDF15. Likewise, GDF15 has been shown 

to affect CRH signalling pathways in other parts of the brain in response to injection 

of LPS or infection with Escherichia coli (Cimino et al., 2021). As the CeA also utilises 

CRH neurons as a part of a stress signalling pathway, it is possible these neurons also 

form a part of the GDF15/GFRAL signalling network. 

Finally, the CeA is known to have anorectic projections to other areas of the brain 

which are activated by GDF15, such as the PBN, BNST, and NTS (Zséli et al., 2018). In 

this chapter, retrograde tracing will be utilised to establish where the CeA lies in the 

GDF15/GFRAL signalling network to induce anorexia, and therefore understand 

which anorectic pathways GDF15 might be activating. 

5.1.1.3 Oval nucleus of the bed nucleus of the stria terminalis 

Whilst signalling from the ovBNST can certainly impact feeding behaviour (Hao et al., 

2019; Wang et al., 2019), its role is less well characterised than other brain regions 

which are activated by GDF15. In the ovBNST, two populations of neurons have been 

identified which affect feeding behaviour. One is a GABAergic population which 

signals to the lateral periaqueductal grey matter, increasing feeding (Hao et al., 

2019). Another is a population containing PKCδ. The latter receive input from the 
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PBN and coordinate anorexia during inflammation (Wang et al., 2019). It is possible 

that this second population may be a part of the GDF15/GFRAL signalling network. 

Other regions of the BNST have better established roles in feeding behaviour. Several 

studies connect the BNST with binge-eating behaviours in response to stress. One 

such study shows that stress-induced anorexia is caused by signalling of BNST 

neurons expressing CRH receptors (Ciccocioppo et al., 2004). This anorexia is 

counteracted via dopaminergic and opioid signalling which cause binge-eating 

behaviour (Di Bonaventura et al., 2014).  

Only one study links the ovBNST to dopamine signalling and binge-eating (Maracle et 

al., 2019). As these studies of stress/binge-eating behaviour implicate the lateral 

BNST, and the stress described is physical/emotional (foot shock and restraint stress), 

rather than cellular stress which would cause the release of GDF15, this circuit is likely 

to lie outside of the ovBNST and be separate from the anorexia induced by GDF15. 

5.1.1.4 Paraventricular nucleus of the hypothalamus 

The hypothalamus rightfully receives a lot of attention in experiments concerning the 

neuronal control of food intake. Two of the best characterised areas within the 

hypothalamus which affect feeding behaviour are the ARC and the PVH. There is 

conflicting evidence in the literature about whether GDF15 increases activation of 

neurons in the ARC, with some studies showing activation and others not (Johnen et 

al., 2007; Hsu et al., 2017). Scanning through images taken for this thesis, it appears 

that ARC neurons are not activated by GDF15. However, there is unanimous 

agreement here, in Fig. 3.5D, and in literature that the PVH is activated by GDF15 

(Johnen et al., 2007; Worth et al., 2020; Cimino et al., 2021). 

The PVH is a key area in regulating the body’s stress response via the hypothalamic-

pituitary-adrenal (HPA) axis and it does this using neurons containing CRH. CRHPVH 

neurons are responsive to such stressors as bacterial infection, endoplasmic 

reticulum stress, and genotoxins (Cimino et al., 2021). As GDF15 is increased by 

cellular stress, many or all of these stimuli also increase the release of GDF15 (Park 

et al., 2012; Altena et al., 2015; Hsu et al., 2017; Luan et al., 2019; Scheffer et al., 
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2020; Cimino et al., 2021). Activation of the PVH by GDF15 and the emerging 

relationship between GDF15 and glucocorticoid release (Melvin et al., 2020; Cimino 

et al., 2021) implicate CRHPVH neurons in the GFRAL signalling network. 

Discovering the pathways via which GFRAL signals will allow us to find out more 

about how GDF15 causes anorexia and weight loss and could provide targets by 

which to manipulate the signalling system. We can explore how these areas connect 

to each other by using techniques such as retrograde tracing and fluorescence 

immunohistochemistry. A fluorescent tracer, such as fluorogold (FG), can be injected 

into an area of interest, where it will be taken up by terminals and transported back 

to cell bodies, thus enabling the discovery of direct connections between activated 

neurons in areas of interest. 

With the availability of the Gfral-Cre mouse, it is also possible to fluorescently label 

Cre-expressing GFRAL neurons by crossing the Gfral-Cre mouse with a 

channelrhodopsin-eYFP (ChR2-eYFP) line. This will cause the expression of ChR2-eYFP 

in the cell bodies and neuronal processes of Cre-expressing GFRAL neurons and 

enable the visualisation of GFRAL projections to other parts of the brain. These 

projections may also be in close apposition to neuronal populations of interest, and 

so will direct future studies of the functional connections of GFRAL neurons.  

There are several known anorectic connections between areas shown to be affected 

by GDF15 (Chapter 3). These connections are summarised in Fig. 5.1 and will be 

investigated as a part of this chapter. 
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5.2 Aims and objectives 

Hypothesis: GDF15 causes activation of GFRAL neurons, which then induce anorexia 

using known anorectic signalling pathways. 

Aim: To discover central signalling pathways utilised by GFRAL neurons 

1) Investigate the phenotype of neurons activated by GDF15 outside of the DVC 

- Use fluorescence IHC to investigate the activation of different 

neuronal populations in the lPBN, CeA, PVH, and ovBNST 

2) Find connections between different brain regions activated by GDF15 to 

discover whether known anorectic pathways might be used by GDF15/GFRAL 

to reduce food intake 

- Investigate connections between brain regions activated by GDF15 

using the retrograde tracer, FG 

- Investigate projections of GFRALDVC neurons using the Gfral-Cre 

mouse model 

DVC

PBN
PVH

CeA

ovBNST

Figure 5.1 Known central anorectic connections. Schematic of a mouse brain 
showing known anorectic connections between different regions. Each of the areas 
shown is affected by exogenous GDF15, therefore these connections may form part 
of the GDF15/GFRAL central signalling network. 
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5.3 Methods 

5.3.1 Animals 

11-12-week-old male and female Calca-CreGFP, 14-week-old male and female Penk-

Cre::eYFP, 12-24-week-old male and female Pdyn-Cre::eYFP, 14-week-old male and 

female Crh-Cre::eYFP, and 14-21-week-old make and female Gfral-Cre::ChR2-eYFP 

mice were used for neuronal activation studies.  

11-12-week-old male and female Calca-CreGFP and 14-week-old male C57BL/6J 

(Charles River, UK) mice were used for retrograde tracing FG studies.                                                                                     

Details of these lines can be found in Table 1.2. All mice were kept under standard 

conditions as described in General Methods (section 2.2) 

5.3.2 Drugs and tracers 

4 nmol/kg GDF15 was administered subcutaneously to mice 2 hr before transcardial 

perfusion as described in General Methods section 2.1.2 and 2.8.1 respectively. 

Hydroxystilbamidine methanesulfonate (FG; Life Technologies ltd. Cat. H22845) was 

reconstituted at 4% in sterile water and 12-18 nl was injected unilaterally into the 

PBN, CeA, PVH, or BNST (for coordinates, see Table 4). 

AAV8-hSyn-DIO-mCherry (Addgene, cat. 50459-AAV8) was reconstituted in sterile 

saline to a titre of 2.2 x 1013 gc/ml and was injected bilaterally into the lPBN a volume 

of 150 nl/side. 

5.3.3 Stereotaxic surgery 

Surgeries were performed using the standard protocol as described in 2.3.2. mCherry 

was injected bilaterally into the lPBN of Calca-CreGFP mice. FG was injected 

unilaterally for all targets into C57BL6/J mice, co-ordinates for which can be found in 

Table 1.4. Injections of FG into the CeA were performed by Dr Nicolas Nunn. 

Injections of FG into the PBN, PVH, and ovBNST were performed by Dr Amy Worth. 
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After surgery, mice were given at least 2 weeks before transcardial perfusion. This 

allowed the mice time to recover and gave time for axonal transport of FG or 

expression of mCherry. 

5.3.4 Immunohistochemistry 

All IHC was carried out using the standard protocol described in 2.8.3 and imaged 

using a fluorescent microscope (2.8.4), barring sections stained for PKCδ, which 

required an antigen retrieval step. The antigen retrieval step was carried out 

immediately before the normal IHC protocol and was as follows: 

Sections were washed three times for 5 min in neutral 0.1M phosphate buffer (PB; 

pH 7.4; prepared in-house by dissolving 14.24g/l Na2HPO4·2H2O (Sigma-Aldrich, cat. 

71645) and 3.12g/l NaH2PO4·2H2O (Sigma-Aldrich, cat. 71500) in water). Sections 

were then transferred into 10-50 mM sodium citrate solution at a pH of 8.5-9.0 and 

heated at 80oC for 30 min. Sections were removed from the heat and allowed to cool 

to room temperature in sodium citrate solution. Finally, sections were washed three 

times for 5 min in 0.1M PB. Normal IHC protocol was then followed from this point. 

FG was not counter-stained as its own fluorescence was enough to be detected using 

the DAPI filter (350 nm) of a Zeiss Snapshot microscope. 

Images for PKCδ staining in Figure 5.2 and Gfral-Cre::ChR2-eYFP sections in Figure 5.3 

were acquired using a Panoramic-250 microscope slide scanner (3D-Histech, 

Budapest, Hungary) using a 40x/0.95 Plan Apochromat objective (Zeiss) and the 

TRITC and FITC filter sets. Snapshots of the slide scans were taken using Case Viewer 

software (3D-Histech) and any further processing required was carried out using Fiji 

software (Schindelin et al., 2012). All cell counts were carried out using Fiji software 

(Schindelin et al., 2012) as described in General Methods.  

Dr Amy Worth carried out IHC and subsequent image processing and analysis for 

PKCδ and Crh-Cre::eYFP forebrain studies in Figure 5.2. Ms Sangavy Loganathan 

carried out IHC and imaging on Gfral-Cre::ChR2-eYFP sections in Figure 5.3 and PBN 

sections from Calca-CreGFP animals which had been injected into the CeA with FG in 

Figure 5.4F under Rosemary Shoop’s instruction. 
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5.4 Results 

5.4.1 Neuronal types activated following exogenous GDF15 treatment 

5.4.1.1 PBN 

In Calca-Cre mice which had been injected bilaterally into the elPBN with AAV8-hSyn-

DIO-mCherry, GDF15 treatment caused cFos immunoreactivity in an average of 46% 

of Calca−Cre neurons whereas just 1.8% of Calca-Cre neurons contained cFos in the 

elPBN of saline-treated mice (p <0.0001. Fig. 5.2A). 

In contrast, GDF15 treatment did not cause cFos expression in Penk-Cre-expressing 

neurons in the elPBN (Fig. 5.2B). Nor did GDF15 treatment cause cFos expression in 

Pdyn-Cre-expressing neurons in the elPBN (Fig. 5.1C). The bulk of Pdyn-Cre::eYFP 

neurons were located in a more dorsal region of the lateral PBN than those neurons 

affected by GDF15 treatment. Of the few Pdyn-Cre::eYFP found in the elPBN, none 

were affected by exogenous GDF15. 
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Figure 5.2. Phenotype of neurons activated by GDF15 in the PBN. Calca-Cre mice 
were injected into the external lateral portion of the parabrachial nucleus (elPBN) 
with AAV8-hSyn-DIO-mCherry and were treated with saline or GDF15. A) Activation 
of Calca−Cre::mCherry neurons (magenta) was determined by co-localisation with 
the neuronal activation marker, cFos (green). Proenkephalin (Penk)−Cre and 
prodynorphin (Pdyn)−Cre mice were crossed with the Rosa26eYFP fluorescent 
reporter strain and activation of B) Penk−Cre::eYFP neurons (green) and 
C) Pdyn−Cre::eYFP neurons (green) in the elPBN following GDF15 injection was 
investigated, again via co-localisation with cFos (magenta). Contributions: Surgery in 
panel A performed by Dr Amy Worth. 
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5.4.1.2 Forebrain 

Activation of PKCδ neurons in the CeA, ovBNST, PVH following GDF15 treatment was 

investigated. In saline-treated animals, approximately 1% of PKCδ neurons contained 

cFos in the CeA. This increased to an average of 14% for GDF15-treated animals (p = 

0.0012. Fig. 5.23i). In the ovBNST, an average of 35% of PKCδ neurons were activated 

by GDF15 compared with 2% in saline-treated mice (p = 0.0012. Fig. 5.3Aii). PKCδ was 

not expressed in neurons in the PVH (Fig. 5.3Aiii). 

Activation of neurons expressing Crh-Cre::eYFP was also investigated. GDF15 did not 

significantly increase the activation of neurons containing Crh-Cre::eYFP in the CeA 

(Fig. 5.3Bi). There were very few Crh-Cre::eYFP neurons in the ovBNST, with an 

average of 6 neurons per side for each section. Many more Crh-Cre::eYFP neurons 

were observed in the dorsal and ventral regions of the BNST, with an average of  27 

and 36 neurons per section per side, respectively. For the neurons which did appear 

in the ovBNST, an average of 7% of Crh-Cre::eYFP neurons were activated, which was 

equivalent to approximately one neuron activated per section (Fig. 5.3Bii). GDF15 

treatment did not cause a statistically significant activation of Crh-Cre::eYFP neurons 

here or in the rest of the BNST.  

GDF15 treatment caused an increase in cFos immunoreactivity in Crh-Cre::eYFP 

neurons in the PVH, with saline treated controls having an average of 6% of Crh-

Cre::eYFP neurons colocalising with cFos, vs. an average of 26% in GDF15-treated 

animals (p = 0.0291. Fig. 5.3Biii). Unlike other populations we have examined, there 

was a large amount variation in the level of activation of Crh−Cre::eYFP neurons in 

the PVH, with a range of 5-50% of Crh-Cre::eYFP neurons containing cFos after GDF15 

treatment. Activation in saline-treated control was much more consistently between 

5-10% of the population. 
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Figure 5.3. Phenotype of neurons activated by exogenous GDF15 in the forebrain. 
Quantification of the percentage activation of neurons containing A) PKCδ or B) Crh-
Cre::eYFP (green) in the central amygdala (CeA), the oval nucleus of the bed nucleus 
of the stria terminalis (ovBNST), and the paraventricular nucleus of the hypothalamus 
(PVH) in mice treated with saline or 4 nmol/kg GDF15. Activation of neurons was 
determined by the co-localisation with the neuronal activation marker, cFos 
(magenta). n=6-7/group. LV = lateral ventricle, 3V = 3rd ventricle. Data analysed using 
t-test or Mann-Whitney U−test as appropriate. * p < 0.05, *** p < 0.001. 
Contributions: IHC, imaging and cell counts performed by Dr Amy Worth. 
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5.4.2 Direct projections of GFRAL neurons 

Two techniques were utilised to discover the direct projection sites of GFRALDVC 

neurons. Firstly, the fluorescent retrograde tracer, FG, was injected unilaterally into 

areas shown to be activated by GDF15 (the lPBN, CeA, ovBNST, and PVH – Fig 3.5). 

Correct targeting of FG was confirmed at the site of injection (Fig. 5.4Ai-iv). GFRAL 

neurons which were activated by GDF15 administration in the AP and the NTS co-

localised with FG which had been injected into the PBN (Fig. 5.4B). FG from the CeA 

did not co-localise with activated GFRALDVC neurons (Fig. 5.4C), nor did FG from the 

ovBNST (Fig. 5.4D) or the PVH (Fig. 5.4E). This suggests that GFRAL neurons which are 

activated by GDF15 have direct projections to the PBN, but not to the CeA, ovBNST, 

or PVH. 

From these studies, it is also possible to determine connections between areas 

activated by GDF15 and non-GFRALDVC neurons which are activated by GDF15. Non-

GFRAL neurons in the mNTS do not project to the PBN as they do not co-localise with 

FG from this area (Fig. 5.4B). One to two non-GFRALmNTS neurons per section co-

localised with FG from the CeA (Fig. 5.4C). Several non-GFRALmNTS neurons co-

localised with FG from the ovBNST (Fig. 5.4D), and a substantial number co-localised 

with FG from the PVH (Fig. 5.4E). Quantification of the amount of co-localisation with 

FG was not performed as the targeting and uptake of FG will differ between animals, 

making absolute comparisons invalid. 

Secondly, Gfral-Cre::ChR2-eYFP mice were generated. The advantage of the ChR2-

eYFP fluorescent marker over the eYFP used in other strains was that it marks 

neuronal processes as well as cell bodies. Projections from Gfral-Cre neurons were 

present in high density close to the population of mNTS neurons which were 

activated by GDF15 (Fig. 5.4F). There was also a high density of projections around 

neurons activated by GDF15 in the elPBN (Fig. 5.4G). In accordance with FG results, 

there were no projections present in the CeA (Fig. 5.4H), the ovBNST (Fig. 5.4I) or the 

PVH (Fig. 5.4J). 
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Figure 5.4. Direct projection sites of GFRALDVC neurons. Targeting of unilateral 
injections of the retrograde tracer, fluorogold (FG, blue) into wild-type mice was 
confirmed in Ai) the parabrachial nucleus (PBN), ii) the central amygdala (CeA), iii) 
the bed nucleus of the stria terminalis (BNST), and iv) the paraventricular nucleus of 
the hypothalamus (PVH). Co-localisation of FG with activated GFRAL neurons (red, 
native GFRAL + green, cFos) in the dorsal vagal complex (DVC) following GDF15 
treatment in mice injected into B) the lateral portion of the PBN (lPBN), C) the CeA, 
D) the BNST, or E) the PVH with FG. Gfral-Cre::ChR2-eYFP mice were treated with 
4 nmol/kg GDF15. Projections form Gfral-Cre::ChR2-eYFP neurons in F) the DVC, 
G) the external lateral portion of the PBN (elPBN), H) the CeA, I) the oval nucleus of 
the BNST (ovBNST), and J) the PVH, areas which are activated following GDF15 
treatment (cFos, magenta). aca = anterior commissure, AP = area postrema, cc = 
central canal, DMX = motor nucleus of the vagus, ec = external capsule, NTS = nucleus 
of the solitary tract, 3V = 3rd ventricle. Contributions: Images for Aii-iv collected by 
Dr Amy Worth. Tissue processing, IHC, and imaging for F-J performed by Ms Sangavy 
Loganathan. 
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5.4.3 The GFRAL signalling network 

FG was also utilised to investigate connections between brain regions activated by 

GDF15. In the same animals as described previously, the majority of neurons 

activated in the elPBN projected to the CeA (Fig. 5.5A).  In these mice, there was also 

a more dorsal portion of the elPBN which contained FG, but not cFos. 

FG injected into the PBN co-localised with neurons in the CeA and the PVH containing 

GDF15-induced cFos. Though there was FG present in the ovBNST, it did not 

correspond with neurons activated by GDF15 (Fig. 5.5B). This suggests that some 

GDF15-activated neurons in both the CeA and PVH, but not in the ovBNST, project to 

the PBN.  

A substantial number of GDF15-activated neurons in the elPBN co-localised with FG 

from the ovBNST, demonstrating that they project directly to that nucleus. There 

were also many non-GDF15 activated neurons in the elPBN which contained FG from 

the ovBNST. In addition, a small number of GDF15-activated neurons in the medial 

portion of the CeA projected to the ovBNST. There was a small amount of FG from 

the ovBNST in the PVH, but this did not co-localise with GDF15-induced cFos (Fig. 

5.5C). 

Finally, there was no co-localisation of FG injected into the PVH with GDF15-activated 

neurons in the elPBN, CeA, or ovBNST (Fig. 5.5D). In fact, FG from the PVH did not 

appear in any of these areas at all. The appearance of FG in the elPBN from terminals 

in the CeA and ovBNST showed that there are populations of elPBN neurons which 

both are and are not activated by GDF15 project to the CeA and ovBNST.  

Having confirmed that GDF15 activates Calca-Cre neurons in the PBN (Fig. 5.1A) and 

that neurons in the PBN project to the CeA (Fig. 5.5A), FG was injected into the CeA 

of Calca-CreGFP mice to investigate whether Calca-Cre neurons, activated by GDF15, 

project to the CeA. An approximate count revealed that 20-30% of Calca-CreGFP 

neurons co-localised with FG. The majority of these Calca-Cre neurons, which 

projected to the CeA, contained cFos. Further investigation showed that additional 

Calca-CreGFP neurons were present more rostrally and more ventrally than the 
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neurons which were activated by GDF15. Thus, GDF15 did not activate the majority 

of the population of Calca-Cre neurons but did activate a substantial number of them 

which project to the CeA (Fig. 5.5E). 
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Figure 5.5. Tracing connections between mid- and forebrain areas activated by 
GDF15 treatment. Co-localisation of neurons activated by GDF15 (cFos, red) with the 
retrograde tracer, fluorogold (FG, blue) which had been injected into A) the central 
amygdala (CeA), B) the lateral portion of the parabrachial nucleus (lPBN), C) the bed 
nucleus of the stria terminalis (BNST), and D) the paraventricular nucleus of the 
hypothalamus (PVH), in areas which are activated by GDF15. Calca-CreGFP mice were 
injected into the CeA with FG and treated with GDF15. E) Co-localisation between 
Calca-CreGFP (green), cFos (red) and FG (blue) was sought in the PBN. ec = external 
capsule, elPBN = external lateral PBN, LV = lateral ventricle, scp = superior cerebellar 
peduncle, 3V = 3rd ventricle. Image from panel E collected by Ms Sangavy Loganathan. 
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5.5 Discussion 

5.5.1 Phenotype of neurons activated by GDF15 

To date, little work has been conducted to uncover the phenotype of neurons 

activated by GDF15 administration outside of the DVC. This information could give 

better clues as to how GDF15/GFRAL signalling causes anorexia and weight loss as 

the signalling system could be using known pathways. It could also provide further 

targets via which the GDF15/GFRAL signalling system could be manipulated for study 

and in therapy. Therefore, one of the aims of this chapter was to further the 

knowledge of the identity of neurons activated outside of the DVC by GDF15. 

Previous chapters have shown that GDF15 is anorectic and causes conditioned taste 

aversion. In this chapter, neuronal types which cause these effects in areas activated 

by GDF15 were investigated using immunohistochemistry and neuronal activation 

studies. 

5.5.1.1 PBN 

The PBN is an area involved in a diverse range of activities and contains several 

different neuronal types. Within the PBN, there are neurons expressing specific 

neuropeptide markers which are known to be involved in, or have been linked with, 

signalling anorexia and food reward. The role of three of these neuronal types in 

GDF15/GFRAL signalling was investigated. 

The first population of these neurons investigated were those expressing CGRP. 

There are many similarities between the actions of GDF15 and effects caused by the 

activation of CGRP neurons in the elPBN, such as anorexia and conditioned taste 

aversion (Carter et al., 2015; Palmiter, 2018). Chapter 4 provided evidence that 

GFRAL neurons in the DVC co-localise with those expressing CCK (Fig. 4.2A). CCKNTS 

neurons have been shown to signal to the elPBN, causing anorexia (Roman, Sloat and 

Palmiter, 2017). In addition, data in Chapter 3 showed GDF15 treatment caused the 

activation of neurons in the elPBN and CeA (Fig. 3.5). As CGRP neurons are found in 

the elPBN, express CCK receptors (Worth et al., 2020), and project to the CeA, causing 

anorexia and aversion, it was probable that GDF15 signals anorexia and aversion via 
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these neurons. GDF15 did indeed cause the activation of approximately 45% of 

Calca−CremCherry neurons in the elPBN (Fig. 5.2A). The majority of Calca-CreelPBN 

neurons activated by GDF15 projected to the CeA (Fig. 5.5A). This gives compelling 

evidence that the GFRAL signalling system utilises the known aversive DVC → PBN 

→CeA pathway described by Alhadeff et al. (2015) and the Palmiter group (Roman 

et al. 2016; Palmiter, 2018). 

However, not all CalcaelPBN neurons were activated by GDF15, and not all neurons 

activated by GDF15 in the elPBN expressed Calca-Cre. The fact that GDF15 did not 

activate the entire population of Calca-CreelPBN neurons is understandable as CGRP 

neurons in the elPBN carry out multiple functions. Neurons in the lPBN have been 

shown to be activated by sickness signals, such as LiCl, LPS and GDF15, as well as 

forming part of a satiety circuits via signalling from AgRP neurons in the ARC (Garfield 

et al., 2015; Campos et al., 2016). Judging by the neuronal subtypes and connections 

shown to be involved in the GFRAL signalling network, and as it is debatable whether 

GDF15 causes activation of the ARC, it seems likely that the role of CGRPelPBN neurons 

in GDF15/GFRAL signalling is aversive, rather than satiating.  

GDF15 did not activate the whole population of CGRPelPBN neurons (Fig. 5.2A). As 

CGRPelPBN neurons are involved in signalling anorexia by different pathways, it may 

be the case that there are different subsets of CGRPelPBN neurons which cause 

anorexia via different mechanisms. Future investigations could be performed to 

discover whether this is the case, and it may be that aversive anorectic CGRP 

signalling in the lPBN is generated by neurons which express CCK receptors and/or 

are activated by GDF15. 

As GDF15 also cause the activation of non-Calca neurons in the elPBN, other neuronal 

types in this area were also investigated. PENK and PDYN are opioid peptides which 

are known to be affected by the ingestion of food and are involved in the regulation 

of feeding behaviour during stress in forebrain regions (Clement-Jones and Rees, 

1982; Christiansen et al., 2011). These peptides are both expressed in the lPBN. 

Though GDF15 did not activate PENK neurons in the PBN, due to the uncertainty of 

the nature of PENK signalling in the PBN, this does not provide evidence that GDF15 
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might be causing anorexia via more than just aversive pathways. Further research on 

the action of PENKPBN neurons would be needed to confirm this. The involvement of 

PENKPBN neurons in control of food intake could be assessed by preventing signalling 

of these neurons with a caspase virus during a feeding study. Alternatively, PENKPBN 

neurons could be induced to express a stimulatory DREADD or channel rhodopsin, 

and this population could be stimulated, and food intake measured. The valency of 

these neurons could then be measured using CTA or CPA coupled with the 

chemogenic or optogenetic activation of this neuronal population to assess whether 

food intake is affected due to satiety or aversion. 

Although PENK neurons clearly affect food intake and are located in a similar region 

of the PBN that is activated by GDF15, it is unlikely that GDF15/GFRAL signalling 

would utilise PENK neuronal signalling to cause anorexia. As mentioned earlier, PENK 

neurons elsewhere in the brain are involved in signalling to increase food intake in 

response to types of stress which do not cause the release of GDF15 (Patel et al., 

2019; Lockhart, Saudek and O’Rahilly, 2020). Like GDF15/GFRAL signalling, PENK 

signalling does not seem to be a part of normal homeostatic control of feeding and 

rather than reducing feeding by inducing satiety through reward pathways, it 

increases feeding in response to stressors. The result of this is a dampening of stress 

pathways which GDF15/GFRAL signalling activates (Blasio et al., 2014; Di 

Bonaventura et al., 2014; Cimino et al., 2021). Although enkephalins act on opioid 

receptors and there is an abundant expression of mu opioid receptors in the lPBN 

(Huang et al., 2021), enkephalins preferentially act on delta opioid receptors (Le 

Merrer et al., 2009). Furthermore, evidence thus far indicates that GFRAL neurons 

are excitatory, containing both glutamate (Fig. 4.2C) and catecholamines (Fig. 4.2B). 

It is therefore unlikely that GFRAL neurons inhibit PENK neurons in the lPBN to 

prevent their effect of increasing food intake. 

Though activation of PDYNlPBN neurons has a similar effect to increasing GDF15 (Kim 

et al., 2020), PDYN neurons were not activated by GDF15. This is to be expected when 

considering the following: 1) though PDYN neurons receive input from neurons in the 

NTS, the projecting neurons are located more medial in the NTS than where GFRAL 

neurons are located. Also, PDYN neurons appear not to receive input from the AP. 2) 
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PDYN neurons are activated by different stimuli than GFRAL neurons. Whilst PDYN 

neurons are activated by mechanoreception in the digestive tract, the release of 

GDF15, and therefore activation of the GFRAL signalling network, is unaffected by 

meal times and food consumption (Tsai et al., 2015). Finally, 3) though PDYN neurons 

are expressed in the lateral portion of the PBN, much like neurons activated by 

GDF15, the bulk of PDYN neurons were seen in a more dorsal portion of the PBN. This 

dorsal region of the PBN in which PDYN neurons were found also did not co-localise 

with the area in which Gfral-Cre neurons were seen to project.  

5.5.1.2 Forebrain 

Moving outside of the PBN, the activation by GDF15 of neurons expressing PKCδ and 

CRH in the CeA, ovBNST, and PVH were explored. PKCδ neurons in the CeA are part 

of an anorectic pathway and are activated by both satiety and sickness signals (Cai et 

al., 2014). Cai et al. (2014) showed that PKCδ neurons are activated by LPS. LPS causes 

the release of GDF15 (Luan et al., 2019), which also causes the activation of PKCδCeA 

neurons  (Fig. 5.3Ai). It is, therefore, possible that on exposure to sickness signals like 

LPS, PKCδCeA neurons are activated by the subsequent release of GDF15 as a part of 

the GFRAL signalling network. 

Cai et al. (2014) also showed that Calca neurons in the lPBN signal directly to PKCδ in 

the CeA. The circuit from CGRPlPBN to neurons in the CeA has been shown to be highly 

aversive in several publications and can be activated by stimuli which cause sickness 

and nausea such as LPS, LiCl, and the chemotherapy drug, cisplatin (Cai et al., 2014; 

Alhadeff et al., 2017). In this chapter, GDF15 caused the activation of Calca-CreelPBN 

neurons (Fig. 5.2A) and PKCδCeA neurons (Fig. 5.3Ai). FG studies also showed that 

Calca-Cre neurons activated by GDF15 in the elPBN signal to the CeA (Fig. 5.5E). 

Therefore, it is likely that GDF15 is activating the circuit described by Cai et al. (2014).  

In the CeA and ovBNST, CRH neuron signalling is involved in binge eating (Iemolo et 

al., 2013; Di Bonaventura et al., 2014). In the PVH, CRH neurons are involved in 

signalling stress as a part of the HPA axis, which is necessary to coordinate the body’s 

response to stress, including infection and disease (Turnbull and Rivier, 1999). The 
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activation of the HPA axis has well documented effects on food intake and body 

weight (Sominsky and Spencer, 2014).  

There is emerging evidence that GDF15 plays a role in activating the HPA axis during 

infection and disease (Melvin et al., 2020; Cimino et al., 2021). As shown in this 

chapter, GDF15 caused the activation of CRH neurons in the PVH (Fig. 5.3B). We 

published this finding  (Worth et al., 2020) and this was reaffirmed a year later in a 

publication by another group (Cimino et al., 2021). Activation of CRHPVH neurons by 

GDF15 supports the theory that GDF15 is increased as a part of a stress response and 

that GDF15/GFRAL signalling is not part of the normal physiological control of food 

intake.  

Interestingly, only an average of 31% of neurons activated by GDF15 in the PVH 

contained CRH (Fig. 5.3B). Therefore, whilst bearing in mind the fluorescent reporter 

may not have been present in every CRHPVH neuron, it is likely that GDF15 activated 

more than one neuronal type in this area. There are several different cell types in the 

PVH which affect food intake, including those which express MC4Rs, PENK and PDYN. 

It is unlikely that GDF15-activated PVH neurons contain any of these markers. PENK 

and PDYN positive PVH neurons are involved in signalling reward during binge eating 

(Christiansen, et al., 2011; Martín-García et al., 2011) and Hsu et al. (2017) showed 

that Mc4r KO in rats did not impact the effects of GDF15 on food intake or body 

weight. However, as a minority of neurons activated by GDF15 in the have been 

identified, it would still be worth further investigation to phenotype the rest of these 

neurons and gain a more complete picture of the role of the PVH in the GFRAL 

signalling network. 

Overall, data in this chapter further supports results in Chapter 3 which indicate that 

GDF15 has negative valency and triggers anorexia and weight loss via aversive central 

signalling pathways. Immunohistochemistry performed to investigate neuronal 

activation by GDF15 revealed that GDF15 activated several neuronal types known to 

be a part of aversive pathways, such as neurons which contain Calca, in the PBN, 

neurons which contain PKCδ in the CeA and ovBNST, and neurons which contain CRH 

in the PVH. Though CCKNTS neurons which signal to the PVH have been shown to have 
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positive valence (Roman, Sloat and Palmiter, 2017),  the majority of data here 

highlight anorectic signalling pathways which cause nausea, malaise, and aversion. 

Therefore, the GDF15/GFRAL signalling network may cause anorexia using pathways 

with both positive and negative valence, with the overall effect being aversive. The 

aversive nature of GDF15 should perhaps not be surprising, as it is released in 

circumstances of disease and cellular stress.  

5.5.2 GFRAL signalling network 

The second objective of this chapter was to establish connections between the 

different regions of the brain involved in GDF15 signalling. This again was to further 

understand how GDF15/GFRAL signal to cause anorexia and weight loss. In this 

chapter, two methods were used to address this goal.  

Firstly, the retrograde tracer, FG, was injected into regions which had been shown to 

be activated by GDF15 in Chapter 3. FG is taken up in the synapses of neurons at the 

injection site and carried back to the cell bodies. Co-localisation between FG and 

neurons activated by GDF15 in other regions suggests which areas project to neurons 

at the FG injection site. In this chapter, FG was successfully utilised to show 

connections from the following types of neurons which are activated by GDF15: 

- GFRALDVC neurons to the PBN 

- From mNTS neurons which are responsive to GDF15 to the PVH 

- From Calca-CreelPBN neurons to the CeA and back from the CeA to both 

Calca−Cre and non-Calca-Cre neurons in the elPBN 

- From The elPBN to the BNST 

- From the PVH to the PBN 

- From the CeA to the BNST  

This effectively links all areas activated by GDF15 to each other and implicates several 

known anorectic signalling pathways which GDF15/GFRAL could be using to reduce 

food intake and body weight. These connections are summarised in Figure 5.6. 

Whilst FG is a useful tool and has provided plenty of information here, it does have 

some drawbacks. Namely, that FG spreads at the site where it is injected. Therefore, 
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if the area targeted is very small, FG is likely to reach other areas around the target, 

potentially confusing the results. This is especially pertinent when interpreting 

results for FG injections targeted at the ovBNST. In this experiment, though 

coordinates were refined, and the smallest possible volume of FG was injected, there 

was still spread to the rest of the BNST. As there are known connections between the 

NTS and other areas of the BNST (Berthoud et al., 1990; Williams et al., 2018), it is 

impossible to be certain which part of the BNST the small number of GFRAL-negative, 

GDF15-activated neurons in the mNTS (Fig. 5.4D) project to.  

For the same reason, FG would not have been suitable to investigate the potential 

connection between GFRALDVC neurons and non-GFRAL neurons in the mNTS which 

are activated by GDF15. Therefore, another technique had to be employed to 

discover whether GFRAL neurons in the DVC connect with non-GFRAL neurons in the 

mNTS. To investigate this connection, the Gfral-Cre mouse was crossed with the 

ChR2-eYFP line, which caused the expression of eYFP in the cell bodies and the 

neuronal processes of Gfral-Cre neurons. This allowed visualisation of projections 

from GFRAL neurons to their target sites, including the mNTS. This model also 

supported FG data, showing that GFRAL neurons project directly to the elPBN, but 

not to other forebrain structures.  

Though these studies show connections between different areas of the brain, they 

do not prove functional connection. The final step in investigating the connections 

between regions in the GFRAL signalling network would therefore be to use a 

technique such as channel rhodopsin-assisted circuit mapping, to prove functional 

connections between GFRAL and other neuronal types in the GDF15/GFRAL signalling 

network. This is now possible due to the development of our Gfral-Cre mouse line, 

and the availability of other mouse lines such as the Calca-Cre, Crh-Cre, and 

PKCδ−Cre. Before, a proxy for these populations would have been required, such as 

using a Cck-Cre mouse to investigate connections of GFRAL neurons or Slc17a6-Cre 

mouse to investigate the connections of CGRP neurons. This would have given less 

accurate results as GFRAL and CGRP neurons are subpopulation of CCK neurons in 

the DVC and glutamatergic neurones in the PBN, respectively. 
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5.5.3 Summary 
 

 

Figure 5.6. Summary of GDF15/GFRAL signalling network. Connections between 
GFRAL neurons activated by GDF15 in the DVC (GFRALDVC) and neurons activated by 
GDF15 in the medial portion of the nucleus of the solitary tract (mNTS), the 
parabrachial nucleus (PBN), the central amygdala (CeA), the oval nucleus of the bed 
nucleus of the stria terminalis (ovBNST) and the paraventricular nucleus of the 
hypothalamus (PVH). Solid arrows denote connections between areas. Dotted 
arrows denote weak connections with very few neurons involved. 

 

5.6 Conclusions 

- The phenotypes of many neurons activated by GDF15 outside of the DVC have 

now been established, with GDF15 causing the activation of neuronal types 

in the PBN, CeA, ovBNST, and PVH which are known to be connected to 

signalling stress and aversion 

- Connections between areas activated by GDF15 have successfully been 

explored using retrograde tracing studies and fluorescent marking of 

Gfral−Cre neurons 

- GDF15 activates known pathways which cause anorexia via aversion 

- GFRAL neurons project directly to the mNTS and elPBN, but indirectly to other 

areas which are activated as a result of the administration of exogenous 

GDF15 

GDF15

GFRALDVC

PBN
PVH

CeA

ovBNST

GDF15-activatedmNTS
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6 GDF15 secretion in mouse models of cancer 

6.1 Introduction 

Anorexia and weight loss, in particular cachexia, pose a significant threat to cancer 

patients. Between 40% and 80% of cancer patients are expected to experience 

anorexia and weight loss, depending on the type and stage of cancer (Argilés et al., 

2014). Furthermore, ACS increases patient mortality and was responsible for up to 

20% of cancer deaths in 2014 (Argilés et al., 2014). Sometimes, weight loss and 

anorexia during cancer is caused by physical blockage of the GIT or the tumour 

impacting the ability to absorb nutrients in another way (e.g. neuroendocrine 

pancreatic tumours altering the release of hormones such as gastrin, somatostatin, 

or glucagon) (Hendifar et al., 2019). However, there are many other cancer types 

which also feature anorexia and weight loss. As of yet, the cause in these cases is not 

certain and there is no effective treatment for anorexia and weight loss during 

cancer. 

There is evidence across different types of cancers, from preclinical rodent models 

and humans, that cancer can cause an increase in circulating GDF15 (Altena et al., 

2015; Lerner et al., 2015; Suriben et al., 2020). Elevated GDF15 causes anorexia, 

weight loss and nausea. Evidence for additional roles in cancer is conflicting. Like 

other members of the TGFβ family, GDF15 can either be a positive or a negative 

prognostic marker during cancer.  

Historically, synthetically derived GDF15 has been shown to be contaminated with 

very small quantities of other TGFβs (Olsen et al., 2017). Unfortunately, even in such 

small quantities, TGFβs can affect tumour growth and development. Therefore, 

results of studies investigating the effects of GDF15 on cancers in vitro should be 

interpreted with care. However, there is also substantial data from humans, rats, and 

mouse models showing a range of effects of GDF15 on cancer in vivo, though results 

are often conflicting. 
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In some scenarios, the presence or increase of GDF15 is a positive prognostic marker, 

with GDF15 promoting apoptosis by sensitising cancer cells to non-steroidal anti-

inflammatory drugs (NSAIDs) (Baek et al., 2000; Martinez et al., 2006; Lincová et al., 

2009) and allowing the anti-proliferative effects of other cancer therapy drugs 

(Zimmers et al., 2010). GDF15 can slow tumour growth, repress tumour cell 

proliferation, promote infiltration of macrophages into the tumour, and increase 

rates of survival (Husaini et al., 2015; Ratnam et al., 2017; Lu et al., 2018).  

On the other hand, an increase in GDF15 during cancer is frequently detrimental to 

a good prognosis. GDF15 can promote cancer cell invasion and metastasis (Senapati 

et al., 2010; Griner, et al., 2013; Aw Yong et al., 2014; Siddiqui et al., 2022), promote 

neoangiogenesis alongside vascular endothelial growth factors  (VEGF) (Huh et al., 

2010; Song, et al., 2012), increase tumour growth and proliferation (Brown et al., 

2003; Chen et al., 2007; Griner et al., 2013), promote drug tolerance of cancer cells 

(Bellio et al., 2022), and decrease immune response by suppressing macrophage 

activity (Ratnam et al., 2017). These effects may occur as GDF15 suppresses the 

release of TNFα, IL-1, IL-6, and macrophage colony-stimulating factor (MCSF) 

(Bootcov et al., 1997). In general, increased circulating GDF15 can lead to decreased 

survival rate/increased risk of mortality (Lerner et al., 2015). The determining factor 

for GDF15 to be a positive or a negative marker seems to depend on both the type 

and severity of the cancer. 

Alongside these effects, GDF15 has been linked with cancer-induced anorexia and 

weight loss (Johnen et al., 2007). In particular, increased GDF15 has been linked to 

cancer cachexia (Lerner, Tao, et al., 2016; Suriben et al., 2020). Since cachexia is 

known to greatly impact risk of mortality for cancer patients, there is a clear need to 

study anorexia and weight loss in cancer and GDF15 provides an interesting target to 

focus on. 

Many cancer studies investigating GDF15 have used patient-derived xenograft 

models, which have been screened for cells known to release GDF15, or otherwise 

have used cells specifically engineered to over produce GDF15. I aimed to use a 

syngeneic tumour model, one where the tumour cells originate in the same strain of 
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mouse, in order that we did not need to use immunocompromised mice and, 

therefore, have a more relevant response to the presence of a tumour. Likewise, 

engineered cells were not used in the hope that different types of tumours could be 

tested to see if there is a relationship between different types of cancer and GDF15 

secretion.  

Subcutaneous Lewis lung carcinoma (LLC) and CT26 colon carcinoma cells are two of 

the best established mouse cachexia models  and are commonly used in cancer 

anorexia and weight loss/cachexia studies (Ballarò et al., 2016). LLC cells originate in 

C57Bl6/J mice, however, CT26 cells were originally derived from Balb/c mice. 

Therefore, LLC cells were favoured for the following studies. MC38 colon carcinoma 

cells, originating in C57Bl6/J mice, have also been shown to cause weight loss (Bae et 

al., 2019). The approach in this chapter was designed to explore the relationship 

between cancer anorexia and weight loss and the secretion of GDF15 in different 

mouse models, in the hope of ascertaining whether the GDF15/GFRAL signalling 

network might be a good target to combat cancer anorexia and weight loss. 

6.2 Aims and objectives 

Hypothesis: Cancer anorexia and weight loss is associated with the expression of 

circulating GDF15. 

Aim: To define GDF15 secretion in mouse models of cancer and establish whether 

there is a link between GDF15 secretion and anorexia and weight loss in murine 

cancer models. 

1) Establish murine cancer models which do, and do not, display anorexia and 

weight loss 

- Run a pilot study to measure food intake, body weight, and body 

composition in known cancer cachexia mouse models 

2) Explore effects of cancer on the GDF15/GFRAL signalling network 

- Measure GDF15 in plasma and activation of GFRAL neurons in murine 

cancer models 
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3) Perform correlation analysis to establish whether there is a correlation 

between cancer-induced anorexia and weight loss and GDF15. 

6.3 Methods 

6.3.1 Animals 

12-week old male C57BL6/J mice (Charles River, UK) were used in the subcutaneous 

tumour study using either LLC or MC38 colon carcinoma cells. 6-week old female 

C57BL6/J mice (Charles River, UK) were used for the orthotopic LLC study. All mice 

were kept under standard conditions as described in General Methods 2.2. 

6.3.2 Cells and cell culture 

All cells were kindly gifted by Dr Jamie Honeychurch and his colleagues in the Tim 

Illidge group at Cancer Research UK, Manchester Institute. LLC cells and MC38 colon 

carcinoma cells were grown in vitro in complete media, which was composed of high 

glucose Dulbecco’s Modified Eagle’s Medium (DMEM. Sigma Aldrich, UK) containing 

10% FBS (Thermofisher, UK). Cells were split when they had reached 80-90% 

confluency, as assessed by observing the cells under a light microscope. Cells were 

passaged no more than three times before inoculation into mice. 

To prepare cells for injection, cells were washed in sterile PB (Sigma Aldrich, UK), then 

detached from the flask by incubating in trypsin-EDTA (Sigma Aldrich, UK) for 3 min 

at 37oC. Detachment was assessed by visual inspection at 10x magnification on a light 

microscope. If cells were still adhered, then the flask was incubated for a further 2 

min and the process repeated until cells were no longer adhered (incubation in 

trypsin did not exceed a maximum of 15 min). When cells were free-floating, 

complete media was added to neutralise the trypsin and then the cell solution was 

centrifuged at 500 XG for 5 min. Supernatant was removed and cells re-suspended in 

1 ml serum-free media. 

Concentration of cells was estimated by counting the number of cells in 10 μl free-

floating cells solution within the grid of a haemocytometer. Free-floating cells were 

then diluted with serum-free media to produce 2x107 cells/ml.  
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All manipulations of cells were performed using aseptic technique in a laminar flow 

hood. 

6.3.3 Subcutaneous tumour study 

This study was carried out at the University of Manchester under Prof. Simon 

Luckman’s project licence. 

The day before the start of the study, mice were scanned in an EchoMRI 9000 scanner 

as described in General Methods (2.5). On day 0, mice were anaesthetised using 3% 

isoflurane in oxygen, which was decreased to 2% for maintenance.  Fur over the flank 

was shaved and skin was swabbed with iodine. Mice were then inoculated with 

100 µl serum-free media (n=4, Sigma Aldrich, UK), 100 µl serum-free media 

containing 2x106 LLC cells at P10 (n=4), or 100 µl high glucose DMEM (serum-free 

media) containing 2x106 MC38 cells at P7 (n=4) subcutaneously into the flank. From 

this point food intake, body weight and tumour volume were measured daily until 

mice reached a humane end point. Humane end points were defined as loss of 20% 

of initial body weight or when the tumour had reached a volume of 1500 mm3. On 

the final day of the study, mice were scanned in the EchoMRI immediately before 

decapitation under deep isoflurane anaesthesia.  

Blood and brains were collected and processed as described in General Methods 

(2.6.1 and 2.6.2 respectively). Tumours were also dissected, formalin-fixed overnight, 

and paraffin-embedded. 

6.3.4 Orthotopic lung cancer study 

This study was carried out at Alderley Park, under Dr Jamie Honeychurch’s project 

licence. This licence did not permit the single housing of mice, therefore, female C57 

mice were housed in groups of five. Ten mice (2x cages) were inoculated with 1x105 

LLC cells in 50 μl PB orthotopically into the left lung, using the finest gauge needle 

possible, under isoflurane anaesthesia. These mice formed the LLC group. Control 

mice were not injected into the lung. From this point, food intake for the cage and 

individual body weight were measured three times per week. As mice were group-

housed, cumulative food intake for this study was calculated and presented per cage. 
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Body weight calculations remained as per animal. This study was designed to end 

when mice had either lost up to 15% of original body weight or started to show signs 

of respiratory distress.  

At time of cull, mice were anaesthetised using isoflurane in 3% oxygen and cardiac 

puncture was performed. Blood, brains, and lungs were dissected and processed as 

described in General Methods (2.6). 

Formalin-fixed lungs were placed into 70% ethanol for four days before images were 

taken. 

6.3.5 Immunohistochemistry 

As mice in these studies were culled via cardiac puncture, it was not possible to 

perform a transcardial perfusion. Instead, brain tissue was dissected, post-fixed in 

4% paraformaldehyde overnight at 4 oC and then placed in 30% sucrose until it sank. 

All IHC was carried out using the standard protocol described in 2.8.3 and imaged 

using a fluorescent microscope (2.8.4). Antibodies used for fluorescence IHC can be 

found in General Methods (2.4.1. Table 1) 
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6.4 Results 

6.4.1 Subcutaneous LLC and MC38 tumours 

A small pilot study was performed to find potential models of cancer-induced 

anorexia and weight loss. Food intake, body weight, GDF15 concentration in plasma, 

and fat/lean mass were measured in mice bearing subcutaneous LLC or MC38 

tumours. 

In this study, neither subcutaneous LLC nor subcutaneous MC38 tumours affected 

food intake (Fig. 6.1A) or body weight (Fig. 6.1B) compared with control animals. 

When the weight of the tumour was removed from total body weight, mean body 

weight of control animals increased from 26.75 ±0.71 g to 27.98 ±0.61 g over the 15 

days of the study (p = 0.0028). However, mean body weight for the LLC and MC38 

groups did not increase (F (9, 135) = 10.30, p = 0.1659 and p = 0.1047, respectively. 

Fig. 6.1C).  

Similarly, there was no statistically significant difference between days 0 and 15 for 

fat or lean mass in any group (Fig. 6.1 D&E respectively. F (9, 9) = 2.043, p = 1510 and 

F (9, 9) = 8.515, p = 0.0019 respectively). In the control group, there was a trend 

towards an increase in fat mass, with fat increasing from a mean of 2.04 ±0.35 g to 

2.89 ±0.21 g (p = 0.0725). This trend was not present in either cancer group. Neither 

tumour type caused an increase in GDF15 release (Fig. 6.1F).  

This study was terminated after 15 days as tumours were reaching maximum 

allowable volume, and several had begun to ulcerate. As these models did not display 

anorexia, significant changes in body weight, or changes in circulating GDF15, further 

investigation into central activation of the GFRAL signalling network was not 

performed. 
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Figure 6.1. The effect of subcutaneous tumours on food intake, body weight and 
plasma GDF15. Male C57 mice were implanted subcutaneously with serum-free 
media (control) Lewis lung carcinoma (LLC) cells or murine carcinoma 38 (MC38) 
colon carcinoma cells into the flank. A) Food intake and B) % body weight change 
were measured over the next 15 days. Weight of the tumour was subtracted from 
the total body weight on day 15, and C) Tumour-free body weight, D) fat mass, and 
E) lean mass at day 0 and 15. F) Plasma GDF15 concentration on day 15. n = 4/group. 
Food intake and % body weight were analysed using a two-way ANOVA with a post 
hoc Tukey’s multiple comparisons test. Body weight compared within groups over 
the course of the study, fat mass, and lean mass were analysed using a two-way 
ANOVA with a post hoc Sidak’s multiple comparisons test. GDF15 concentration was 
compared using a one-way ANOVA with a post hoc Dunnett’s multiple comparisons 
test. ** p < 0.01. 
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6.4.2 Orthotopic lung carcinoma 

Another LLC cancer model was also investigated. In this model, LLC cells were 

injected orthotopically into one lung. Orthotopic LLC tumours caused a trend towards 

decreased food intake from approximately day 6 after inoculation with LLC cells, 

which became more pronounced as time passed (Fig. 6.2A). As mice were group 

housed, there were only two data points recorded for each group at each time point. 

Therefore, the food intake measurements were not significantly different at any time 

point in this study. 

Over the course of the 15-day study, the control group gained significantly more body 

weight than the LLC group, the difference becoming apparent by day 13 (p < 0.0463. 

Fig. 6.2B). Within the LLC group, there was substantial variability in body weight 

change, with body weight change being between -15% and +6%. For some mice in 

the LLC group, body weight had begun to decrease as early as day 3. In this study, 

time did have a statistically significant effect on body weight (F (18, 108) = 24.30, 

p < 0.0001) 

By day 15, mice were showing signs of respiratory distress caused by tumour growth 

in their lungs (Fig. 6.2C). Therefore, on humane grounds, mice were culled, and blood 

was taken. GDF15 concentration in plasma collected on day 15, immediately before 

cull, was increased in the LLC group compared with the control group (p = 0.0399. 

Fig. 6.2D). The concentration of GDF15 in the plasma of these mice did not correlate 

with body weight loss (Fig. 6.2E). 

Though there was an increase in activation in the DVC caused by the LLC tumours as 

measured by the presence of cFos (Fig. 6.2F&G), there was no activation of GFRAL 

neurons (Fig. 6.2G) in either group. 
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Figure 6.2. Effect of orthotopic lung carcinoma on feeding, body weight, and 
GDF15/GFRAL signalling. A) Food intake per cage (n = 5 mice/cage. n = 2 
cages/group) and B) individual body weight of wild-type mice for 15 days following 
no intervention (control) or inoculation with Lewis lung carcinoma (LLC) cells into the 
left lung. Red arrow indicates day of inoculation with LLC cells. C) Examples of healthy 
control lungs vs. lungs of a mouse which had been inoculated with LLC cells. Lungs 
taken on day 15 after inoculation. D) GDF15 concentration in plasma taken from mice  
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 on day 0, the day of inoculation, and day 15, at time of cull. E) The correlation 
between GDF15 concentration and % body weight change for mice in control and 
orthotopic LLC groups. F) the effect of orthotopic LLC burden on GFRALDVC activation 
after 15 days; GFRAL-expressing neurons (magenta) and cFos (green). G) 
Quantification of the mean number of neurons/section which express GFRAL, cFos, 
and both GFRAL and cFos (co-lo) and the percentage of GFRALDVC neurons activated. 
AP = area postrema, cc = central canal, DMX = motor nucleus of the vagus/10th cranial 
nerve, DVC = dorsal vagal complex, NTS = nucleus of the solitary tract. n = 10/group. 
Data checked for normal distribution using a Shapiro-Wilk test and analysed using 
two-way ANOVA followed by post hoc Sidak’s multiple comparisons test. Mean 
neurons/section analysed using multiple t tests. * p < 0.05, ** p < 0.01, *** p<0.001. 
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6.5 Discussion  

The studies in this chapter sought to establish different murine cancer models which 

show anorexia and weight loss caused by signalling from either the tumour or its 

extracellular matrix, in order to investigate whether cancer anorexia and weight loss 

might be linked to the secretion of GDF15. Models which show anorexia and weight 

loss due to other known reasons, such as physical blockage of the GIT or interference 

with food digestion and absorption (i.e., gut, colon, or pancreatic tumours, where the 

mechanism of weight loss is due to the inability of the animal to absorb nutrients) 

were avoided to establish whether GDF15 might be a contributing or causative factor 

of cancer anorexia and weight loss. The ideal model would also have been syngeneic 

in C57Bl/6 mice, for this reason, LLC and MC38 cell lines were used to generate 

tumours. 

The subcutaneous LLC model was chosen as it is one of the two most common models 

used to study cancer cachexia (Ballarò, et al., 2016) and originates from C57Bl/6 

mice. Beyond this, there are many murine cancer models, with cells originating in 

C57Bl/6 mice, which can cause weight loss or cachexia. Amongst these is the MC38 

colon carcinoma cell line, which were available in, and kindly donated by, Dr Jamie 

Honeychurch’s group. Subcutaneous models were preferred over orthotopic cancers 

as tumours growing subcutaneously do not interfere with the normal functioning of 

vital organs, and therefore allow the effects of the tumour alone to be studied.  

In 2017, Campos et al. published a set of experiments in which LLC cells were 

implanted subcutaneously into the left flank of Calca-Cre mice, very similar to the 

subcutaneous LLC model described and used in Fig. 6.1. In their publication, Campos 

et al. showed that subcutaneous LLC tumours caused anorexia, weight loss, and 

activation of Calca-Cre (CGRP) neurons in the elPBN, activation of the ovBNST and 

CeA. They also caused a decrease in fat mass, and increases in sickness behaviour 

(Campos et al., 2017). These findings were confirmed by Bae et al. (2019). In their 

publication, subcutaneous LLC tumours also caused weight loss, and in addition, 

muscle weakness, muscle wasting, fatigue, and an increase in inflammatory cytokines 
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in circulation (Bae et al., 2019). Bae et al. (2019) also measured these parameters in 

mice with subcutaneous MC38 tumours, finding similar results.  

In this chapter, subcutaneous LLC and MC38 models did not increase in body 

weight/fat mass during the study in the way which non-tumour bearing controls did, 

which suggests that the cancers were having an effect (Fig. 6.1C). However, the mice 

could not be maintained to assess whether they would have deteriorated over a 

longer time period as tumour size and condition for both models meant that the 

outlined humane endpoints had been reached by day 15. In contrast to effects of 

these tumours reported in literature, these LLC and MC38 tumours did not cause 

body weight loss, anorexia, or change lean or fat mass (Fig. 6.1A-E). These models 

therefore did not behave in the way expected by examining the literature and so 

were not viable models of cancer anorexia/cachexia for use in my studies.  

The difference between the LLC and MC38 models used in the current study and the 

subcutaneous LLC and MC38 models used by Campos et al. (2017) and Bae et al. 

(2019) may be due to divergence in the cell lines used by each group. For researchers 

studying the mechanics of tumour growth and metastasis, or for those whose 

research is concerned with treating tumours, body weight is used as a measure of 

wellbeing for mouse models and humane end points are often based on body weight 

loss. In these scenarios, having a cancer model which causes weight loss would be 

detrimental to the research. It therefore follows that most models used by cancer-

research groups have been selected as they do not affect food intake or body weight.  

As the LLC and MC38 cells in the current model were kindly donated by a group which 

investigates the treatment of tumours, it is possible that divergence has occurred in 

this line over time, with mutations in the cell lines which cause a greater or lesser 

impact on food intake and body weight being selected for dependent on what 

research was being performed. CT26 cells were also available from this group, but as 

this cell line is derived from Balb/c mice and has been extensively studied by the 

group and never found to cause weight loss, it was decided not to investigate this cell 

line.  
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Seemingly, cancer weight loss studies are mostly performed by groups in the USA 

and Japan, so finding a cancer model with anorexia and weight loss, not caused by 

physical abnormalities in the GI tract or digestive system and available in the UK, 

proved challenging. 

As the two subcutaneous tumour models did not provide significant anorexia, weight 

loss, or GDF15 secretion, it was decided that a different form of LLC should be 

investigated. An orthotopic MC38 was not explored as MC38 cells originate from the 

colon, and disruption of the gastrointestinal tract would have introduced 

confounding causes of anorexia and weight loss. In the orthotopic LLC study (Fig. 6.2), 

LLC cells were injected directly into one lung of the mice, causing disruption to the 

function of a vital organ. This was unlike the SC tumours, which simply grew under 

the skin. 

Orthotopic LLC tumours and, seemingly, time, caused a small, but statistically 

significant, increase in circulating GDF15 between and within groups of mice (Fig. 

6.2D). As GDF15 is released in response to hypoxia (Hinoi et al., 2012) and is increased 

by aging (Liu et al., 2021; Welsh et al., 2022), the presence of tumours in the lungs 

could explain the increase between groups. However, at 14 weeks (the age of mice 

at the termination of the study), mice might not be particularly considered ‘aged’. As 

circulating GDF15 was increased in both groups, it is unlikely that this increase in 

GDF15 was due to any pathology. For both groups of mice, the increase in GDF15 was 

not sufficient to cause the activation of GFRAL neurons in the DVC (Fig. 6.2F).   

Orthotopic LLC tumours also caused a variable change in body weight and possibly 

anorexia. In this study, some mice in the LLC group lost weight, others followed the 

same trajectory as the control group, and gained weight (Fig. 6.2B). Due to licencing 

restrictions, it was necessary to group house the animals in this experiment and 

consequently, there were only two values for food intake recorded at each time 

point. This effectively decreased the n number for food intake measurements. 

Although there was no significant difference in food intake between groups during 

this study (Fig. 6.2A), it is probable some LLC tumour-bearing mice were also 

anorectic. This variability could have been due to the cancer being more developed 
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in some mice than others, and therefore causing some mice to become unwell and 

not others in the cancer group. Indeed, there were near significant differences in 

absolute GDF15 levels (p = 0.0746) and the correlation of GDF15 and weight loss (p 

= 0.0771). This suggests that significance may have been reached with larger group 

size.  

On the other hand, two animals in the orthotopic LLC group had to be culled on day 

14, one day before the other mice. For these mice, one had lost weight over the 

course of the study, whilst the other had gained and was still showing increased body 

weight vs. the start of the study on the day of cull. This may indicate that the 

size/impact of lung tumours was not strongly linked to the cause of weight loss in 

these mice. 

The orthotopic lung cancer model caused significant morbidity in comparison with 

the subcutaneous model, with the animals reaching the humane endpoint of 

respiratory distress. However, evidence in this study would indicate that effects on 

food intake and body weight were not due to GDF15/GFRAL signalling. in this 

orthotopic model, the humane endpoint reached was laboured breathing due to the 

size of tumours present in the lungs. Though mice could have been hypoxic at this 

point, GDF15 in the LLC group was only slightly increased compared with the control 

group (Fig. 6.2D) and GFRAL neurons were not activated (Fig. 6.2F&G). 

In the orthotopic LLC model, some mice started showing weight loss as early as day 

3 after inoculation and though there was no activation of GFRAL neurons, there was 

increased cFos in the DVC of tumour-bearing mice (Fig.6.2F&G). Perhaps then in this 

model, lung tumours caused weight loss and activation of the DVC via another signal 

such as  IL-6 or TNF-α, both of which are known to be increased by subcutaneous LLC 

tumours (Ballarò, et al., 2016) and have been linked with weight loss during cancer 

(Fearon et al., 2012; Narsale and Carson, 2014; Onesti and Guttridge, 2014).  

Unfortunately, due to Covid and difficulties in arranging experiments between 

collaborating labs working under different Home Office licences, it was difficult for 

me to progress this part of my project. If I had, the orthotopic lung cancer model 
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could have been altered by initially injecting a smaller number of cells to achieve 

slower tumour growth. This would then allow us to assess whether GDF15 would 

increase if given more time. However, as the weight-loss effects were so dramatic in 

some mice in this cohort, and in the absence of GFRAL activation, it is unlikely that 

weight loss in these mice is being caused by GDF15/GFRAL signalling. This would 

indicate that the use of these LLC cells is not a good model to investigate whether 

GDF15/GFRAL signalling causes cancer anorexia and weight loss.  

As neither the subcutaneous or orthotopic tumours here caused the expected 

anorectic and weight loss/cachexia effects described in literature, these are not 

suitable models of ACS and should not be used to assess whether GDF15 has a role 

in causing anorexia/weight loss. However, this should not stop further investigation 

into the usefulness of preventing GDF15/GFRAL signalling during cancer in future. 

Despite these initial results, there is ample evidence that GDF15 is linked to cancers, 

both in human patients and rodent models. Several groups have shown that there is 

a link between GDF15 and cancer anorexia and cachexia (Johnen et al., 2007; Tsai et 

al., 2016; Borner et al., 2017; Suriben et al., 2020; Ahmed et al., 2021). Indeed, 

Suriben et al. (2020) show that cachexia can be caused by cancers in rodent models, 

and that this can be combatted by blocking GFRAL signalling.  
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6.6 Conclusions 

- Subcutaneous LLC and MC38 tumours did not cause anorexia, weight loss or 

affect GDF15 

- Orthotopic LLC tumours caused rapid weight loss in some mice and may have 

caused anorexia, without significantly affecting the concentration of 

circulating GDF15 or causing activation of GFRALDVC neurons 

- GDF15 in cancer anorexia and weight loss/cachexia is still a valid avenue of 

investigation, but appropriate models still need to be found
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7 GDF15 secretion in mouse models of 

chemotherapy 

7.1 Introduction 

As previously outlined, many cancers cause anorexia and weight loss/cachexia, with 

detrimental effects to the patient in terms of both quality of life and prognosis. In 

addition to cancer, chemotherapy treatment can also cause ACS. In the British 

National Formulary, a significant number of cancer therapeutic agents will show side 

effects, including ‘nausea’, ‘sickness’, ‘vomiting’, ‘lack of appetite’, ‘stomach pain’, 

and several other effects that will reduce food intake and lead to weight loss (Joint 

Formulary Committee, 2022). Whilst anorexia is a major factor leading to weight loss, 

many chemotherapy drugs are also associated with cachexia. This is particularly 

pertinent as cachexia can decrease the efficacy of chemotherapy treatment. This 

occurs by increasing the toxicity of many drug therapies, making lower doses less 

tolerable (Dewys et al., 1980; Molfino et al., 2010). There is also evidence that 

starvation caused by cachexia induces cancer cells to enter a dormant state, helping 

them to avoid being destroyed by chemotherapy (Prunier et al., 2018). 

Cachexia is a condition which often features inflammation (Fearon et al., 2011) and 

many pro-inflammatory markers have been shown to increase in preclinical models 

of chemotherapy-induced ACS and in human patients (Argilés et al., 2014; Ezeoke 

and Morley, 2015; Ünal et al., 2015; Lerner et al., 2016; Cao et al., 2021). Previously, 

studies investigating the causes of chemotherapy ACS have implicated the peripheral 

and central actions of pro-inflammatory markers. The markers most commonly 

found to be increased during cancer and following chemotherapy include, but are 

not limited to, IL-1β, IL-6, IL-8, TNF-α, and macrophage chemoattractant protein-1 

(MCP-1) (Elsea et al., 2015; Ezeoke and Morley, 2015; Ünal et al., 2015; Lerner et al., 

2016; Wong et al., 2018; Cao et al., 2021).  

Release of IL-1β, IL-6, the murine IL-8 homologue, keratinocyte-derived chemokine 

(KC), TNF-α, and MCP-1 are commonly affected by inflammatory disease and during 
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cachexia and chemotherapy treatment. In particular, IL-6 is associated with anorexia 

and cachexia (Yeh and Schuster, 1999; Ando et al., 2014; Narsale and Carson, 2014; 

Elsea et al., 2015). Intracerebroventricular (ICV) administration of IL-1β into the third 

ventricle (3V) causes muscle wasting (Braun et al., 2011) and ICV TNF-α into 3V 

causes anorexia, weight loss, and increased oxygen consumption in rats (Arruda et 

al., 2010). Interestingly, IP administration of IL-1β does not cause changes in muscle 

mass (Braun et al., 2011), indicating that cachectic effects are directly from central 

signalling. 

Up to this point, research investigating inflammatory markers and cachexia in mice 

have used gene knock out models or monoclonal antibodies to prevent the 

functioning of these markers. These have shown an effect on food intake and body 

weight but have not yet proven that any of these signals are the main cause of 

anorexia and weight loss (Cao et al., 2021). Therefore, chemotherapy-induced ACS 

remains as challenging to treat as cancer-induced ACS. As GDF15 is increased by 

some drug therapies which cause anorexia and weight loss/cachexia (Hsu et al., 2017; 

Coll et al., 2019; Breen et al., 2020), it is possible that GDF15 is increased by many 

different chemotherapy drugs and signals to cause ACS. 

To begin to assess whether this is the case, chemotherapy models first had to be 

established. Though GDF15 is released in response to cell damage and stress (Chung 

et al., 2017; Patel et al., 2019) and chemotherapies are designed to cause cell 

damage/death, not all chemotherapies cause anorexia and weight loss. It was 

therefore essential to establish chemotherapy models which did and did not show 

these effects. This would allow us to elucidate whether GDF15 is responsible for the 

anorexia and weight loss. Therefore, chemotherapy drugs from different classes, 

with different mechanisms of action, were investigated. In this chapter, the four 

different chemotherapy treatments were selected based on literature search. As 

relatively few chemotherapy studies are designed to investigate anorexia and weight 

loss, some drug regimens were selected as they commonly appeared in studies aimed 

to treat tumours in mice. 
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The involvement of GDF15/GFRAL signalling in chemotherapy ACS has been most 

thoroughly investigated with regards to cisplatin (CIS) and other platinum-based 

therapies. It is thought that the main mechanism via which CIS, and other platinum-

based drugs, cause cell death is by causing cross-links between strands of DNA, 

preventing their separation, and making transcription of new strands of DNA 

impossible (Riddell and Lippard, 2018; Ghosh, 2019). This prevents replication of 

DNA, leading the cells to apoptosis. CIS has previously been shown to cause anorexia 

and weight loss in mice (Hsu et al., 2017; Borner, Shaulson, et al., 2020; Breen et al., 

2020; Worth et al., 2020), rats (Alhadeff et al., 2015), and up to 90% of human 

patients (Altena et al., 2015; Rapoport, 2017).  CIS is known to induce the release of 

GDF15 and activate regions of the GFRAL signalling network, in rats and mice 

(Alhadeff et al., 2015; Hsu et al., 2017; Worth et al., 2020).  

The taxane drug, paclitaxel (TAX), and the nucleoside drug, gemcitabine (GEM), are 

also cytotoxic chemotherapeutics. TAX and GEM bring about cell death via different 

mechanisms. TAX causes the stabilisation of microtubules in cells, preventing mitosis 

and thereby inducing apoptosis (Matson and Stukenberg, 2011). As a nucleoside, 

GEM is an analogue for normal nucleotides. When GEM is incorporated into DNA 

during replication, it causes destabilisation or early termination of the strand, leading 

to apoptosis (Plunkett et al., 1995). Common side-effects of both TAX and GEM 

treatment in humans include nausea, vomiting, and loss of appetite. TAX also 

frequently causes anorexia (Joint Formulary Committee, 2022). In addition to their 

use in human therapy, TAX and GEM are both frequently used to investigate the 

effects of chemotherapies in preclinical cancer models (Vassileva et al., 2008; Zhang 

et al., 2014; Loman et al., 2019; Ryu et al., 2019; Breen et al., 2020; Sullivan et al., 

2021). In preclinical studies, TAX and GEM have been administered at a range of 

doses, and either as a single dose or as part of a chronic dosing regimen, depending 

on what is being investigated. Chemotherapy models in this chapter aim to reflect 

these different dosing regimens. 

During cancer, it is common for patients to be treated with a combination of 

chemotherapy drugs. This allows each individual chemotherapeutic to be dosed at a 

lower level, reducing its side-effects, and the chance of cancer cells developing drug 
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resistance. Therefore, the final chemotherapy model selected used a combination of 

the immunosuppressant, cyclophosphamide, and the anthracycline, adriamycin (also 

known as doxorubicin). There are several proposed mechanisms of action for 

anthracyclines. The most accepted is that they can bring about cell death by 

intercalating in DNA and inhibiting the action of topoisomerases, thereby preventing 

DNA replication (Venkatesh and Kasi, 2022). These drugs are often dosed together as 

a treatment for breast cancer in human patients and has been shown to cause ACS 

in healthy C57Bl/6j mice (Wong et al., 2018). 

In this chapter, food intake, body weight and plasma GDF15 concentration are 

investigated in each of these chemotherapy models to find out whether GDF15 is a 

common factor in those drugs which do decrease food intake and body weight. 

Though other proinflammatory markers may not be causative of ACS, they may 

contribute to this phenotype. Therefore, the effect of chemotherapy treatment on a 

selection of proinflammatory signals will also be investigated in addition to activation 

of the central GFRAL signalling network.  

7.2 Aims and objectives 

Hypothesis: anorexia and weight loss during chemotherapy correlates with 

circulating GDF15 and activation of brain regions affected by GDF15. 

Aim: To survey different types of chemotherapy treatment to establish whether 

different types of chemotherapy drug which cause anorexia and weight loss also 

affect GDF15/GFRAL signalling. 

1) Develop murine chemotherapy models which do and do not cause anorexia 

and weight loss. 

- Establish which of these models affect GDF15 release. 

- Investigate whether other proinflammatory signals are affected by 

chemotherapy treatments which cause anorexia and weight loss. 
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2) Establish whether the GFRAL signalling network is exclusively activated in 

those models which display anorexia and weight loss. 
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7.3 Methods 

7.3.1 Animals 

Male C57BL6/J mice (Charles River, UK) between the ages of 10 and 15 weeks were 

under standard conditions as described in 2.2. All mice had ad libitum access to SDS 

standard mouse chow, except those in the CA study, which were kept on Envigo (UK) 

standard mouse chow. All mice were single housed for the purpose of chemotherapy 

studies. 

7.3.2 Chemotherapy models 

Chemotherapy drugs were selected based on published literature which either 

showed these treatments to cause anorexia and weight loss in mice, or showed 

treatments used to treat tumours in murine cancer models. Doses for all treatments, 

bar CA, were established following preliminary feeding dose response studies. Doses 

of cyclophosphamide and adriamycin used had previously been shown to cause 

anorexia and cachexia in C57Bl/6j mice (Wong et al., 2018). 

Paclitaxel (TAX. ApeXBio, Houston, USA, cat. A4393-APE) was reconstituted in 20% 

dimethyl sulfoxide (DMSO) in 0.9% sterile saline (Kent scientific, UK) and was dosed 

IP at a concentration of 20 mg/kg at a volume of 4ml/kg. Vehicle-treated (VEH) 

animals received an IP injection of 20% DMSO in sterile saline at a volume of 4 ml/kg. 

TAX was dosed either once in 24 hr or three times over the space of one week. 

Gemcitabine (GEM. Merck, UK. cat. G6423) was reconstituted in 0.9% sterile saline 

and dosed IP at a concentration of 120 mg/kg at a volume of 4 ml/kg. Vehicle-treated 

(VEH) animals received an IP injection of sterile saline at a volume of 4 ml/kg. GEM 

was dosed either once in 24 hr or three times over the space of one week. 

Cisplatin (CIS. Merck, UK. cat. PHR1624) was reconstituted in 0.9% sterile saline, 

warmed to 60oC, and kept warm until the time of injection. CIS was dosed IP at a 

concentration of 4 mg/kg at a volume of 4 ml/kg. Vehicle-treated (VEH) animals 

received an IP injection of sterile saline at a volume of 4 ml/kg. 
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Cyclophosphamide (Merck, cat. C0768) was combined with adriamycin (Merck, cat. 

D1515) to form the treatment ‘CA’. Both drugs were reconstituted in 0.9% sterile 

saline, thoroughly vortexed, and cyclophosphamide was gently heated to encourage 

dissolving. Cyclophosphamide and adriamycin were each injected IP at 4 ml/kg, the 

final concentration of cyclophosphamide being 167 mg/kg, and adriamycin being 4 

mg/kg and the final volume being 8 ml/kg (4 ml/kg + 4 ml/kg). Vehicle-treated (VEH) 

animals therefore received an IP injection of sterile saline at a volume of 8 ml/kg. 

7.3.3 Feeding and body weight studies 

For all chemotherapy models, chow and mice were weighed and body composition 

was measured using an EchoMRI scanner as described in 2.4 and 2.5, approximately 

5 hr following lights on. Mice were then immediately dosed IP with chemotherapy. 

Mice were not fasted before chemotherapy treatment. 

For single dose models (CIS, CA, 1x TAX, 1x GEM), chow, body weight and body 

composition were measured again 24 hr later. Repeated dose models (3x TAX and 3x 

GEM) were run over the space of a week. Following the initial dose of chemotherapy 

on day 0, food intake and body weight were measured every 24 hr. Further doses of 

chemotherapy were administered at the time of food and body weight measures on 

days 3 and 5 (Fig 7.1). 

All mice were culled 24 hr following (final) injection of chemotherapy under 

isoflurane anaesthesia in 3% oxygen via cardiac puncture. Cardiac puncture was 

performed within 15 min of EchoMRI scan to prevent further expression of cFos due 

to stress. 

Blood and brain tissue were collected and processed as described in 2.6. Liver, heart, 

gut, white adipose tissue, interscapular brown adipose tissue, gastrocnemius muscle, 

and tibialis anterior muscle were also collected, weighed, and rapidly frozen on dry 

ice for future biomarker analysis. 
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7.3.4 Quantification of cytokines/chemokines 

GDF15 was measured in heparinised plasma by ELISA. Two different R&D Systems mouse 

GDF15 ELISA kits were used. These kits were identical, except that one was pre-assembled. 

GDF15 plasma concentration was measured using the self-assemble R&D Systems DY6385 

and DY008 kits for all experiments, barring the 1x TAX study, for which the pre-assembled 

R&D Systems MGD-150 mouse GDF15 kit was used. All plasma GDF15 was measured as 

according to manufacturer’s instructions, details of which are provided in 2.7. 

IL-1β, IL-6, KC, TNFα, and MCP-1 were quantified using a bespoke multiplex ELISA kit 

(MesoScale Diagnostics, U-PLEX cat. K15069L-1), according to manufacturer’s instructions. 

In short, antibodies for mouse IL-1β, IL-6, KC, TNF-α, and MCP-1 were mixed with linkers, 

which were then applied to the plate and incubated overnight at 4 oC to allow conjugated 

linkers to coat specific spots in the well. 

An eight-point standard curve was created by performing a 1:4 serial dilution and was plated 

in duplicate. Samples were also plated in duplicate and were diluted 1:2 with assay buffer. 

Standards and samples were incubated on a rotating plate shaker at room temperature for 

1 hr at a brisk rotation speed. 

Plates were washed three times using 0.05% Tween-20 (Sigma Aldrich, cat. P1379) in 

phosphate buffered saline (PBS. Sigma Aldrich). Detection antibody was then added, and 

plates were incubated for an hour on a rotating plate shaker at room temperature. Plates 

were again washed three times in 0.05% Tween-20 in PBS. 

Read buffer was added immediately before reading on a MesoScale Diagnostics MESO 

QuickPlex SQ 120 reader using Methodical Mind software. Standard curves were calibrated 

Day: 0 3 5 6 

EchoMRI 
+ 
IP 

injection 

IP 
injection 

IP 
injection 

EchoMRI + 
Cardiac 

puncture + 
Dissection Measure food intake and body weight daily 

Figure 7.1. Timeline for repeated dose of chemotherapy models 
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using a 4PL curve fit of log(concentration) with 1/y2 weighting.  Absorbance readings were 

then interpolated using these curves to obtain quantities of cytokine/chemokine in pg/ml. 

Data was checked for normal distribution using a Shapiro-Wilk test and analysed using 

unpaired Student’s t test or Mann-Whitney U test as appropriate. 

7.3.5 Immunohistochemistry 

Fluorescence immunohistochemistry was performed on brain sections containing DVC, as 

described in 2.8.3. Antibodies used in this chapter can be found in General Methods. 
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7.4 Results 

7.4.1 Chemotherapies which do and do not cause anorexia and weight loss 

A single dose of CIS reduced food intake by around 45% compared with VEH control 

animals, (p < 0.0001. Fig. 7.2A) and a single dose of CA reduced feeding by 

approximately 35% (p = 0.0005. Fig. 7.2B). However, neither a single dose of TAX nor 

a single dose of GEM caused anorexia (p = 0.4674 and p = 0.4530 respectively. 

Fig. 7.2C & D respectively).  Likewise, CIS caused an average of 5% body weight loss 

(p = 0.0003. Fig. 7.2E) and CA 7% loss (p < 0.0001. Fig. 7.2F), whilst TAX and GEM did 

not affect body weight (Fig. 7.2G & H). 

In preclinical cancer studies, it is relatively uncommon for single doses of 

chemotherapy to be used. Therefore, repeated doses of TAX and GEM were also 

trialled to ensure an additive effect was not being missed by the single dose. Three 

repeat doses of TAX did not affect food intake (p = 0.4995. Fig. 7.2I) and although 

body weight was decreased in comparison with the VEH group on days 3 and 4, this 

represented a prevention of weight gain, rather than weight loss (Fig. 7.2J).  

For animals treated with repeated doses of GEM, food intake was decreased after 

the second dose (Fig. 7.2K). However, there was no difference in body weight 

between VEH and GEM groups at any time point (Fig. 7.2L). 
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Figure 7.2. Effect of different chemotherapies on feeding and body weight. Food 
intake of wild-type mice 24 hr after a single dose of A) cisplatin (CIS), B) 
cyclophosphamide + adriamycin (CA), C) paclitaxel (TAX), or D) gemcitabine (GEM) 
and body weight change for the same drugs at 24 hr (E-H). Data were checked for 
normal distribution using a Shapiro-Wilk test and analysed using unpaired t tests. I) 
Cumulative food intake and J) % body weight change in wild-type mice treated with 
three doses of TAX over the space of week and K) cumulative food intake and L) % 
body weight change of wild-type mice treated with three doses of GEM in the same  
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time frame. Red arrows indicate days on which mice were dosed. Data analysed using 
a two-way ANOVA followed by post hoc Sidak’s multiple comparisons test.n=6/group 
except in CIS study, where n=18/group and single dose TAX, where n = 3-4/group. All 
graphs show mean ±SEM * p<0.05, *** p<0.001. 

 

7.4.2 Effect of chemotherapy treatment on GDF15 

At 24 hr after treatment, plasma GDF15 concentration was approximately 8-fold 

higher in CIS-treated animals vs. VEH (Fig. 7.3A) and approximately 14-fold higher in 

CA-treated animals vs. VEH (Fig. 7.3B). Single doses of TAX or GEM did not cause an 

increase in plasma GDF15 concentration (Fig. 7.3C & D respectively).  

For repeated dose models, three doses of TAX caused a slight increase in GDF15 (p = 

0.0033), with a mean of 66 ±7 pg/ml VEH and 135 ±17 pg/ml 3x TAX (Fig. 7.3E). Three 

doses of GEM, which caused mild anorexia, also increased GDF15 (p = 0.0021) with a 

mean of 53 ±6 pg/ml GDF15 and 162 ±30 pg/ml in in VEH- and GEM-treated animals, 

respectively GEM (Fig. 7.3F). Although these differences are statistically significant, 

the increase of GDF15 caused by 3x TAX and 3x GEM was far less than that caused by 

CIS or CA treatment. 

The concentration of circulating GDF15 in all mice treated with chemotherapeutics 

correlates with food intake, with r=-0.7331 and p < 0.0001 (Fig. 7.3G) and amount of 

weight loss, with r=-0.7767 and p < 0.0001 (Fig. 7.3H). 
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Figure 7.3. The effect of chemotherapy treatments on circulating GDF15. GDF15 
concentration in plasma of mice 24 hr after being treated with vehicle (VEH) or a 
single dose of A) cisplatin (CIS), B) a combination of cyclophosphamide and 
adriamycin (CA), C) a single dose of paclitaxel (TAX), or D) a single dose of gemcitabine 
(GEM ), and plasma GDF15 concentration 24 hr after the final of three doses of VEH 
or E) TAX (3x TAX) or F) GEM (3x GEM). Correlation analysis of G) food intake vs 
quantity of GDF15 and H) % body weight change vs quantity of GDF15. Differences in 
circulating GDF15 analysed using unpaired t tests. All graphs show mean+/- SEM. 
** p<0.01 *** p<0.001. 
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7.4.3 Effect of chemotherapy treatment on other circulating factors 

To investigate whether other circulating factors might be contributing to 

chemotherapy anorexia and weight loss, IL-1β, IL-6, KC, TNF-α, and MCP-1 were 

measured using a multiplex ELISA for each chemotherapy model. 

IL-1β was increased by CA treatment (p = 0.0011) and three doses of TAX or GEM (p 

= 0.0020 and p = 0.0436 respectively. Fig. 7.4A). IL-6 was increased by CA and three 

doses of GEM (p < 0.0001 and p = 0.0098 respectively. Fig. 7.4B). KC, an IL-8 

homologue, was increased by CIS (p = 0.0491), CA (p = 0.0076), and 3x GEM 

treatment (p = 0.0025. Fig. 7.4C). TNF-α was increased only in mice which had been 

treated with three doses of TAX (p = 0.0297. Fig. 7.4D). And finally, MCP-1 was 

increased by CA and three doses of GEM (p = 0.0003 and p = 0.0007 respectively. Fig. 

7.4E). None of these cytokines/chemokines were increased in all chemotherapy 

treatment models which caused anorexia and weight loss, and some were increased 

by chemotherapies which do not cause anorexia and weight loss. 
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Figure 7.4. The effect of chemotherapy treatments on circulating inflammatory 
factors. Multiplex ELISA showing concentration of A) IL-1β, B) IL-6, C) KC, D) TNF-α, 
and E) MCP-1 in plasma of mice treated with vehicle (VEH) or chemotherapy. 
Chemotherapies tested were cisplatin (CIS), a combination of cyclophosphamide + 
adriamycin (CA), paclitaxel (TAX), and gemcitabine (GEM). All plasma measured was 
collected 24hr after treatment. In the case of the ‘3x’ studies, three doses of 
chemotherapy were administered over the space of a week and plasma measured 
was taken 24hr after last dose. n=6/group for GEM, CIS, and 3x TAX studies. n=7-
8/group for CA and 3x GEM studies. n=2-3/group for TAX study. All data were 
checked for normal distribution using a Shapiro-Wilk test and analysed using an 
unpaired t-test or Mann-Whitney U test as appropriate. * p<0.05, ** p<0.01, 
*** p<0.001. 
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7.4.4 Effect of chemotherapy on the central GFRAL signalling network 

7.4.4.1 GFRALDVC neurons 

Current evidence suggests that GFRAL is activated exclusively by GDF15 (Emmerson 

et al., 2017; Hsu et al., 2017; Yang et al., 2017; Mullican et al., 2017). Dual 

immunostaining of the DVC of chemotherapy-treated mice supports this evidence. 

CIS induced cFos expression in approximately 19% of GFRALDVC neurons where 0% of 

GFRALDVC neurons were activated by vehicle treatment, p < 0.0001 (Fig. 7.5A). The 

majority of CIS activated GFRAL neurons were in the AP, rather than the NTS. CA 

activated an average of 20% of GFRALDVC neurons (p<0.0001), again, with the majority 

of those being found in the AP (Fig. 7.5B). Both CIS and CA caused activation of a 

group of non-GFRAL neurons in the mNTS in addition to GFRAL neurons. Single doses 

of TAX or GEM, which did not increase GDF15, did not activate GFRAL neurons nor 

any other neurons in the DVC (Fig. 7.5C &D, respectively).  

In the case of repeated dose models, 3x TAX activated very few GFRALDVC neurons, 

the average being less than 5% of GFRALDVC neurons, which amounted to 

approximately one neuron per section (Fig. 7.5E). As there was no activation of 

GFRAL neurons in VEH-treated animals, this difference was statistically significant 

(p = 0.0193). Three doses of GEM activated approximately 12% GFRALDVC neurons, 

p = 0.0079 (Fig. 7.5F). There was a variable amount of activation in the DVC of mice 

treated with 3x GEM, with some having an average of 9 GFRAL neurons/section 

containing cFos, and others having none. More noticeable was the difference in 

overall amount of cFos expression in the GEM-treated animals, which varied between 

an average of 5 neurons/section and 216 neurons/section.  

Overall, there was a strong correlation between the % of GFRAL neurons activated in 

the DVC and the level of GDF15 achieved following the different chemotherapy 

treatments (Fig. 7.5G). 
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Figure 7.5. The effect of chemotherapy treatment on activation of GFRALDVC 
neurons. GFRAL activation as measured by co-localisation of GFRAL (magenta) with 
the neuronal activation marker, cFos (green), in the DVC of mice 24 hr after 
treatment with A) cisplatin (CIS), B) cyclophosphamide + adriamycin (CA), 
C) paclitaxel (TAX), and D) gemcitabine (GEM). GFRAL activation 24hr after 3rd 
treatment with E) paclitaxel (x3 TAX) and F) gemcitabine (3x GEM) over a one-week 
period. G) Correlation between GDF15 concentration in plasma and %GFRAL 
activation in the dorsal vagal complex (DVC). n = 6 animals/group except TAX (3-4 

Vehicle Chemotherapy

0 10 20 30 40
0

500

1000

1500

2000

% GFRALDVC activation

G
D

F
1

5
 (

p
g

/m
L

) r = 0.7566

p< 0.0001

3x TAX

CA

CIS

VEH

TAX

GEM

3x GEM

G

B
) 

C
A

VEH CA
0

10

20

30

40

%
G

F
R

A
L

D
V

C
 A

c
ti

v
a
ti

o
n

***

AP

cc DMX
NTS

AP

cc
DMX

NTS

A
) 

C
IS AP

cc DMX

NTS

AP

cc DMX

NTS

GFRAL cFos

VEH CIS
0

10

20

30

40

%
G

F
R

A
L

D
V

C
 A

c
ti

v
a
ti

o
n

***
C

) 
TA

X

AP

cc DMX
NTS

AP

cc DMX
NTS

VEH TAX
0

10

20

30

40

%
G

F
R

A
L

D
V

C
 A

c
ti

v
a
ti

o
n

F)
 3

x 
G

EM

cc DMX

NTS
APAP

cc DMX

NTS

VEH 3x GEM
0

10

20

30

40
%

G
F

R
A

L
D

V
C
 A

c
ti

v
a
ti

o
n

**

E)
 3

x 
TA

X

AP

cc DMX
NTS

AP

cc DMX

NTS

VEH TAX
0

10

20

30

40

%
G

F
R

A
L

D
V

C
 A

c
ti

v
a
ti

o
n

*

D
) 

G
EM AP

cc DMX
NTS

AP

cc DMX

NTS

VEH GEM
0

10

20

30

40

%
G

F
R

A
L

D
V

C
 A

c
ti

v
a
ti

o
n

VEH GEM
0

10

20

30

40

%
G

F
R

A
L

D
V

C
 A

c
ti

v
a
ti

o
n

VEH GEM
0

10

20

30

40

%
G

F
R

A
L

D
V

C
 A

c
ti

v
a
ti

o
n

VEH TAX
0

10

20

30

40

%
G

F
R

A
L

D
V

C
 A

c
ti

v
a
ti

o
n

VEH TAX
0

10

20

30

40

%
G

F
R

A
L

D
V

C
 A

c
ti

v
a
ti

o
n

VEH CA
0

10

20

30

40

%
G

F
R

A
L

D
V

C
 A

c
ti

v
a
ti

o
n

***

VEH CA
0

10

20

30

40

%
G

F
R

A
L

D
V

C
 A

c
ti

v
a
ti

o
n

***

VEH CIS
0

10

20

30

40

%
G

F
R

A
L

D
V

C
 A

c
ti

v
a
ti

o
n

***

VEH CIS
0

10

20

30

40

%
G

F
R

A
L

D
V

C
 A

c
ti

v
a
ti

o
n

***

VEH TAX
0

10

20

30

40

%
G

F
R

A
L

D
V

C
 A

c
ti

v
a
ti

o
n

VEH TAX
0

10

20

30

40

%
G

F
R

A
L

D
V

C
 A

c
ti

v
a
ti

o
n

VEH TAX
0

10

20

30

40

%
G

F
R

A
L

D
V

C
 A

c
ti

v
a
ti

o
n

VEH 3x GEM
0

10

20

30

40

%
G

F
R

A
L

D
V

C
 A

c
ti

v
a
ti

o
n

**VEH 3x GEM
0

10

20

30

40

%
G

F
R

A
L

D
V

C
 A

c
ti

v
a
ti

o
n

**



Chapter 7: GDF15 secretion in mouse models of chemotherapy 

179 
 

animals/group) and 3x GEM (7-8 animals/group). AP = area postrema, cc = central 
canal, DMX = motor nucleus of the vagus/10thcranial nerve, NTS = nucleus of the 
solitary tract, Data were checked for normal distribution using Shapiro-Wilk 
normality test, then analysed by unpaired t test or Mann-Whitney U test as 
appropriate. * p<0.05, ** P<0.01, *** p<0.001. 
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7.4.4.2 Parabrachial nucleus 

Looking outside of the DVC and GFRAL neurons, chemotherapy treatments which 

caused activation of GFRALDVC neurons also caused the activation of the elPBN. CIS 

(Fig. 7.6A) and CA (Fig. 7.6B) also caused activation of a second area in the lPBN, 

which here is defined as the central lateral PBN (clPBN). Though 3x TAX (Fig. 7.6C) 

and 3x GEM (Fig. 7.6D) did cause activation of elPBN, they did not cause the 

activation of this second area in the PBN. 
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Figure 7.6. The effect of chemotherapy treatment on activation of neurons in the 
PBN. Activation as measured presence of the neuronal activation marker, cFos 
(white) in the parabrachial nucleus (PBN) of mice 24 hr after treatment with A) 
cisplatin (CIS), B) cyclophosphamide + adriamycin (CA), and 24 hr after the final dose 
of C) three repeat doses of paclitaxel (3x TAX), and D) three repeat doses of 
gemcitabine (3x GEM). elPBN = external lateral parabrachial nucleus, clPBN = central 
lateral PBN, scp = superior cerebellar peduncle.  
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7.5 Discussion 

7.5.1 Chemotherapy treatments which caused anorexia and weight loss also 

increased GDF15 

Of the different chemotherapy regimens tested, some had a much clearer effect on 

food intake and body weight than others. Single doses of CIS or CA strongly reduced 

feeding and body weight. These two therapies also caused a significant increase in 

circulating GDF15 which translated to a consequent activation of GFRAL neurons in 

the DVC and activation of the elPBN, in a similar pattern to SC injection of GDF15 

(Fig.3.3B). On the other hand, a single dose of TAX or GEM had no effect on any 

parameter measured, from behaviour to circulating signalling factors or activation of 

the brain.  

Repeated doses of TAX or GEM produced slightly less clear results. Three doses of 

TAX produced a small increase in circulating GDF15 (Fig. 7.3E), which in turn caused 

the activation of approximately one GFRALDVC neuron/section counted (Fig. 7.5E). 

There were also a several neurons activated in the elPBN for these animals (Fig. 7.6C). 

Although food intake was not significantly affected over the week of treatment, by 

day 4 of the study, there was beginning to be a trend towards a decrease in food 

intake (Fig. 7.2I).  

Similarly, three doses of TAX did produce a difference in body weight compared with 

VEH-treated controls (Fig. 7.2J). However, on examination of the data, TAX prevented 

the small increase in body weight that is expected for VEH-treated animals, rather 

than causing a decrease in body weight. In context, the mean body weight change 

for mice treated with three doses of TAX was -1.02% over the week. During baseline 

measurements for these studies, before the mice had been treated with VEH or 

chemotherapy, it was normal for mice to gain or lose 1-2% body weight over a 24-hr 

period.  

Although GDF15 was slightly increased for animals treated with 3x TAX (Fig. 7.3E), it 

seems unlikely that GDF15/GFRAL signalling was the reason for changes in feeding 

and body weight. As this level of GDF15 was associated with only one activated 
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GFRALDVC neuron/section it is more likely that elPBN activation was caused by 

another signal induced by 3x TAX treatment. It is possible that if the study had run 

for longer, there could have been more pronounced effects on GDF15, food intake 

and body weight, bringing at least food intake and body weight results more in line 

with what is reported elsewhere in literature (Loman et al., 2019; Grant et al., 2021; 

Sullivan et al., 2021). 

Repeated doses of GEM produced variable results. In some animals, circulating 

GDF15 was increased, which correlated with both the activation of GFRALDVC neurons 

(Fig. 7.5F) and a decrease in food intake after the second injection (Fig. 7.2K). This, 

however, did not correlate with a reduction in body weight (Fig. 7.2J). As would be 

expected, in mice with GFRALDVC activation, there was corresponding activation of 

the elPBN (Fig. 7.6D). As with repeated doses of TAX, it is possible that a longer 

treatment regimen of GEM could have caused more pronounced effects on food 

intake and body weight, particularly as body weight could have been trending 

towards a decrease by day 6 for GEM (Fig. 7.2J). However, different to repeated 

doses of TAX, it seems that the feeding and body weight effects of repeated GEM 

were reliant on GDF15/GFRAL signalling. This can be seen as individual mice showing 

increased GDF15 also showed activation of GFRALDVC neurons, activation of the 

elPBN, and anorexia, whereas the mice which did not have increased GDF15 showed 

none of these effects. 

Throughout this thesis, VEH-treated control animals have consistently had plasma 

[GDF15] at or below 100 pg/ml (Fig. 6.1F, 6.2D, 7.3A-F, and 8.1C). In these animals 

there was no activation of GFRALDVC neurons. For drug-treated groups, activation of 

GFRALDVC neurons was seen when [GDF15] reached approximately 150 pg/ml.  As 

GFRALDVC activation correlated with plasma [GDF15], it would be interesting to see if 

the same holds true for the PBN and other areas of the GFRAL signalling network. 

This could easily be accomplished by performing a cell count of activated neurons in 

these areas.  
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7.5.2  Activation of the GFRAL signalling network by chemotherapies 

Unexpectedly, both CIS and CA treatment also caused the activation of a second area 

of the PBN, the clPBN. There are several possibilities which could explain the 

activation of this second area. The first possibility was that this area requires higher 

levels of GDF15 to be activated. This could explain why the elPBN is activated by CIS, 

CA, and 3x GEM, but the clPBN is not activated by 3x GEM, which caused a smaller 

increase in GDF15. However, the clPBN was not activated by a dose of exogenous 

GDF15 (Fig. 3.5A). In light of the data in Patel et al. (2019), this explanation can be 

debunked as, according to their results, at 2 hr post-dosing plasma [GDF15] would 

have been approximately 4-5 ng/ml, far higher than the amount of GDF15 induced 

by CIS or CA treatment. 

A second possibility is that chemotherapy treatment induced the release of other 

signals and that the clPBN was activated by one of these. In this chapter, five such 

signals were investigated (Fig. 7.4). Although no other signal was found to be 

increased only in those groups which had clPBN activation, the signals measured are 

by no means the only ones increased by chemotherapy or associated with anorexia 

and/or cachexia. There may be others which were not investigated here that causes 

the effect.  

Finally, clPBN activation could have been related to the time after GDF15 increase 

that brains were collected. For mice treated with a dose of exogenous GDF15, brains 

were collected 2 hr post-dosing. For mice treated with chemotherapy drugs, brains 

were collected 24 hr following final dose. It is possible that this second area is being 

activated at a later in time point after GDF15 increase.  

To investigate whether the clPBN is activated as a consequence of GDF15 or another 

signal, other pro-inflammatory/anorectic/pro-cachectic signals could be 

investigated, as they have above, using an ELISA. However, it would be simpler to 

block GDF15/GFRAL signalling using either a knockout model or a monoclonal 

antibody. This would establish the role of GDF15/GFRAL signalling in the activation 

of the clPBN, and this is what has been done in chapter 8. Next, brains could be 

collected 24 hr following treatment with GDF15. For this though, it is worth bearing 
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in mind that the half-life of GDF15 is significantly less than 24 hr (Xiong et al., 2017). 

If the clPBN is activated as a delayed response to GDF15 increase, then it may be 

activated after 24 hr. However, if the clPBN is activated because of a prolonged 

increase of GDF15, it might be better to explore clPBN activation in the brains of 

animals which have been dosed with GDF15 multiple times over the space of a week. 

The function of clPBN signalling and the phenotype of neurons activated in this region 

are still unknown. As the clPBN and elPBN are in such close proximity, exploring this 

prospect will only be possible if a distinct phenotype of clPBN neurons can be 

discovered. If this can be achieved, then this population of neurons can be selectively 

targeted, for example using optogenetic or chemogenetic technology. 

As the clPBN is an area activated 24 hr-post chemotherapy treatment, but not 2 hr-

post GDF15-treatment, cFos-immunoreactivity in the rest of the brains of CIS- and 

CA-treated animals should be investigated. If the clPBN is indeed activated as a part 

of the GDF15/GFRAL signalling network, there may be other areas which are involved 

at a later time point also. This would mean that the current understanding of the 

GFRAL signalling network, summarised in Fig. 5.5, is incomplete. Alternatively, this 

summary may be accurate for GDF15 actions acutely, but not chronically, as may be 

relevant during diseases and therapies such as cancer and chemotherapy. 

When considering all chemotherapy treatments together, the concentration of 

circulating GDF15 correlated with the level of weight loss and severity of the anorexia 

(Fig. 7.3 G&H respectively). These data suggest that GDF15 was the causative factor 

for anorexia and weight loss following chemotherapy treatment, though this requires 

further evidence. Similarly, GFRALDVC neuron activation also correlated with amount 

of GDF15 in circulation (Fig. 7.5G). The idea that GDF15 is causative of chemotherapy 

anorexia and weight loss is supported by the fact that no other signal associated with 

anorexia and weight loss measured was found to be affected universally by 

chemotherapies which cause a decrease in food intake and body weight. Based on 

these results, the GDF15/GFRAL signalling network seems to be a good target to 

combat chemotherapy-induced anorexia and weight loss. 
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7.6 Conclusions 

- Chemotherapy treatments which increase [GDF15] above a threshold cause 

anorexia and weight loss, whereas chemotherapy treatments which do not 

increase [GDF15] above a threshold also do not induce anorexia or weight 

loss. 

- A plasma [GDF15] of approximately 150 pg/ml is required to cause activation 

of GFRALDVC neurons in wild-type mice. 

- The concentration of circulating GDF15 correlates with the severity of 

anorexia and weight loss. 

- Chemotherapy treatments which increase GDF15 cause activation of 

GFRALDVC neurons and neurons in the elPBN. 

-  Some chemotherapy treatments which increase GDF15 also cause the 

activation of the clPBN. 
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8 Preventing GFRAL signalling during 

chemotherapy 

8.1 Introduction 

In this final results chapter, the role of GFRAL signalling in chemotherapy-induced 

anorexia and weight loss will be investigated with the aim of establishing whether 

the GDF15/GFRAL signalling network may be a good target to treat anorexia and 

weight loss in patients undergoing chemotherapy. In order to do this, GFRAL 

signalling will be blocked in murine chemotherapy models which cause anorexia and 

weight loss. The tools available to us in the lab include congenitally knocking out the 

GFRAL receptors using a GFRAL KO mouse, and pharmacological antagonism using 

the monoclonal antibody against the GDF15 receptor (GFRAL mAb), developed by 

Emmerson et al. (2017). Should prevention of GFRAL signalling remedy anorexia and 

weight loss in mice, GFRAL may prove a useful target to alleviate these symptoms in 

humans undergoing chemotherapy treatment. 

Whilst it is not feasible to genetically knock out receptors in humans, there is 

precedent for the use of monoclonal antibodies to treat cancer. Many are already in 

use in a variety of forms. In cancer treatments, there are different forms of antibody 

treatment which act in different ways to bring about destruction of cancer cells. 

Some mAbs prevent cancerous cells from dividing, for example by antagonising 

growth factor receptors. Others are conjugated to cytotoxic/radioactive molecules 

to cancer cells, and so deliver doses of therapy directly to the cancerous tissue. This 

allows higher doses of drug to be used as there will less impact on surrounding 

tissues. Some mAbs are antiangiogenic, meaning that new blood vessels will not be 

created to supply a tumour, starving it of oxygen and nutrients. Yet other mAbs are 

able to manipulate immune responses to target cancerous cells e.g. by blocking T-

cell checkpoint inhibitors or attracting immune cells to the cancer (Chiavenna, 

Jaworski and Vendrell, 2017; Liu Yang et al., 2017; Seebacher et al., 2019). 



Chapter 8: Preventing GFRAL signalling during chemotherapy 

188 
 

Monoclonal antibodies against GDF15 and GFRAL have also been developed and 

tested in preclinical cancer models. Several groups have shown ways in which 

neutralising GDF15 with an antibody therapy may be useful in treating cancer. In two 

separate studies, a GDF15 antibody improved the destruction of tumours by 

chemotherapy agents (Yu et al., 2020; Wang et al., 2021), with another publication 

showing decreased tumour growth following GDF15 antibody treatment due to 

decreased neovascularisation (Wang et al., 2014). In line with this, an anti-GDF15 

antibody was shown to prevent invasive and metastatic behaviours of colon cells in 

vitro (Ding et al., 2020). Away from the treatment of tumours, Laurens et al. (2020) 

found that GDF15 was released by muscle cells which had undergone contraction 

similar to that induced by moderate to severe exercise, and which was predicted to 

cause cell stress. In this publication, the GDF15 neutralisation prevented lipolysis in 

adipose tissues – a quality which may be useful in the treatment of weight 

loss/cachexia. 

To date, three groups have published research using mAbs against GFRAL. Instead of 

destroying neurons which express GFRAL, these antibodies block GFRAL receptors. 

Initially, GFRAL mAbs were used to investigate the effects of GFRAL signalling on 

energy balance, including feeding and body weight, in healthy rodents. Emmerson et 

al. (2017) published that a GFRAL mAb greatly reduces GDF15 binding to GFRAL 

receptors in rats. This had the effect of preventing anorexia and body weight loss 

induced by daily dosing of GDF15.  

Coll et al. (2019) showed that an antibody against GFRAL could recover body weight 

and decrease energy expenditure in mice treated with metformin on a high fat diet. 

Later work from the same group in Cambridge focused more on disease models. 

Using the same antibody as before, Cimino et al. (2021) uncovered a role of 

GDF15/GFRAL signalling in activating the HPA axis in response to infection-related 

stimuli and toxins. In particular, intact GDF15/GFRAL signalling was required to 

activate the HPA axis in response to challenges which did not cause an increase in 

circulating cytokines.  
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In 2020, the Allan group showed that their GFRAL mAb, called 3P10, was also capable 

of preventing GDF15 binding to GFRAL, and activation of GFRAL neurons, in mice 

(Suriben et al., 2020). In their publication, mice were protected from anorexia and 

weight loss induced by both treatment with GDF15 and from GDF15-releasing 

tumour xenografts. Furthermore, in a murine patient-derived xenograft model which 

did not show anorexia but did show pronounced cachexia, their 3P10 antibody 

recovered loss of white and brown fat mass, loss of skeletal muscle mass loss and 

skeletal muscle function, and decreased lipid metabolism, whilst increasing glucose 

metabolism, more in line with healthy, non-tumour bearing mice. In short, the 3P10 

GFRAL mAb can combat cancer cachexia independently of the impact of food intake. 

Importantly, this antibody has been tested in both syngeneic and patient derived 

xenograft models. This group has shown that preventing GFRAL signalling did not 

impact on tumour growth. 

Up to now, the role of GDF15/GFRAL signalling during drug-induced anorexia has 

been most thoroughly investigated during CIS therapy. Hsu et al. (2017) and Breen et 

al. (2020) show that blocking GDF15/GFRAL signalling using GDF15 or GFRAL KO 

models can prevent anorexia and weight loss in mice. In addition, Breen et al. (2020) 

go on to show that GDF15 KO mice are also protected from anorexia and weight loss 

during treatment with other platinum-based therapeutics. However, there is nothing 

in the literature to show that blocking GDF15/GFRAL signalling is effective at 

preventing anorexia and weight loss during other types of chemotherapy. This is 

something that this chapter aims to address. 

Knowing that GFRAL mAbs can prevent anorexia and weight loss in animals with 

increased GDF15 and cancer, we aim to discover whether a GFRAL mAb will have 

similar beneficial effects during chemotherapy treatment. This will be done by testing 

treatment regimens which cause anorexia and weight loss (here, CIS and CA) using 

both the Taconic GFRAL KO mouse and the Emmerson group’s GFRAL mAb. After this, 

further tests will be needed to prove that blocking GFRAL signalling does not have a 

negative impact on outcome in cancer models (e.g., promoting tumour growth or 

metastasis, or impacting the effects of cytotoxic therapy). However, providing that a 

GFRAL mAb can reduce or prevent the chemotherapy’s effect on food intake/body 
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weight, there could be a future for a GFRAL mAb to be used to treat chemotherapy-

induced anorexia and weight loss. 

8.2 Aims and objectives 

Hypothesis: The interaction of GDF15 with GFRAL is necessary for anorexia and 

weight loss following chemotherapy treatment in mouse models. 

Aim: Prevent GFRAL signalling during chemotherapy to establish whether GFRAL 

signalling is responsible for anorexia and weight loss during chemotherapy 

treatments which cause an increase in GDF15. 

1) Measure the effect of preventing GFRAL signalling on feeding and body 

weight in mice treated with chemotherapy. 

- Congenital knock out of GFRAL receptors – measure food intake and 

body weight in GFRAL KO mice treated with CA. 

- Pharmacological antagonism of GFRAL receptors – measure food 

intake and body weight following CIS or CA-treatment in wild-type 

mice which have been pre-treated with an anti-GFRAL monoclonal 

antibody (GFRAL mAb). 

2) Measure GDF15 in the plasma of GFRAL KO mice and wild-type mice which 

have been treated with GFRAL mAb following CIS and CA treatment. 

3) Explore what effect GFRAL mAb has on activation of the GFRAL signalling 

network during chemotherapy 
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8.3 Methods 

8.3.1 Animals 

14–16-week-old male and female GFRAL wild-type and null mice (Gfral+/+ and 

Gfral−/−), 18–25-week-old male and female Calca-Cre mice, and 14-week-old male 

C57Bl6/J mice (Charles River, UK) were kept under standard conditions as stated in 

General Methods (2.2), with ad libitum access to food and water at all times.  

All mice were singly housed, for the purpose of food intake measurements, for at 

least 1 week prior to study. 

8.3.2 Drug treatments 

CA (167 mg/kg cyclophosphamide + 4 mg/kg adriamycin) was administered IP to male 

and female GFRAL KO or male C57Bl6/J mice, as described in 2.1.2. Vehicle-treated 

control animals were treated with an equivalent volume of saline IP (VEH). 

4 mg/kg CIS was administered IP to male and female Calca-Cre mice as described in 

2.1.2. Vehicle-treated control animals were treated with an equivalent volume of 

saline IP (VEH). 

A monoclonal mouse anti-GFRAL antibody (mAb) was administered IP to male and 

female Calca-Cre mice or male C57Bl6/J mice as described in 2.1.2. Vehicle-treated 

control animals were treated with an equivalent volume of PB IP. 

8.3.3 Feeding studies 

8.3.3.1 Congenital knock out of GFRAL receptors 

Single-housed male and female GFRAL KO mice (Gfral+/+ and Gfral-/-) were 

randomised into groups using the Microsoft Excel (RAND) function, then pseudo-

randomised based on body weight and sex to ensure similar mean body weight and 

ratio of male:female animals in each group. Mice were administered saline (VEH) or 

CA IP during the morning of day 0. Food and body weight were weighed at this time. 

24 hr later, food intake and body weight were measured again, and mice were culled 

via cardiac puncture under isoflurane anaesthesia at a rate of 3% in oxygen. Blood 
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and brains were processed and stored as described in General Methods (2.6) for later 

assays. 

8.3.3.2 Pharmacological block of GFRAL receptors 
Calca-Cre mice were treated IP with PB or mAb during the morning on day 0. 24 hr 

later, mice were injected IP with VEH or CIS. On day 2 (48 hr after injection of 

PB/mAb), mice were culled by cardiac puncture under isoflurane anaesthesia at a 

rate of 3% in oxygen. Blood and brains were processed and stored as described in 

General Methods (2.6) for later assays. 

To investigate the effects of pharmacological block of GFRAL during CA treatment, 

this experiment was run a second time using male C57Bl6/J mice and CA instead of 

CIS. 

8.3.4 Immunohistochemistry 

Immunohistochemistry was carried out following standard protocols described in 

General Methods (2.8.3-5). Antibodies used can be also be found in General 

Methods. 

Cell counts for the GFRAL mAb + CIS experiment (Co-localisation of GFRAL with cFos 

in the DVC and quantification of cFos in the PBN) were performed as described in 

General Methods (2.8.5) by Ms Amelia Catton under the guidance of Rosemary 

Shoop. 
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8.4 Results 

8.4.1 Effect of congenital knock-out of GFRAL receptors during CA treatment  

This experiment aimed to discover the anorectic/weight loss effects of 

chemotherapy in the complete absence of GFRAL signalling. As a similar experiment 

with GFRAL KO mice treated with CIS has already been published by Hsu et al. (2017), 

these studies with GFRAL KO animals focus on CA treatment. 

8.4.1.1 Feeding and body weight 

Each group of mice began the experiment at an average of 27.0 - 27.6 g. Injection 

with the chemotherapy combination CA caused a decrease in food intake and body 

weight in adult mice with intact GFRAL receptors (Gfral+/+; Fig 8.1A and B 

respectively). However, there was no change in food intake or body weight after CA 

injection in littermates lacking GFRAL receptor (Gfral-/-; Fig 8.1A and B respectively). 

CA caused an increase in circulating GDF15 in both Gfral+/+ and Gfral-/- mice (Fig 8.1C). 

This fits the hypothesis that CA is causing an increase in circulating GDF15, which 

then acts via the GFRAL receptor to reduce food intake. To confirm this is the case, 

we investigated the action of CA on neuronal signalling in GFRAL neurons. 
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Figure 8.1. Effect of congenital GFRAL KO on feeding and body weight during 
chemotherapy. A) Food intake and B) body weight change of male and female GFRAL 
KO (Gfral-/-) mice and wild-type litter mates (Gfral+/+), 24 hr after treatment with the 
chemotherapy CA (cyclophosphamide + adriamycin). C) GDF15 concentration in 
plasma of Gfral+/+ and Gfral-/- mice 24 hr after treatment with CA. n=7-8/group. 
Results were analysed using one-way ANOVA or Kruskall-Wallis test, followed by a 
post hoc Tukey’s or Dunn’s multiple comparisons test as appropriate. 
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8.4.1.2 Activation of DVC and PBN 

No GFRAL immunoreactivity was detected in Gfral-/- mice. Injection of CA in 

Gfral+/+mice caused activation of GFRAL neurons (as indicated by the induction of 

cFos expression 24 hr after treatment) in Gfral+/+ mice, but not in Gfral-/- mice (Fig. 

8.2A and B). There was increased cFos expression in the mNTS of both Gfral+/+ and 

Gfral-/- mice which were treated with CA in comparison with mice treated with VEH 

(Fig.8.2C). However, there were far fewer cFos+ve neurons in the mNTS of Gfral-/- mice 

treated with CA than were seen in the mNTS of Gfral+/+ mice (Fig. 8.2C). 

There was also activation of neurons in the elPBN and clPBN of Gfral+/+ mice, but no 

activation in these areas for Gfral-/- mice. Sections containing PBN from VEH- and CA-

treated Gfral-/- were indistinguishable (Fig. 8.2D). 
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Figure 8.2. The effect of GFRAL KO on DVC and PBN activation following CA 
treatment. A) Immunohistochemistry showing activation of GFRAL neurons 
(magenta) in the dorsal vagal complex (DVC) as determined by co-localisation with 
cFos (green) in GFRAL wild-type mice (Gfral+/+) or homozygous GFRAL null mice 
(Gfral−/−), treated with vehicle (VEH) or cyclophosphamide and adriamycin (CA). 
B) Quantification of the percentage of GFRAL neurons activated in the DVC and C) of 
the mean number of cFos-expressing neurons in the DVC of Gfral+/+ and Gfral-/- mice. 
D) Activation of the parabrachial nucleus (PBN) of Gfral+/+ and Gfral-/- mice 24 hr after 
treatment with VEH or CA.  n=7-8/group. AP = area postrema, cc = central canal,  
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DMX = motor nucleus of the vagus/10th cranial nerve, NTS = nucleus of the solitary 
tract, elPBN = external lateral PBN, clPBN = central lateral PBN, scp = superior 
cerebellar peduncle. Results were checked for normal distribution using a Shapiro-
Wilk test, and analysed using one-way ANOVA, followed by a post hoc Tukey’s 
multiple comparisons test. * p < 0.05, ** p< 0.01, *** p< 0.001 

 

8.4.2 Pharmacological block of GFRAL receptors during CIS and CA treatment 

8.4.2.1 Feeding and weight loss 

An GFRAL mAb was used to pharmacologically block the GDF15/GFRAL signalling 

network during chemotherapy treatment. CIS caused a decrease in food intake in 

Calca-Cre mice (Fig 8.3A), with mean of 4.4 ±0.2 g for the PB-VEH treated group and 

3.3 ±0.2 g for PB-CIS (p = 0.0243). By itself, the GFRAL mAb did not affect food intake 

(Fig. 8.3A).  

In line with the decrease in food intake, CIS caused a significant decrease in body 

weight in WT mice (Fig. 8.3B). For animals pre-treated with the mAb, CIS did not 

cause significant difference in weight loss (Fig. 8.3B). The average body weight of 

groups of mice at the beginning of the study was between 29.30 g and 31.97 g. 

In a similar experiment, wild-type C57 mice were treated with CA instead of CIS. Mice 

began this study at an average of 27.14 g – 29.14 g. In this study, CA caused a 

decrease in food intake in mice pre-treated with PB (Fig. 8.3C).  The decrease in food 

intake was lost after mAb pre-treatment (Fig. 8.3C). However, block may not have 

been complete as the effects on body weight were almost equivalent between 

groups (p = 0.0538 mAb-VEH vs. mAb-CA. Fig. 8.3D). There was also no difference in 

body weight change between PB-CA and mAb-CA groups (Fig. 8.3D).  
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Figure 8.3. Effect of pharmacological block of GFRAL receptors on feeding and body 
weight and plasma GDF15 during chemotherapy. A) Food intake and B) body weight 
change 24 hr after treatment with vehicle (VEH) or cisplatin (CIS) in mice pre-treated 
with a sterile phosphate buffer control (PB) or a monoclonal antibody against the 
GFRAL receptor (mAb). C) Food intake and B) body weight change 24 hr after 
treatment with VEH or a combination of cyclophosphamide and adriamycin (CA) in 
mice pre-treated with PB or mAb. All data checked for normal distribution using a 
Shapiro-Wilk test, then analysed by 2-way ANOVA or Kruskal-Wallis test as 
appropriate, followed by a post hoc Tukey’s or Dunn’s multiple comparison test. 
* p<0.05, ** p<0.01. 
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8.4.2.2 Activation of the DVC 

CIS activated fewer GFRALDVC neurons in Calca-Cre mice when they had been pre-

treated with GFRAL mAb vs. those which had not (Fig. 8.4A). GFRAL mAb also 

decreased GFRALDVC activation in WT mice treated with CA from an average of 38% 

(PB-CA) to an average of 17% GFRALDVC activation (mAb-CA. Fig. 8.4B).  

As with food intake and body weight, the effect of CA on GFRALDVC activation was not 

completely blocked, however there was significantly reduced activation of GFRAL-

expressing neurons in the presence of the mAb than without (p = 0.0278, PB-CA vs 

mAb-CA. Fig. 8.4B). 

Likewise, mAb treatment prevented the increase in cFos in the mNTS following CIS 

treatment (mAb-VEH vs. mAb-CIS. Fig. 8.4A), and reduced, but did not prevent the 

increase in cFosmNTS during CA treatment (mAb-VEH vs. mAb-CA. Fig. 8.4B). 
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Figure 8.4. Effect of GFRAL mAb on activation of GFRALDVC neurons following 
chemotherapy. Activation of GFRAL-expressing neurons (magenta) in the dorsal 
vagal complex (DVC) as measured by co-localisation with cFos (green) in animals 
treated with control (PB) or a monoclonal antibody raised against the GFRAL receptor 
(mAb) and then vehicle (VEH), A) cisplatin (CIS) or B) cyclophosphamide + adriamycin 
(CA) 24 hr later. Images of sections from brains collected 24 hr after treatment with 
VEH or chemotherapy. n=6/group. AP = area postrema, cc = central canal, DMX = 
motor nucleus of the vagus/10th cranial nerve, NTS = nucleus of the solitary tract, 
Quantification of % GFRAL activation was analysed using a Kruskal-Wallis test, 
followed by a post hoc Dunn’s multiple comparisons test. * p < 0.05. Cell counts for 
pannel A performed by Ms Amelia Catton. 
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8.4.2.3 Activation of the PBN 

CIS or CA activated neurons in the elPBN and clPBN (Fig. 8.5A&D respectively). The 

GFRAL mAb completely prevented CIS-induced activation of the elPBN and clPBN 

(Fig. 8.5B&C respectively), and reduced CA-induced activation of the elPBN 

(Fig. 8.5E).  GFRAL mAb did not significantly decrease activation of the clPBN in mice 

treated with CA (Fig. 8.5F). 
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Figure 8.5. GFRAL mAb effect on PBN activation following chemotherapy. A) 
Sections containing the parabrachial nucleus (PBN) of mice treated with phosphate 
buffer control (PB) or monoclonal antibody against GFRAL (mAb) followed by 
cisplatin (CIS) and the quantification of cFos expressing neurons in B) the external 
lateral PBN (elPBN) and C) the central lateral PBN (clPBN). D) PBN sections from mice 
treated with PB or mAb followed by VEH or a combination of cyclophosphamide + 
adriamycin (CA) and the quantification of cFos in E) the elPBN and F) clPBN. Images 
of PBN sections are approximately Bregma -5.02mm to -5.20mm. All data were 
checked for normal distribution using a Shapiro-Wilk test, then analysed using a one-
way ANOVA or Kruskall-Wallis test, followed by post hoc Tukey’s or Dunn’s multiple 
comparison test as appropriate. n= 5-6 animals/group for mAb + CIS experiment and 
n=6 animals/group for mAb + CA experiment. scp = superior cerebellar peduncle. 
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8.5 Discussion  

This chapter aimed to investigate whether GDF15/GFRAL signalling was responsible 

for anorexia and weight loss during chemotherapy. To achieve this, GFRAL signalling 

was prevented during chemotherapy treatment, either by congenital KO of GFRAL 

receptors in GFRAL KO mice, or pharmacological block of GFRAL receptors using an 

anti-GFRAL mAb. Chemotherapy treatments chosen were CIS and CA, as they have 

now been shown to cause anorexia and weight loss by myself (Fig. 7.2A, B, E, and 

F) and others (Alhadeff et al., 2017; Hsu et al., 2017; Wong et al., 2018; Breen et al., 

2020). 

8.5.1 Preventing GFRAL activation is effective at preventing chemotherapy-

induced anorexia and weight loss 

First and most promisingly, both congenital KO and pharmacological block of GFRAL 

receptors were able to reduce or prevent anorexia and body weight loss following 

chemotherapy treatment (Fig. 8.1A&B and 8.3A-D). Here, I show that blocking GFRAL 

receptors with a mAb inhibits the anorexia and weight-reducing effects of two 

chemotherapies. Some of my findings were published (Worth et al., 2020) and 

confirmed by Breen et al. (2020). Here, I also have shown that, like with CIS treatment 

(Hsu et al., 2017), the anorexia and weight-reducing effects of a different class of 

chemotherapy, CA treatment, are also blocked in Gfral-/- mice (Fig. 8.1A&B). 

For CIS therapy, GDF15/GFRAL signalling seemed to be a causative factor affecting 

food intake and body weight loss. The GFRAL mAb was not only able to prevent 

anorexia and weight loss in Calca-Cre mice treated with CIS (Fig. 8.1A&B), but also 

prevented activation of GFRALDVC neurons, the group of neurons in the NTS, and both 

the elPBN and clPBN (Fig. 8.4A and Fig. 8.5A-C). These results confirm what had 

previously been shown by Hsu et al. (2017) using their GFRAL KO model and Breen et 

al.  (2020), who prevented GDF15 signalling using both a GDF15 mAb and GDF15 KO 

mice. 
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Arguably, GFRAL signalling was also causative of CA-induced anorexia and weight 

loss. Although the GFRAL mAb was not able to prevent weight loss in WT mice treated 

with CA (Fig. 8.3D), congenital KO of GFRAL receptors was (Fig. 8.1A&B). The 

difference between these two models was likely that whilst there were no GFRAL 

receptors in Gfral-/- mice (Fig. 8.2A) and no consequent activation of the PBN (8.2D), 

the GFRAL mAb was not completely able to prevent activation of GFRALDVC neurons, 

with 17% of GFRALDVC neurons still being activated in mAb-CA treated mice 

(approximately 42 neurons. Fig. 8.4B), and therefore was not able to prevent 

activation of other areas of the GFRAL signalling network following CA treatment 

(Fig. 8.5D). This would mean that CA was still able to induce anorectic signals via the 

GFRAL signalling network in mice treated with mAb and would explain the 

incomplete protection from anorexia and weigh loss in this experiment.  

Further support for the idea that GFRAL signalling is responsible for CA-induced 

anorexia and weight loss comes from the fact that CA treatment caused the increase 

of other anorectic, pro-cachectic signals such as IL-1β, IL-6, KC, and MCP-1 in WT mice 

(Fig. 7.4A-C &E) and following CA treatment in Gfral-/- mice, there was still increased 

activation of neurons in the NTS in comparison with VEH-treated littermates (Fig. 

8.2C). It is possible that one or more of these other signals caused the activation of 

the NTS, without affecting food intake (Fig. 8.1A) or body weight (Fig. 8.1B) or causing 

activation of other parts of the GFRAL signalling network (Fig. 8.2D). Whilst GDF15 is 

increased by CA in Gfral-/- mice (Fig. 8.1C) in a similar way as it is in WT mice 

(Fig. 7.3B), it would be worth checking if these other signals are also increased in CA-

treated Gfral-/- animals before drawing this conclusion about the lack of effect of 

these signals on food intake and body weight during CA-treatment. 

If it is true that GFRAL signalling is responsible for CA-induced anorexia and weight 

loss, there is no clear reason why the GFRAL mAb should not have been as effective 

against CA as it was against CIS. Emmerson et al. (2017) successfully prevented 

anorexia and weight loss in mice treated with 0.1 mg/kg GDF15 using the same 

GFRAL mAb as described in this chapter. Although CA induced a larger increase in 

GDF15 than CIS (Fig. 7.3B and A respectively), the quantity of GDF15 in circulation 

following either of these treatments is still likely to be far less than the amount than 
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would be induced the dose used by Emmerson et al. (Emmerson et al., 2017; Patel et 

al., 2019). It therefore would also not follow that the quantity of GDF15 in circulation 

following CA treatment was able to overcome the block of GFRAL receptors by the 

mAb.  

As GDF15 was only measured at 24 hr following treatment with CA for this study, it 

may be the case that CA caused a much larger increase in GDF15 at an earlier time 

point. If this is the case, perhaps the GFRAL mAb was not sufficient to block GFRAL 

signalling with this kind of challenge. Although this option seems unlikely as mice did 

not show sickness behaviours which would be associated with very high levels of 

GDF15, which are known to cause nausea, pica, and vomiting, depending on species 

(Borner, Wald, et al., 2020; Breen et al., 2020; Worth et al., 2020), this could be 

confirmed by measuring GDF15 at earlier time points following CA treatment.  

Alternatively, GDF15 is known to have a short half-life of 3 hr (Xiong et al., 2017). 

GDF15 would therefore have been increased for only a few hours at a time in the 

Emmerson et al. (2017), as opposed to potentially being maintained at a higher level 

for 24 hr as a consequence of CA treatment. The increased time of exposure of the 

mouse to GDF15 may have been able to overcome the antagonism of the mAb if this 

is the case. Again, this seems unlikely as the GFRAL mAb was able to prevent 

activation of the GFRAL signalling network (Fig. 8.4A), anorexia (Fig. 8.3A) and weight 

loss (Fig. 8.3B) following CIS treatment.  

Perhaps the best explanation then, is that this experiment was somewhat 

underpowered. In the study in which mice were treated with GFRAL mAb and CA (Fig. 

8.3C&D), differences between different groups were very close to being significant 

which brings into question the accuracy of the outcome. This being the case, a power 

analysis should be carried out and the experiment repeated with more mice. 

However, it is worth noting that the CA treatment did not behave as expected in this 

study. For other studies in which mice were treated with CA, average food intake 

over a 24-hr period was less, between to 1.3-2.3g (Fig. 7.2B and Fig. 8.1A). 

Additionally, in this chapter CA did not significantly decrease the body weight of mice 

pre-treated with PB in comparison with PB-VEH treated mice (Fig. 8.3D). Again, in 
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previous studies using this treatment, CA caused an average of 7% body weight loss 

in 24 hr, whereas in this chapter, PB-CA treated mice lost an average of 4% body 

weight (Fig. 8.3D). The reduced potency of CA treatment on food intake and body 

weigh in this chapter may have been related to a building fire shortly before this 

study was carried out, which may have affected the temperature at which the 

cyclophosphamide and adriamycin were stored. If the efficacy of the drugs was 

compromised by this, then this study should be repeated to ensure accurate results.  

Likewise, there was an unexpected amount of variability for in the food intake and 

body weight of mice in the GFRAL mAb+CIS study (Fig. 8.3A&B).  In particular, in the 

mAb-VEH group, one mouse had exceptionally low food intake of less than 1g in 24 

hr, which was around 2.5g less than any other mouse in the entire cohort (Fig. 8.3A). 

In this study, a different mouse in the mAb-VEH group lost around 5% of body weight 

over the 24-hr period, when the rest of the group did not vary by more than 2%. 

These unusual results may have been due to the animals being stressed at some point 

during the study and again, greater n numbers or repetition of the study may be 

necessary to clarify the effect of the GFRAL mAb on feeding and body weight.  

From these data, however, it is clear that GFRAL signalling is responsible for feeding 

and body weight effects during at least two different types of chemotherapy 

treatment. Moving forward, further classes of chemotherapies could be used to 

investigate whether this holds true across all classes of chemotherapies which cause 

anorexia and weight loss. This work has been begun by Breen et al. (2020), who 

investigated weight loss and nausea caused by different types of chemotherapy and 

cancer in relation to GDF15/GFRAL signalling. The investigation of cancer 

therapeutics could also be expanded to include other types of cancer therapy, such 

as radiotherapy. Radiotherapy is also known to cause anorexia (Zhang et al., 2014), 

weight loss (Lau and Iyengar, 2017), and increase GDF15 (Sándor et al., 2015; Park et 

al., 2022).  
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8.5.2 Reducing/preventing GFRAL activation reduces or prevents activation 

of the GFRAL signalling network 

8.5.2.1 mNTS 

In this chapter, activation of other, non-GFRAL, neurons in the mNTS and the PBN 

was investigated. Both of these areas are activated following GDF15 administration 

(Fig.3.3B and 3.5A) and are activated by other aversive anorectic stimuli including CIS 

(Carter et al., 2013; Alhadeff et al., 2015). 

Activation of the mNTS seemed to be affected by GFRAL signalling but was not 

entirely reliant on its presence. In Calca-Cre mice treated with GFRAL mAb-CIS, there 

was no GFRAL activation and decreased activation of the NTS compared with PB-CIS 

treated littermates (Fig. 8.4A). As there was no difference in the amount of cFos in 

the NTS of mAb-CIS vs mAb-VEH or PB-VEH groups (Fig. 8.4A), this would indicate 

that central activation of anorectic feeding pathways following CIS-treatment hinges 

on the activation of GFRALDVC neurons and activation of the GFRAL signalling 

network.  

However, whilst both congenital KO of GFRAL and the GFRAL mAb were effective at 

reducing cFos in the DVC, neither condition was able to prevent cFos increase in the 

DVC in response to CA treatment (Fig. 8.2A and 8.4B). As there was increased cFos in 

the NTS of Gfral-/- mice treated with CA compared to those treated with VEH, there 

must have been another signal activating these neurons. It is possible that this may 

have been another pro-inflammatory signal such as IL-1β or IL-6 which were 

increased by CA treatment (Fig. 7.4 A&B) and which affect neuronal activation in the 

NTS (Turnbull and Rivier, 1999). 

8.5.2.2 PBN 

In contrast to the mNTS, the activation of the lPBN does appear to be dependent on 

intact GFRAL signalling. In animals treated with GFRAL mAb-CIS, which had no 

GFRALDVC activation, there was no activation of either lPBN region (Fig.8.5A-C). 

Likewise, in CA-treated Gfral-/- animals, there was no activation of the elPBN or clPBN 

(Fig. 8.2D), despite there being an increase of cFos in the NTS (Fig. 8.2C). This 
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indicates that chemotherapy-induced PBN activation occurs as a consequence of 

GFRAL signalling, and is not influenced by any other signals which are being released.  

As activation of the clPBN, a region which was not activated by treatment with 

exogenous GDF15 in chapter 3 (Fig. 3.5A), was apparently not caused by another 

signalling molecule, I hypothesised that the additional activation of the clPBN 

following chemotherapy treatment could be due to a differing quantity of GDF15 in 

circulation following GDF15 injection vs. chemotherapy treatment or due to time of 

cull.  

On closer inspection, activation of the clPBN is not likely to be due to a dose effect, 

despite 4 nmol/kg being a low anorectic dose and a lower dose than is used in most 

published literature. As discussed previously, Patel et al. (2019) investigated the 

concentration of GDF15 in plasma at various time points after injection of exogenous 

GDF15. Using their data, 2 hr after injection of 4 nmol/kg GDF15, GDF15 

concentration in plasma should be between 4000-5000 pg/ml. This is significantly 

more than is found in the plasma of mice treated with CIS or CA at the time of cull in 

these studies, which was roughly between 180-1800 pg/ml. If this is accurate, there 

additional activation of the clPBN would not have been caused by a greater quantity 

of GDF15 in circulation. It is therefore more probable that the clPBN is activated as a 

delayed response to GDF15 increase. 

In this thesis, mice treated with exogenous GDF15 were culled and brains collected 

at 2 hr after injection, whereas brains of mice treated with chemotherapies were 

collected 24 hr after final treatment with chemotherapy. The fact that the elPBN is 

activated and the clPBN is not following 3x TAX or 3x GEM treatments in the previous 

chapter can be interpreted to support the idea that the clPBN is activated as a result 

of a delayed response to increased GDF15. In these two treatment regimens, after 

three repeated doses, there was a decrease in feeding or body weight, which could 

indicate that the anorectic/weight loss effects were beginning to be expressed at the 

time of cull. If this was the case, then the brains of these animals would have been 

taken at a similar point in the GDF15/GFRAL signalling response as seen in brains of 

mice treated with exogenous GDF15, i.e., after the elPBN had been activated, but 
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before the clPBN activation had occurred. This theory could be explored in future by 

treating mice with GDF15 and collecting brains 24 hr after injection, rather than 2 hr, 

then examining the neuronal activation pattern in the PBN. In addition, the TAX 

and/or GEM treatment regimens could be extended to include another dose of 

TAX/GEM and food intake/body weight could be compared with PBN activation. 

At this point, it is uncertain what the identity or the function of the clPBN neurons 

which are activated in consequence of increased GDF15 is. Future investigation of 

the phenotype of these neurons could provide information about an additional 

pathway being activated by GDF15, or another effect it may have over the longer 

term. These neurons could be involved in causing anorexia, weight loss, and even 

cachexia. 

8.5.3 Efficacy of reducing/preventing GFRAL signalling at reversing 

chemotherapy anorexia and weight loss 

In this chapter, prevention, or reduction of GFRAL signalling during chemotherapy 

prevented or reduced the anorectic and weight loss effects of chemotherapy 

treatment. Though treatment with a GFRAL mAb here was not totally effective, 

results do show that chemotherapy-induced anorexia and weight loss can be affected 

by targeting the GDF15/GFRAL signalling network. This is encouraging for several 

reasons, including that, as of yet, there is no effective treatment for any form of 

anorexia and weight loss/cachexia.  

In addition to their effects on feeding and body weight during disease and therapy, 

GFRAL receptors provide an attractive therapeutic target due to their limited 

expression in the DVC and their being solely activated by GDF15. Unlike many 

neurotransmitters, such as CCK, glutamate, or catecholamines, GDF15 only acts on 

one receptor and seemingly only in disease situations. This would mean that other 

signalling pathways would not be altered, minimising unwanted side-effects. 

Furthermore, whilst it is not possible to prevent GFRAL receptor expression in human 

patients, mAb treatment is a viable option as a therapy. It may be possible to increase 

the efficacy of the GFRAL mAb against anorexia/weight loss by altering the dose or 



Chapter 8: Preventing GFRAL signalling during chemotherapy 

210 
 

the structure of the antibody could be altered to combat increases in GDF15 more 

effectively. 

Taken together, data in this chapter shows that for chemotherapy treatments which 

increase GDF15, the GFRAL signalling network is activated and the cause of anorexia 

and weight loss. Though there are many more chemotherapy treatments and other 

cancer therapies which cause anorexia and weight loss, the prevention of anorexia 

and weight loss caused by different therapies with different mechanisms of action 

here would indicate that prevention of GFRAL signalling could be a useful co-

treatment for cancer patients undergoing chemotherapy.  

8.6 Conclusions 

- Preventing GFRAL signalling reduces the effect of chemotherapy treatments 

on food intake and weight loss 

- Preventing GFRAL signalling in the DVC prevents activation of other areas of 

the GFRAL signalling network 

o Activation of both the elPBN and the clPBN are a result of GFRAL 

signalling during chemotherapy treatment. 

- GFRAL mAb reduces GFRAL signalling without affecting GDF15 release. 

- Though other signals during chemotherapy are still relevant to feeding 

behaviour and weight loss, prevention of GFRAL signalling could be a viable 

treatment to combat chemotherapy anorexia and weight loss. 
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9 General discussion 

In this thesis, I aimed to discover how the GDF15/GFRAL signalling network causes 

anorexia and weight loss; whether that was related to ACS during cancer and 

chemotherapy; and, whether GDF15/GFRAL could be a target to combat cancer and 

chemotherapy ACS. The work presented in this thesis began in 2018, one year after 

the initial publications identifying GFRAL as the cognate receptor for GDF15 were 

released. Since this point in time, there has been a lot of interest in the GDF15/GFRAL 

signalling system from within both the academic and commercial communities as a 

target for both obesity and ACS. This has meant that the field has moved rapidly over 

the last few years.  

The competitiveness of the GDF15/GFRAL field meant that the first three 

experimental chapters describe work which I performed as part of a group, but I have 

stated clearly my role in each experiment. Due to this teamwork, we were the first 

to publish a comprehensive description of the phenotype and connections of GFRAL 

neurons in a paper on which I was second author (Worth et al., 2020). Our paper also 

contained data regarding the negative valence of the GDF15 signal, though other 

groups also published their own data on this specific aspect of GDF15’s biology at 

around the same time (Borner, Shaulson, et al., 2020; Borner, Wald, et al., 2020; 

Sabatini et al., 2020). 

The remaining chapters of this thesis explore the possible translation of our 

knowledge to the fields of cancer and chemotherapy.  Although an appropriate 

model of murine ACS was not available, data from Chapters 7 and 8 explore novel 

aspects of the relationship between GDF15 and different chemotherapy treatments 

which we hope to publish soon. 

Finally, this thesis contains validation of our own bespoke Gfral-Cre mouse model. 

The late availability of this mouse due to the coronavirus pandemic meant that it 

could unfortunately not be utilised in experiments for my thesis. However, validation 

results which were obtained and presented in Chapters 4 and 5 show the high quality 

of this model, which will be of enormous value to the lab in their research to better 
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understand the GDF15/GFRAL signalling system moving forwards. Our lab’s first 

paper using this model, on which I am a co-author, will hopefully be published in 

2023. Although another group has published work using their own Gfral-Cre model 

(Sabatini et al., 2021), their work mostly only confirms what we had published in our 

own original paper (Worth et al., 2020). 

9.1 GDF15/GFRAL signalling 

When beginning this research, it was not clear whether GDF15/GFRAL signalling 

forms a part of normal physiological control of food intake and body weight, affects 

feeding and body weight as a part of a stress signalling pathway in response to 

damage or disease, or both. With the evidence now available, it seems clear that the 

main role of GDF15/GFRAL signalling is a response to cell damage and stress. This 

conclusion can be drawn based on the types of stimuli which cause the release of 

GDF15, the central signalling network activated in response to GFRAL neuron activity, 

the overall effect of aversion caused by the activation of the GFRAL signalling 

network, and the fact that preventing GFRAL signalling using an anti-GFRAL mAb or 

congenital KO did not affect food intake or body weight (Fig. 8.1A/B and 8.3).    

Prior to the publication of our data in Worth et al. (2020), there was relatively little 

evidence showing the phenotype of GFRALDVC neurons. Results from Chapter 4 

(published in Worth et al. (2020)), and other literature, show that neurons in the DVC 

which express GFRAL also express CCK (Fig.4.2A), TH (Fig.4.2B) (Yang et al., 2017), 

VGLUT (Fig.4.2C), and GLP-1Rs (Frikke-Schmidt et al., 2019; Zhang et al., 2021). 

Although GLP-1 signalling is likely to be separate from the effects of GDF15, each of 

these neuronal markers which co-localise with GFRAL have an involvement in 

anorectic signalling as part of satiety-inducing and/or aversive signalling pathways 

(Rinaman, 1999; Seeley et al., 2000; Wu, Clark and Palmiter, 2012; Dodd et al., 2014; 

Roman, Sloat and Palmiter, 2017). 

One way to establish whether GFRAL signalling is relevant to satiety-induced 

anorexia, aversive anorexia, or both, was to investigate the types of anorectic stimuli 

which activate GFRAL neurons. In Fig. 4.1, GFRAL neurons were not activated by 
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satiety signals such as an oral dose of lipids or an IP dose of CCK. This would imply 

indirectly that these satiety signals do not cause the release of GDF15. This could 

easily be confirmed by taking blood following administration of these stimuli to be 

analysed using a GDF15 ELISA. 

In contrast, GDF15 is increased during disease, particularly that which leads to 

inflammation and cellular damage (Welsh et al., 2003; Xu et al., 2006; Brown et al., 

2007; Ho et al., 2013), and by aversive and cytotoxic stimuli (Fig.7.2) (Hsu et al., 2017; 

Breen et al., 2020; Lu et al., 2022). In Chapter 7, the cytotoxic chemotherapy 

treatments, CIS and CA caused the release of GDF15 and activation of GFRAL neurons 

(Fig. 7.3A/B and Fig. 7.5A/B respectively). Other groups have also shown that other 

inflammatory stimuli or drug therapies, such as LPS, Poly(I:C), metformin, and 

camptothecin  cause an increase in GDF15 and activation of GFRAL neurons (Coll et 

al., 2019; Luan et al., 2019; Lu et al., 2022). 

Results from Chapters 3 and 4 show that GDF15 causes the activation of neurons in 

the DVC, elPBN, CeA, PVH, and ovBNST, which form components of know aversive 

signalling pathways. My tracing studies in Chapter 5 confirmed GDF15 activates the 

previously described aversive pathway between DVC→CGRPelPBN
→PKCδCeA pathway 

(Cai et al., 2014; Alhadeff et al., 2015) and the PBN→ PKCδovBNST connection which is 

also activated by inflammation (Wang et al., 2019). The possible involvement of the 

lPBN, CeA, and PVH in GDF15 signalling had been inferred before my work 

commenced (Johnen et al., 2007; Hsu et al., 2017) We were, however, the first group 

to provide direct evidence that GDF15 activated GFRAL/CCK neurons which project 

to the PBN, and to describe the involvement of the ovBNST in this signalling network. 

Each of these regions of the brain can affect anorexia and weight loss either through 

signalling satiety and/or aversion.  

Through work presented in this thesis, and subsequent work published by other 

groups, it is clear that GDF15/GFRAL signalling is highly aversive in rodents (Fig. 3.2) 

(Borner, Shaulson, et al., 2020; Borner, Wald, et al., 2020; Breen et al., 2020; Sabatini 

et al., 2021), primates (Breen et al., 2020), and potentially humans (Petry et al., 2018; 

Fejzo et al., 2019), causing avoidance behaviour, nausea, and emesis. With this 
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information, we have concluded that GDF15/GFRAL signalling is not used under 

normal physiological circumstances to maintain energy balance, but is instead a 

response to stress. 

9.2 A potential role of GDF15 in disease 

Results presented here and in other published work show that increases in GDF15 

lead to the activation of GFRAL neurons, which in turn induce sickness behaviours: 

nausea, aversion, anorexia (and subsequent weight loss). Although the malaise 

caused by GDF15 is frequently reported to have detrimental effects during disease 

and therapy, the release of GDF15 during disease states and cell stress is likely to 

have an adaptive advantage. Several theories propose benefits of anorexia and 

malaise during inflammatory diseases, and GDF15 seems to promote adaptive 

responses which may lead to increased chances of survival. 

Firstly, anorexia and nausea may be adaptive as they prevent (further) ingestion of 

noxious substances, thereby preventing a greater pathogen or toxin load. GDF15 is 

aversive, causing anorexia and reduces or prevents the ingestion of otherwise 

palatable substances. This theory could be stretched further when taking into 

account evidence connecting GDF15 to nausea and vomiting during pregnancy (Fejzo 

et al., 2018, 2019; Petry et al., 2018). In this case, GDF15 release from the placenta 

might prevent ingestion of potentially teratogenic substances which may harm a 

vulnerable, developing foetus (O’Rahilly, 2017). 

Secondly, there is evidence that anorexia is adaptive during some cases of 

inflammation. As reported in a series of studies dating back to the 1970s, negative 

energy balance in rodents infected with Listeria monocytogenes increases survival 

and rates of positive outcomes, where force-feeding, or even fed-state, leads to 

greater rates of mortality and worse outcomes (Aviello et al., 2021). GDF15 release 

during disease and therapy may therefore be a response aimed to induce adaptive 

anorexia. Indeed, Luan et al. (2019) found that GDF15 KO mice had reduced survival 

in comparison with WT littermates when challenged acutely with an anorectic dose 

of LPS (Luan et al., 2019).  
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In addition, both Luan et al. (2019) and Suriben et al. (2020) found that GDF15 causes 

changes in metabolism towards fats rather than carbohydrates. Although Luan et al. 

(2019) show that GDF15 causes a decrease in hepatic triglyceride production, they 

also found evidence that GFRAL signalling might affect hepatic triglyceride release 

via a sympathetic pathway. Suriben et al. (2020) found that GDF15 induces lipid 

mobilisation and oxidation, and that prevention of GFRAL signalling is protective of 

body weight, likely via the preservation of muscle. Like Luan et al. (2019), Suriben et 

al. (2020) show that GDF15-induced weight changes are dependent on peripheral 

adrenergic signalling. This swap from carbohydrate to fatty acid metabolism may be 

important for the protection of vital organs, such as the heart, during times of 

disease. 

Finally, there is suggestion that nausea and malaise during disease may increase 

survival by promoting an animal to remain in the nest. This would lead to reduced 

energy expenditure which would otherwise be used to keep warm, move around, 

and forage. In the nest, animals also have reduced chances of predation whilst being 

in a weakened state due to illness (Aviello et al., 2021). This could also be an adaptive 

role for GDF15, as GDF15 KO mice show increased locomotion and reduced anxiety 

behaviours (Low et al., 2017). 

In all of these cases, short term anorexia and malaise over the space of a few hours 

or days may be useful and promote the survival of the animal (or offspring, in the 

case of pregnancy). In the longer term, GDF15 causing anorexia, reduced gastric 

emptying, nausea, weight loss, chronic activation of the HPA axis, and general 

malaise is likely to become maladaptive, as energy stores become depleted and vital 

organs begin to be affected. These are symptoms which are commonly seen during 

cancer in both pre-clinical models and patients. At this point, prolonged anorexia and 

catabolism of fat and muscle leads to cachexia.  

As previously discussed, during cancer and chemotherapy, ACS will further worsen 

the disease state by promoting survival of cancer cells and causing resistance or 

increased sensitivity to cancer therapies (Dewys et al., 1980; Molfino, Laviano and 

Fanelli, 2010; Prunier et al., 2018). In this way, GDF15 release may have evolved as 
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an adaptive response to disease and can be a positive or a negative prognostic 

biomarker, depending on the type and stage of disease. 

9.3 Limitations of methods 

Throughout this thesis, several methods, such as the quantification of cFos as a 

marker of neuronal activation, have been relied upon. These are valid and 

commonly used methods, however, it should be noted, as with all techniques, 

particularly when using proxies, that there are some drawbacks. 

9.3.1 The use of cFos as a marker of neuronal activation 

cFos is a transcription factor which is upregulated in many neuronal types in response 

to neuronal activation (action potential). Whilst the quantification of cFos using IHC 

is a common method to measure the response of neurons to various stimuli, it should 

be noted that not all neurons produce cFos in response to activation. 

Also, each image depicting cFos expression should be regarded as a ‘snapshot’ in 

time. Images of brains were taken 90 min to 24 hr following administration of the 

stimulus of interest, whilst cFos remains detectable for several hours after neuronal 

activity. Immunoreactivity to cFos is therefore representative of a time range 

following a stimulus.  

This is particularly relevant when looking at cFos immunoreactivity of GFRAL-

expressing neurons and other populations of neuron in the DVC. Following 

administration of GDF15, GFRAL neurons express cFos, as well as another population 

in the mNTS. From the ‘snapshot’ image that we get from IHC, it could be possible 

that either both populations are directly responsive to GDF15, or that the mNTS 

population express cFos as a downstream response to GDF15 

administration/increase.  

In the case of the mNTS population, it is more likely that the latter is true as there 

has been research showing that GDF15 exclusively binds to GFRAL receptors 

(Emmerson et al., 2017; Hsu et al., 2017; Mullican et al., 2017; Yang et al., 2017). 
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However, the use of cFos IHC alone does not prove this following GDF15 

administration. Therefore, other techniques, such as prevention of GFRAL receptor 

activation, were employed. In this case, it was possible to see that mNTS cFos 

expression following GDF15 administration was dependent on GFRAL signalling being 

intact (Worth et al., 2020; Emmerson et al., 2017). 

Therefore, quantification of cFos and investigation of co-localisation of cFos 

expression in specific neuronal populations is a useful tool to establish a response of 

neuronal populations to various stimuli. However, the above limitations should be 

kept in mind when interpreting results. 

 

9.3.2 Ratio of male and female mice used across experiments 

Throughout this thesis, predominantly male mice have been used for in vivo 

investigation, in particular, when investigating the effects of various stimuli in WT 

mice. 

In this thesis, male mice were used when studies required only WT mice, and a 

mixture of male and female mice were used for studies using transgenics. In the case 

of transgenics, this decision was made so as to ensure adequate numbers of animals 

on study, and so as not to waste animals with the correct genotype. 

Whilst male mice can sometimes cope better with single-housing conditions required 

to accurately measure food intake than female mice (for example, they can be less 

likely to become stressed and lose weight), this is an acknowledged issue with a lot 

of scientific research produced historically and currently, as male and female animals 

can respond differently to drug treatments.  

Throughout this thesis, where both male and female mice were used in the same 

experiment, both sexes had similar responses to chemotherapies and other stimuli 

which caused activation of GFRAL neurons. In addition, work published by other 

groups shows that male and female mice have similar responses to the application 

of exogenous GDF15 (Mullican et al., 2017).  
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Having said this, different sexes of mice may present different phenotypes during 

disease or other drug therapies. Therefore, both sexes of mice should be used equally 

in experiments for further investigation of the role of GDF15 and GFRAL neurons on 

anorexia and weight loss during disease. 

9.3.3 The use of rodents to model nausea and emesis 

Nausea and emesis are amongst the negative side-effects for many chemotherapy 

treatments (Joint Formulary Committee, 2023) and are a major cause of non-

compliance/reason to discontinue therapy (Rapoport, 2017). It would therefore be 

very useful to understand the causes of chemotherapy-induced nausea and vomiting 

(CINV), in order to tackle the issue and treat patients more effectively. 

It is very standard to use rodent models in preclinical trials of drugs; in particular, 

mice and rats. However, measuring nausea and emesis in mice and rats can be 

difficult.  

When assessing nausea in rodent models, it is common to measure a proxy, such as 

pica behaviour in rat. In general, it is easier to assess general malaise in mice and rats, 

by recording the presence of ‘illness behaviours’, such as reduced locomotion, 

piloerection, squinting, and hunching. 

Unfortunately, these are quite general responses and could also signify other issues 

such as pain or anxiety. 

Emesis is even more difficult to assess as most rodents are non-emetic. One notable 

exception to this being Suncus murinus (musk shrews), which are capable of emesis. 

Methods in this thesis are proxies of nausea and do not address the emetic properties 

of GDF15 or chemotherapy treatments. In order to so this, other species, such as the 

emetic musk shrew or lower order primates, would need to be used. Unfortunately, 

this was outside of the scope of the research performed in this thesis and these 

species were not included on any of the licences used. 

Fortunately, emesis caused by GDF15 has been addressed elsewhere by other groups 

(Borner et al., 2020; Breen et al., 2020). 
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Although the data presented in chapter 3, regarding the valency of exogenous GDF15 

treatment, does not directly address the nauseating properties of GDF15 or its 

emetic properties, it was published in 2020 (Worth et al., 2020) and forms part of the 

current understanding of the effects of GDF15 treatment. This work fits alongside 

work by Borner et al. and Breen et al. who directly report on the effects of GDF15 

and chemotherapies on vomiting in emetic species. Furthermore, a long-lasting 

GDF15 analogue has recently been tested in human subjects, causing nausea and 

emesis in a subset of individuals (Benichou et al., 2023). 

Therefore, despite flaws of using mouse models to assess nausea following GDF15 or 

chemotherapy treatment, useful information was still acquired. 

My data, in conjunction with findings of other groups, allows us to draw reasonably 

reliable conclusions about the effects of GDF15 on nausea and emesis. 

As prevention of CINV is clearly desirable, further exploration of the efficacy of 

blocking GFRAL activation against CINV will require the use of emetic species and 

ultimately human trial, so that feelings of nausea can be directly surveyed. 

9.3.4 Assessment of anorexia and cachexia 

Anorexia and cachexia most often appear together in cancer patients and those 

undergoing chemotherapy treatment. Whilst both cause a large negative impact on 

patient quality of life and prognosis, anorexia was more thoroughly explored in this 

thesis. The reason for this was predominantly dictated by licencing, time, and the 

coronavirus 19 pandemic. 

In this thesis, body weight was used as a proxy for cachexia. This does not describe 

where weight was being lost from (fat, lean, or water). In order to address this, all 

mice undergoing chemotherapy treatment used in this thesis were scanned using an 

EchoMRI (see General Methods 2.6) to measure changes in lean and fat mass (data 

not shown) and tibialis anterior muscle, gastrocnemius muscle, inguinal white 

adipose, epididymal white adipose (where available), and interscapular brown 

adipose tissue were dissected and weighed (data not shown). These tissues, along 

with several others including heart and liver, were divided and one part rapidly frozen 
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on dry ice and kept for later assessment of inflammatory markers or markers or 

proteolysis/lipolysis using qPCR. The other part was formalin-fixed and paraffin-

embedded for histological analysis. Unfortunately, due to the pandemic, there was 

not time to perform either molecular or histological analysis of these tissues.  

As cachexia is an important and debilitating element of ACS, further investigation of 

the effects of blocking GFRAL on cachexia should be explored going forwards. This 

can immediately be done by assessing existing tissue from the studies performed 

here, and can in future encompass more thorough in vivo investigation, pending 

additions to animal licencing.  

9.3.5 Preventing GFRAL signalling during chemotherapy in different mouse 

models 

In chapter 7, a range of chemotherapy treatments were tested in WT mice. The two 

treatments which showed an impact on both food intake and body weight (CIS and 

CA), were selected for use in chapter 8. The reasoning behind this being that other 

therapies tested did not show effects on food intake or body weight anyway, so it 

would be hard to discern the effects of blocking GFRAL signalling.  

Whilst the efficacy of the GFRAL mAb against anorexia and weight loss was tested in 

both CIS- and CA-treated WT mice, only CA was tested in GFRAL KO mice. The 

rationale behind this was twofold. Firstly, a similar experiment, in which GFRAL KO 

mice were treated with CIS and food intake and body weight measured, had already 

been published (Hsu et al., 2017). Secondly, there were limitations in the number of 

GFRAL KO mice I was able to breed in the given timeframe.  

Whilst it was relatively easy to generate Gfral+/- animals, producing Gfral-/- and 

Gfral+/+ animals was much more challenging. To obtain a whole cohort suitable for 

one of these studies, more of the existing Gfral-/- and Gfral+/+ animals would have 

been needed for breeding, increasing the time before the study could be run. Due 

to the pandemic and other university closures, this time was just not available. As it 

was, this study with CA in GFRAL KO mice was run in two parts due to lack of 

numbers, and this work was completed at the very end of the available time. 
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The Gfral-Cre line could also have been used in chapter 8 to trial different 

chemotherapies. For example, a similar study as in Chapter 4 could have been 

performed, in which Gfral-Cre mice would be injected into the DVC with a caspase 

virus, then treated with chemotherapy and food intake and body weight measured. 

However, as explained earlier, due to the coronavirus pandemic and Brexit, these 

mice only became available during the last few months of my time. Therefore, I only 

had time to validate this model. With this validation in place, these experiments 

provide a very interesting avenue of research for the future. Unfortunately, this was 

just not possible withing the scope of my own project.  

9.4 The possibility of GDF15/GFRAL signalling as a 

therapeutic target 

9.4.1 ACS or obesity? 

At the commencement of the research presented here, it was not clear how 

GDF15/GFRAL signalling were causing anorexia and weight loss. The potential 

success of manipulating this signalling system during disease and therapy depends 

heavily on how anorexia and weight loss are achieved, and what role GDF15/GFRAL 

signalling is playing during disease. 

Evidence now indicates that whilst intact GDF15/GFRAL signalling may be protective 

from obesity (Macia et al., 2012; Mullican et al., 2017; Tran et al., 2018; Tsai et al., 

2019), this signalling network is activated by cellular stress, such as is caused by 

disease and certain drug therapies and is not a part of homeostatic control of energy 

balance. In terms of GDF15 as a therapeutic target, current evidence shows GDF15 

to be highly aversive (Fig.3.2) (Borner, Shaulson, et al., 2020; Borner, Wald, et al., 

2020; Sabatini et al., 2021), and whilst increases in GDF15 do reduce food intake and 

cause weight loss, there is evidence that GDF15/GFRAL can cause cachexia (Tsai et 

al., 2012; Lerner, Tao, et al., 2016; Suriben et al., 2020; Albuquerque et al., 2022). 

These qualities would make GFRAL signalling a poor target to agonise to treat obesity 

but does suggest that GFRAL antagonism might be a useful target against ACS during 

diseases and therapies, which cause anorexia, cachexia, nausea, and/or emesis. The 



General discussion 

222 
 

GDF15/GFRAL signalling network therefore seems a promising target against cancer 

and chemotherapy-induced ACS.  

In addition to cancer, GDF15 has been linked to ACS during other diseases such as 

human immunodeficiency virus infection, chronic heart failure, aging/sarcopenia, 

and COPD (Kempf et al., 2007; Patel et al., 2016; Johann, Kleinert and Klaus, 2021; 

Agarwal et al., 2022). As evidence of the role of GDF15 in disease progression is 

conflicting or absent in many cases, further research would need to be done to find 

whether GDF15 is increased in cases where disease causes ACS and what role it may 

be playing in that particular disease scenario. For example, combatting 

chemotherapy-induced ACS in a cancer in which GDF15 is repressing tumour cell 

proliferation could be detrimental to overall prognosis. On the other hand, if 

preventing GDF15/GFRAL signalling prevents ACS from decreasing the efficacy of 

cytotoxic therapy, then the overall effect on prognosis could be a positive one. 

Further research is also required to establish whether GDF15/GFRAL signalling is 

causative of ACS in other diseases outside of cancer and chemotherapy. 

It is possible that different parts of the GFRAL signalling network are responsible for 

the different effects of GDF15. For example, activation of one neuronal pathway may 

cause nausea, but not aversion. Another may decrease food intake, but not affect 

gastric emptying. If this is true and the different parts of this signalling network could 

be dissected, then it may be possible to induce or prevent certain effects of GDF15 

which are beneficial, without causing effects which would be detrimental to the 

health and well-being of a patient.  

There is already some evidence for this in available literature. For example, both Luan 

et al. (2019) and Suriben et al. (2020) found that by preventing peripheral adrenergic 

signalling, they were able to prevent weight loss in disease models, without affecting 

food intake (Luan et al., 2019; Suriben et al., 2020). There is also a lot of in vitro data 

showing the effects of GDF15 on cancer cells (Griner, Joshi and Nahta, 2013; Wang, 

Baek and Eling, 2013; Aw Yong et al., 2014; Ünal et al., 2015; Li et al., 2016). With 

regards to this data, caution should be followed as commercially available GDF15 

used in early studies, was shown to be contaminated with small quantities of TGFβs 
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which may affect results (Olsen et al., 2017). It is possible, therefore, that GDF15 may 

have peripheral targets in disease situations, which produce separate effects. Future 

work could be directed to discover if GDF15 does have additional targets and/or 

GFRAL is more widely expressed during disease. 

It may also be true that different parts of the central GFRAL signalling network 

perform different functions. To investigate this we must further understand 

pathways activated by GDF15 that are downstream of GFRAL neurons. This could 

provide avenues by which to target different parts of the GFRAL signalling network 

to understand what each part does. This is something for which the Gfral-Cre mouse 

will be extremely useful. 

In terms of an obesity therapy, the aversive effects of GDF15 mean that the 

GDF15/GFRAL signalling system would only provide a good target if the weight loss 

effects can be uncoupled from the nauseating and cachectic effects. This could be 

made possible by targeting specific GDF15 signalling pathways, having established 

which signalling pathways carry out different functions. 

9.4.2 Cancer and chemotherapy 

Historically, there have been many studies investigating the role of GDF15 in cancer. 

In these studies, circulating GDF15 has had a variable correlation with prognosis. In 

addition to reported negative effects on cancer growth and proliferation, GDF15 has 

been connected to anorexia, weight loss, and cachexia during cancer in mice, rats, 

and humans (Tsai et al., 2012; Lerner, Tao, et al., 2016; Borner et al., 2017; Suriben 

et al., 2020; Ahmed et al., 2021). In addition, many chemotherapy drugs are known 

to cause anorexia, cachexia, and nausea.  

Although I was not able to identify a suitable model of cancer-induced ACS, there is 

still compelling evidence that prevention of GDF15/GFRAL signalling during cancer 

can alleviate cachexia in several preclinical mouse models (Lerner, Tao, et al., 2016; 

Suriben et al., 2020). Although they did not measure food intake, Lerner et al. (2016) 

found that prevention of GDF15/GFRAL signalling using an anti-GDF15 mAb could 

reverse cancer-induced cachexia. Suriben et al.(2020) similarly showed that blockade 
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of GFRAL signalling did prevent or reverse cachexia. Interestingly, in their study, 

whilst their anti-GFRAL mAb did not prevent anorexia, though it also did not have a 

negative impact on cancer progression.  

In murine chemotherapy models, prevention of GDF15/GFRAL signalling has also 

proven useful against weight loss and anorexia. Breen et al. (2020) also found that 

prevention of GDF15 signalling using a mAb or GDF15 KO could prevent or reverse 

weight loss during chemotherapy, lessen the impact of chemotherapy on food intake, 

and did not negatively impact cancer progression in a preclinical mouse model, and 

this held true even during chemotherapy treatment (Breen et al., 2020). Hsu et al. 

(2017) similarly showed that food intake and body weight were protected during 

treatment with CIS in GFRAL KO mice. These results correspond with my own findings 

in Chapter 8, that GFRAL KO or an anti-GFRAL mAb can protect mice from anorexia 

and weight loss during treatment with either CIS (Fig. 8.3A/B) or CA (Fig. 8.1A/B and 

8.3C/D). Some of the data regarding treatment of mice with CIS and the anti-GFRAL 

mAb were published by us in Worth et al. (2020) and contributes to current 

knowledge of the involvement of GFRAL signalling in chemotherapy-induced 

anorexia and weight loss. 

Though anorexia has a negative impact on quality of life, cachexia has a greater 

impact on cancer disease progression, efficacy of cancer therapies, and currently has 

no effective treatment. Therefore, even if prevention of GDF15/GFRAL signalling 

during cancer can reliably combat cachexia but not anorexia, it may be possible to 

have a positive impact on patient survival and quality of life by treating with an anti-

GDF15 or -GFRAL mAb alongside an appetite stimulant, such as megace or a ghrelin 

analogue.  

That blocking GDF15/GFRAL signalling can prevent the development of, or even 

reverse, cachexia (Lerner, Tao, et al., 2016; Suriben et al., 2020) is an extremely 

significant. As this has only been shown in mice with cancer, it will be important to 

ensure that the same holds true in other species, and that prevention of 

GDF15/GFRAL signalling continues not to have a negative impact on the progression 

of cancers. Indeed, there is a body of evidence showing that GDFD15/GFRAL 
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signalling has a negative impact on cancer progression depending on type and 

severity of the disease. In cases where GDF15 is associated with tumour growth, 

metastasis and neoangiogenesis, treatment with an anti-GDF15 or anti-GFRAL mAb 

could prove beneficial by targeting cancer growth and progression in addition to ACS. 

10 Conclusions 
- GDF15 is aversive and is released endogenously in response to treatment with 

certain cytotoxic drugs. 

- GDF15 release and GFRAL activation do not occur after normal feeding stimuli 

and, therefore, are unlikely to perform a role in the day-to-day regulation of 

food intake and body weight. 

- The GFRAL signalling network includes several known aversive, pathways. 

-  GFRAL neurons use CCK as a neurotransmitter to induce anorexia. 

- GDF15 is increased and GFRALDVC neurons are activated by chemotherapy 

drugs which induce anorexia and weight loss. 

- Chemotherapy-induced anorexia and weight loss can be reduced or 

prevented in mice by preventing GDFD15/GFRAL signalling, making the 

GDF15/GFRAL signalling network an attractive target to reduce 

chemotherapy-induced ACS. 
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Appendix 

Publications from this work: 

Worth, A.A., Shoop, R., Tye, K., Feetham, C.H., D’agostino, G., Dodd, G.T., Reimann, 

F., Gribble, F.M., Beebe, E.C., Dunbar, J.D., Alexander-Chacko, J.T., Sindelar, D.K., 

Coskun, T., Emmerson, P.J., and Luckman, S.M. (2020) ‘The cytokine GDF15 signals 

through a population of brainstem cholecystokinin neurons to mediate anorectic 

signalling’, eLife, 9, pp. 1–19. Available at: https://doi.org/10.7554/eLife.55164. 
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