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Abstract

The avian appetite regulatory system has been continuously studied over the last decades but it is less well 

understood than the mammalian system. It has also been studied much more in domestic birds than in wild 

passerine species. This PhD aims to investigate the role of different neuropeptides as well as gut peptides in 

controlling and regulating the ingestive behaviours of songbirds. My aim was to pinpoint candidate peptide 

genes that may differentiate a hoarding from a non-hoarding bird species and I used non-hoarding great tits 

(Parus major) and blue tits (Cyanistes caeruleus) to make comparisons with a closely-related hoarding 

species, the coal tit (Periparus ater) In this context, I used molecular techniques combined with video 

analysis to quantify selected peptide gene mRNAs  suspected from the literature to play a major role in 

controlling both food intake and hoarding behaviour. By identifying candidate peptide genes that respond to 

an individual’s nutritional state, I was able to make some distinctions between hoarding and non-hoarding 

species. I also established for the first time in passerines the tissue distribution of gene expression in the gut 

for cholecystokinin (CCK), proglucagon (GCG), insulin and peptide YY. Overall, this study suggests that 

proglucagon (GCG) both in the gut and the hindbrain, as well as hypothalamic agouti-related protein 

(AGRP) and pro-opiomelanocortin (POMC) gene expression could be used as neural signals reporting the 

nutritional state of titmice. Moreover, hypothalamic AGRP and POMC, and hindbrain GCG and POMC 

seem to be involved in the regulation of food hoarding in coal tits. These observations support observations 

from the hamster literature that peptides that are known to control and regulate food intake are also involved 

in food hoarding. 



6

Table of Contents
Declaration ........................................................................................................................................................3

Acknowledgment ..............................................................................................................................................4

Abstract .............................................................................................................................................................5

Glossary of terms ..............................................................................................................................................7

Chapter 1. General introduction.....................................................................................................................10

1.1 Food intake ...........................................................................................................................................10

1.1.1 Anabolic pathways.........................................................................................................................12

1.1.2 Catabolic pathway .........................................................................................................................12

1.2 Anabolic and catabolic pathway interaction effects on food intake...................................................13

1.2.1 The short-term system...................................................................................................................13

1.3 The long-term system ...........................................................................................................................18

1.3.1 Leptin (LEP).....................................................................................................................................18

1.3.2 Insulin (INS) ....................................................................................................................................19

1.3.3 Ghrelin............................................................................................................................................20

1.4 The stress system ..................................................................................................................................21

1.5 Avian appetite system ..........................................................................................................................22

1.5.1 Hypothalamic neuropeptides ........................................................................................................22

1.5.2 Hindbrain neuropeptides...............................................................................................................25

1.6 Gut peptides......................................................................................................................................25

1.7 Avian stress system...........................................................................................................................30

1.8 Food hoarding ...................................................................................................................................31

1.9 Central control of food hoarding ......................................................................................................35

1.10 Peripheral control of food hoarding...............................................................................................36

Chapter2. Distribution patterns of different brain and gut peptides in great tits Parus major ...................39

2.1 Avian appetite system ..........................................................................................................................39

2.1.1 Hypothalamic neuropeptide..........................................................................................................39

2.1.2 Hindbrain neuropeptide ................................................................................................................40

2.1.3 Gut peptide ....................................................................................................................................41

2.2 Methods ....................................................................................................................................................43

2.2.1 Animals...............................................................................................................................................43

2.2.2 Tissue collection.................................................................................................................................43

2.2.3 RNA extraction and reverse transcription.........................................................................................45

2.2.4 PCR primers........................................................................................................................................45

2.2.5 Sequencing of PCR products ..............................................................................................................47

2.2.6 Real time quantitative PCR................................................................................................................47



7

2.2.7 Data analysis ......................................................................................................................................48

2.3 Results .......................................................................................................................................................50

2.3.1 Body mass ..........................................................................................................................................50

2.3.2Housekeeping gene testing ................................................................................................................50

Hypothalamus LBR ..................................................................................................................................50

Hindbrain LBR..........................................................................................................................................50

Gut peptide YWHAZ ................................................................................................................................50

2.3.3 Neuropeptides ...................................................................................................................................52

2.3.3.1 Hypothalamus .............................................................................................................................52

2.3.3.2 Hindbrain.....................................................................................................................................54

2.3.4 Gut peptides.......................................................................................................................................55

2.3.4.1 CCK...........................................................................................................................................55

2.3.4.2 GCG ..........................................................................................................................................57

2.3.4.3 PYY ...........................................................................................................................................59

2.3.4.4 INS............................................................................................................................................61

2.3.3.5 GCG / INS ratio in the pancreas only ..........................................................................................63

2.4 Discussion..................................................................................................................................................64

2.4.1 Neuropeptides ...................................................................................................................................64

Hypothalamus .........................................................................................................................................64

Hindbrain.................................................................................................................................................67

2.4.2 Gut peptides.......................................................................................................................................68

Glucagon (GCG) .......................................................................................................................................68

Insulin ......................................................................................................................................................69

Peptide YY ...............................................................................................................................................71

CCK...........................................................................................................................................................72

2.5 Conclusion .................................................................................................................................................75

Chapter 3. A comparison of gene expression profile in response to unpredictable food sources in 
hoarding vs. non-hoarding songbirds.............................................................................................................76

3.2 Methodology.............................................................................................................................................79

3.2.1 Animal capture and housing..............................................................................................................79

3.2.2 Sexing the birds..................................................................................................................................79

3.2.3 Experimental design ..........................................................................................................................80

Day 1........................................................................................................................................................82

Day 2........................................................................................................................................................83

Day 3........................................................................................................................................................83

Day 4........................................................................................................................................................83



8

Day 5........................................................................................................................................................83

Day 6........................................................................................................................................................83

Day 7........................................................................................................................................................83

Day 8........................................................................................................................................................84

Day 9........................................................................................................................................................84

3.2.4 Tissue collection.................................................................................................................................84

3.2.5 RNA extraction and reverse transcription.........................................................................................84

3.2.6 PCR primers........................................................................................................................................84

3.2.7 Sequencing of PCR products ..............................................................................................................85

3.2.8 Real time PCR .....................................................................................................................................85

3.2.9 Notes ..................................................................................................................................................85

3.2.10 Data analysis ....................................................................................................................................85

3.3 Results .......................................................................................................................................................90

3.3.1 Body mass ..........................................................................................................................................90

3.3.2 Fat score .............................................................................................................................................90

3.3.3 Housekeeping gene testing ...............................................................................................................91

Hypothalamus LBR ..................................................................................................................................91

Hindbrain LBR..........................................................................................................................................91

Gut peptide YWHAZ ................................................................................................................................91

3.3.4 Neuropeptides ...................................................................................................................................93

Hypothalamus .........................................................................................................................................93

Hindbrain.................................................................................................................................................95

3.3.5 Gut peptides.......................................................................................................................................96

3.3.5.1 CCK ..............................................................................................................................................96

3.3.5.2 PYY...............................................................................................................................................98

3.3.5.3 GCG............................................................................................................................................100

3.3.5.4 INS .............................................................................................................................................102

3.3.5.5 GCG/INS ratio in the pancreas only..........................................................................................104

3.4 Discussion................................................................................................................................................105

3.4.1 Neuropeptides .................................................................................................................................105

Hypothalamus .......................................................................................................................................105

Hindbrain...............................................................................................................................................107

3.4.2 Gut peptides.....................................................................................................................................108

Pancreatic peptides (Glucagon (GCG), and insulin (INS)) ....................................................................108

Glucagon related peptides and insulin gene expression outside the pancreas ..................................108

PYY.........................................................................................................................................................110



9

CCK.........................................................................................................................................................110

Reasons for a lack in the differences in gut peptides gene expression between fasted and fed birds..111

3.5 Conclusion ...............................................................................................................................................113

Chapter 4. Different ingestive behaviours are correlated with the expression of both neuro and gut 
peptides.........................................................................................................................................................114

4.1.1 Hypothalamic NPY/AGRP ................................................................................................................115

4.1.2 Hypothalamic POMC........................................................................................................................116

4.2 Methodology...........................................................................................................................................117

4.2.1 Animal capture and housing............................................................................................................117

4.2.2 Sexing the birds................................................................................................................................117

4.2.3 Gene expression data ......................................................................................................................117

4.2.4 Experimental design ........................................................................................................................117

4.2.5 Behavioural observation..................................................................................................................119

4.2.5 Data analysis ....................................................................................................................................120

Behaviour analysis ................................................................................................................................120

Gene expression analysis......................................................................................................................120

4.3 Results .....................................................................................................................................................122

4.3.1 Behavioural analysis ........................................................................................................................122

Eating.....................................................................................................................................................122

Grabbing food .......................................................................................................................................122

Food hoarding .......................................................................................................................................123

4.3.2 Correlation between the behaviours ..............................................................................................123

Blue tits .................................................................................................................................................123

Coal tits..................................................................................................................................................123

4.3.3 Relationship between neuropeptides and behaviour ....................................................................124

NPY ........................................................................................................................................................124

AGRP......................................................................................................................................................125

Hypothalamic POMC (HYP POMC)........................................................................................................126

AGRP/HYP POMC ratio .........................................................................................................................128

Hindbrain CCK .......................................................................................................................................129

Hindbrain GCG.......................................................................................................................................131

Hindbrain POMC (HB POMC) ................................................................................................................134

4.3.4 Relationship between gut peptides and behaviour........................................................................135

Pancreatic GCG/INS ratio......................................................................................................................135

4.4 Discussion................................................................................................................................................137

4.4.1 Behavioural analysis ........................................................................................................................137



10

4.4.2 Correlation between neuropeptides and behaviour ......................................................................137

NPY ........................................................................................................................................................138

AGRP......................................................................................................................................................138

Hypothalamic POMC .............................................................................................................................139

AGRP/HYP POMC ratio .........................................................................................................................139

Hindbrain CCK .......................................................................................................................................139

Hindbrain GCG.......................................................................................................................................140

Hindbrain POMC ...................................................................................................................................141

4.4.3 Correlation between gut peptides and behaviour..........................................................................141

Pancreatic peptides...............................................................................................................................141

4.5 Conclusion ...............................................................................................................................................143

Chapter 5. Discussion....................................................................................................................................144

5.1 Gut peptide tissue distribution...........................................................................................................144

5.1.1 GCG...............................................................................................................................................144

5.1.2 INS ................................................................................................................................................144

5.1.3 PYY................................................................................................................................................145

5.1.4 CCK................................................................................................................................................145

5.2 Appetite and satiety signalling ...........................................................................................................146

5.2.1 Pancreatic peptides .....................................................................................................................146

5.2.2 Glucagon related peptide gene expression outside the pancreas .............................................147

5.2.3 PYY................................................................................................................................................147

5.2.4 CCK................................................................................................................................................148

5.3 Hindbrain neuropeptides....................................................................................................................148

5.4 Hypothalamic neuropeptides .............................................................................................................148

5.5 Circadian rhythms and peptide gene expression...............................................................................149

5.6 Control of food hoarding ....................................................................................................................150

5.7 Future work.............................................................................................................................................152

Chapter 6. General conclusion......................................................................................................................153

6.1 Conclusions .........................................................................................................................................153

Chapter 7. References...................................................................................................................................156

7.1 References...........................................................................................................................................156

Chapter 8. Appendices..................................................................................................................................214

8.1Great tit stepwise deletion tables of the final model in addition to the terms (factors) removed with 
their p-values and X2 values.....................................................................................................................214

A. Gut cholecystokinin (CCK).............................................................................................................215

B. Gut glucagon (GCG) .......................................................................................................................215



11

C. Gut peptide YY (PYY).....................................................................................................................216

D. Gut insulin (INS) ............................................................................................................................216

E. Pancreas glucagon/ insulin ratio (GCG/INS).................................................................................217

8.2 Blue and coal tit stepwise deletion tables of the final model in addition to the terms (factors) 
removed with their p-values and X2 values.............................................................................................217

A. Neuropeptide Y (NPY) ...................................................................................................................217

B. Agouti related peptide (AgRP) ......................................................................................................217

C. Hypothalamic Proopiomelanocortin (POMC) ..............................................................................218

D. Hypothalamic agouti related protein/ Proopiomelanocortin ratio (AgRP/POMC).....................218

A. Hindbrain cholecystokinin (CCK) ..................................................................................................219

B. Hindbrain glucagon (GCG).............................................................................................................219

C. Hindbrain Proopiomelanocortin (POMC) .....................................................................................219

D. Gut cholecystokinin (CCK).............................................................................................................220

E. Gut glucagon (GCG) .......................................................................................................................221

F. Gut peptide YY (PYY).....................................................................................................................221

H. Pancreatic glucagon/ insulin ratio (GCG/INS) ..............................................................................223



12

Glossary of terms

Number Abbreviation Definition

1 ACTH Adrenocorticotropic hormone

2 AgRP Agouti-related protein

3 AMPK AMP-activated protein kinase

4 Ant Antrum

5 AP Area postrema

6 ARC Arcuate nucleus

7 BBB Blood brain barrier

8 BT Blue tit

9 Cae Caecum

10 CaMKKβ Calmodulin dependent protein kinase β

11 CART Cocaine- and amphetamine regulated transcript

12 CCK Cholecystokinin

13 CNS Central nervous system

14 CRH Corticotropin releasing hormone

15 CT Coal tit

16 CVO Circumventricular organ

17 Dist.IL Distal Ileum

18 Dist.Jej Distal Jejunum

19 DMN Dorsomedial nucleus

20 DMNX Dorsal motor nucleus of the vagus



13

21 Duo Duodenum

22 GCG Pre-pro-glucagon

23 GHRL Ghrelin

24 GHS-R Growth hormone receptor

25 Gizz Gizzard

26 GLP-1 Glucagon like peptide 1

27 GLP-2 Glucagon like peptide 2

28 GRs Glucocorticoid receptors type II

29 GT Great tit

30 HPA Hypothalamo-pituitary-adrenal 

31 ICV Intracerebroventricular

32 IL Ileum

33 INS Insulin

34 IP Intraperitoneal

35 IR Insulin receptor

36 JAK Janus kinase

37 LBR Lamin B receptor 

38 LEP Leptin

39 LEPR Leptin receptor

40 LHA Lateral hypothalamic area

41 LRN Lateral reticular nucleus

42 MCR Melanocortin receptors

43 MRs Glucocorticoid receptors type I (Also called: 

Mineralocorticoid)



14

44 NPY Neuropeptide Y

45 NTS Nucleus of the solitary tract

46 Ob Obese gene

47 Pan Pancreas

48 PFA Perifornical area

49 PKA Protein kinase A

50 POMC Pro-opiomelanocortin

51 PP Pancreatic polypeptide

52 Prov Proventriculus

53 Prox.Jej Proximal Jejunum

54 PVN Paraventricular nucleus

55 PYY Peptide YY

56 Rect Rectum

57 STAT3 Signal transduction and activator of transcription 3

58 TRH Thyrotropin-releasing hormone

59 VMN Ventromedial nucleus

60 YWHAZ Tyrosine 3-monooxygenase/tryptophan 5-monoooxygenase 

activation protein zeta

61 α, β, γ-MSH Melanocortin stimulating hormone

62 Β-EP Beta endorphin



15

Chapter 1. General introduction

In nature, the severity, duration, and the amplitude of extreme weather as well as the fluctuation and the 

unpredictability of food sources is a consistent threat to the fitness and survival of animals. Those 

fluctuations provide selection pressure that favours the ability to either store energy internally as fat or 

externally as food hoards (Keen-Rhinehart et al. 2013). Those adaptations act as a buffer against variability 

in food supplies thus allowing individuals to maximise their reproductive success (Schneider 2006). So, 

animals combat food shortage by using a wide array of survival strategies to insure increasing their 

survivability rate (Munn et al. 2010). Typically, animals that are confronted with conditions that challenge 

their limitations or tolerance levels, will counter them with evolved physiological responses (Brattstrom 

1968). One adaptation is daily torpor and hibernation. Both behaviours involve a controlled reduction in 

metabolic rate and body temperature that help the individual to decrease its daily energetic requirement 

(Munn et al. 2010). Hibernation is associated with large fat deposits and typically lasts for more than 24h, 

with deep depression of metabolic rates. In contrast, daily torpor bouts are very short (shorter than 24h) are 

less effective at reducing energy expenditure and are associated with lower fat deposition (Geiser and Ruf 

1995). Another strategy to face food unpredictability is migration where individuals move seasonally from 

an unfavourable environment to a more favourable place where the weather conditions are more suitable and 

food sources are more abundant. By doing so, individuals expand their home range size by dispersing 

elsewhere and may become non-territorial floaters (Cooper et al. 2015). Another adaptation/strategy is food 

hoarding, a focus of this thesis. In principle, animals are faced with two decisions when encountering a food 

source, either eat it or store it. The process of decision making depends largely on the current energetic status 

of the animal and its life history. Non- hoarding animals (the vast majority of species) do not store food and 

only ever eat the items they encounter. 

Considerable efforts have been devoted to investigating the internal as well as external forces driving an 

individual to partake in a certain behaviour during its life. In this case, the appetite regulatory system has 

been the focus of research for more than half a century (Woods 2013). The approach taken in this thesis is 

that by understanding the signals that drives the animal to feed, similar principles could be applied for food 

hoarding assuming that both behaviours are controlled and regulated by the same factors.  

1.1 Food intake 

Food intake a highly complex process that involves both internal and external factors that interact to produce 

signals sent to the brain. Most of our knowledge regarding how appetite system is regulated comes from the 

mammalian literature. The current view of how food intake is regulated is that the brain is a higher control 

centre that both sends and receives a dual innervating signal coming mainly from the autonomic system by 

the parasympathetic (cholinergic) nervous system that includes the vagal and pelvic nerves and the 

sympathetic (noradrenergic) nervous system represented by the splanchnic nerves. The cholinergic 
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innervation includes pre-ganglionic nerves that function to control the motor activity of the gut thus 

regulating the secretory activities of the visceral circulation (Konturek et al. 2004). On the other hand, the 

noradrenergic nerves terminate on the postganglionic cholinergic neurones to inhibit acetylcholine from 

binding to its receptors thus effecting the intestinal smooth muscles cells which in turn effect the motility of 

the gut or via α2-presynaptic receptors (Langley 1994). 

The brain as an organ is divided into different areas each specialized for a specific function. The 

hypothalamus is one of the most intensely studied areas within the brain when looking at appetite regulation. 

Its importance was historically established when Mohr and colleagues first coined the term “hypothalamic 

obesity” to describe the condition of a 57-year-old woman who got extremely obese one year before her 

death. Autopsy showed a hypophysial tumour that was large enough to distort and compress the base of the 

brain including the hypothalamus (Brobeck et al. 1943). This led to a research focus on the role of the 

hypothalamus as the centre of appetite regulation mostly involving stimulation and lesion studies. 

Hetherington and Ransome (1942) induced electrolytic lesions in several different central hypothalamic 

regions in rats. They observed that symmetrical lesions that bilaterally destroyed most of the ventromedial 

hypothalamic nuclei (VMN) led to overeating and obesity. Thus, it was suggested that the VMN acts as a 

satiety centre, which is consistent with more recent knowledge of inhibitory circuits within the 

hypothalamus.

The hypothalamus contains a discrete number of neural populations that are especially connected with neural 

circuits that are linked to appetite control (Kalra et al. 1999) including the arcuate nucleus (ARC), 

paraventricular nucleus (PVN), ventromedial nucleus (VMN) and dorsomedial nucleus (DMN) of the 

hypothalamic nuclei, the ARC, which is situated adjacent to the floor of the third ventricle and above the 

pituitary gland, is known to be one of the crucial neural populations for the control of appetite. Its location is 

very important because, in this position, the ARC receives a rich supply of blood and is situated where 

neurons can directly receive signals from the blood borne nutrients and metabolic hormones (Boswell 2010). 

Within the ARC, there are two major subpopulations of cells that have been found to contribute to 

integrating signals that both reports nutritional status and influence energy homeostasis in laboratory rodents 

(Cone et al. 2001). It is becoming more and more evident that some of those hormonal signals are directly 

correlated with the level of body fat stores, reporting directly to the central nervous system (CNS) via 

negative feedback loops to control energy balance. This means that body adiposity is regulated by circulating 

factors released in response to adipose tissue mass that act in specific areas within the brain to maintain 

energy homeostasis (Morton and Schwartz 2001). Within the ARC, there are two pathways involving two 

populations of neurons that were found to interact with internal and external signals to produce a net effect 

on appetite and energy homeostasis (Morton and Schwartz 2001).  The first pathway is termed “anabolic” 

where neurons in this pathway stimulate food intake and reduce energy expenditure. This consists of 

neuropeptide Y (NPY) and agouti-related peptide (AgRP), co-expressed within the same neurons. The 

second pathway is the opposite to the first one and is called “catabolic” and as the name implies this pathway 

promote negative energy balance by inhibiting food intake and increasing energy expenditure. The neurons 
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involved co-express cocaine- and amphetamine- regulated transcript (CART) and pro-opiomelanocortin 

(POMC) mRNAs. Those two pathways are very responsive to adiposity signals: leptin and insulin. Under 

fasting conditions when circulating leptin and insulin are reduced, the anabolic pathway is activated leading 

to increased food intake while shutting down the catabolic route. In contrast, the catabolic pathway is 

activated and the anabolic pathway is inhibited when insulin and leptin are high (Morton and Schwartz 

2001). Therefore, activation of the NPY/AgRP neurons allows depleted fat stores to be replenished, whereas 

activation of CART/POMC neurons initiates satiety. The α-melanocyte stimulating hormone (α-MSH) 

peptide encoded by the POMC gene and AgRP peptide both compete to access the melanocortin receptors 

(MCR) that are expressed in different hypothalamic areas to exert their effect. The two pathways will be 

explained in the following section.

1.1.1 Anabolic pathways

As mentioned previously, this pathway includes the NPY/AgRP population and functions to stimulate 

feeding. Although both NPY and AgRP mRNA are co-localized within the ARC and respond similarly to fat 

depot fluctuation due to insulin and leptin secretion, the magnitude and time course of feeding response 

differs between them. For instance, NPY is one of the most abundant and potent orexigenic neuropeptides 

that is synthesised in different brain areas but mainly in the ARC (Lopaschuk et al.2010). It exerts its effect 

on energy expenditure via the NPY Y1 and Y5 receptors. Intracerebroventricular (ICV) administration of 

NPY stimulates feeding in rodents (Clark 1984). In addition, chronic administration of NPY into the PVN 

leads to hyperphagia and sustained weight gain (Neary et al. 2004) while injecting selective receptor 

antagonists (Y1 and Y5) will inhibit feeding (Wójcik-Gładysz and Szlis 2016). The levels of NPY rapidly 

increase before meal time in the PVN suggesting that it might play a crucial role in initiating eating (Neary et 

al.2004).

As for AgRP, it is exclusively expressed in the ARC, and its mechanism of action is mainly by its 

antagonism to the MCR receptors (MC3 and MC4) leading to the blockade of the inhibition of the 

anorexigenic effect of α-MSH thus causing increased food intake. Central administration of AgRP stimulates 

food intake and that effect can last up to one week (Rossi et al. 1998). So, while the NPY signalling is 

considered a more potent short-term acting neuropeptide, AgRP has a longer lasting orexigenic effect that is 

not similar to any other orexigenic peptides (Morton and Schwartz 2001). It is the NPY/AgRP neuron 

dynamics functioning by both increasing food intake and body weight via NPY signalling system and 

inhibition of the melanocortin signalling in the hypothalamus that the stimulating part of appetite occurs.

1.1.2 Catabolic pathway

The pathway consists of neuron populations that function to inhibit feeding. It includes the CART/POMC 

neurons that are also co-expressed in the ARC. Similar to the anabolic neurons, those populations respond to 

adiposity signals but in an opposite fashion. This route is activated upon feeding and aid in initiating satiety 

(Elmquist et al. 1998). When individual eats, glucose levels increase, thus more insulin is secreted to counter 
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that spike in glucose, removing it from the circulation and storing it as glycogen and fat, increasing leptin at 

the same time. It is the increase of both leptin and insulin that activates the CART/POMC pathway thus 

reducing feeding and increasing energy expenditure. POMC is a common precursor to several melanocortin 

peptides. The POMC peptide most implicated in feeding is αMSH which binds to the melanocortin receptors 

MC3and MC4 which are expressed in the PVN (Mercer et al.2013). ICV and central injection of αMSH 

inhibits feeding and reduces body mass (Neary et al. 2004).  When first sequenced, CART function was 

unknown. However along with POMC, it is co-expressed in the ARC. Its expression is responsive to the 

organism’s nutritional state, as it increased with feeding and reduced with fasting. ICV infusion of CART 

results in appetite reduction (Lambert et al. 1997). Elias et al. (1998) demonstrated that circulating leptin 

targets the CART neurons as those neurons express c-fos like immunoreactivity as a response to ICV 

injection of leptin.

1.2 Anabolic and catabolic pathway interaction effects on food intake 

 Both NPY/AgRP and CART/POMC neural populations exert opposing influences on food intake, metabolic 

rate and body mass by sending their projections to other sets of neurons located in the PVN where other 

anorexigenic substances such as thyrotropin-releasing hormone (TRH) and corticotropin-releasing hormone 

(CRH) are produced, but also to the lateral hypothalamic area (LHA) and the perifornical area (PFA) where 

orexins are produced (Valassi et al, 2007). Those 2 sets of distinct neuron populations along with various 

satiety and hunger peptides act as sensors responding to internal as well as external stimuli that reflects body 

fat content and energy expenditure, such as leptin for example (Cowley et al. 2001). Thus, it is apparent that 

the CNS through the dual action of both sets of neural populations generates motivational states to promote 

the seeking and the ingestion behaviour that is very important for the individual to restore and replenish its 

depleted fat stores in times of lower energetic state (Harley and Johnson 2014). In addition, how strong a 

motivation is to perform a certain behaviour (in this case either eat or stop eating) also depends largely on the 

amount of activity in a specific excitatory or inhibitory centre (e.g., ARC) in the hypothalamus. 

So how do the different pathways within the hypothalamus integrate the different stimuli to generate 

responses that control the appetite system? The different nuclei of the hypothalamus receive their signals via 

two routes: the short-term route (satiety system) that functions to transmit meal-related information to the 

central system, and the long-term route (adiposity system) that supplies the central system with body fat 

content status.

1.2.1 The short-term system

The short-term process is initiated when food is swallowed, entering the digestive system. It is the presence 

of food in the gastrointestinal tract that first stimulates the release of the regulatory peptides that control gut 

motility but also sends signals to the central feeding systems to terminate feeding by initiating satiety. The 

gut-brain axis has afferent fibres and vagal nerves that run in the preganglionic vagal and pelvic nerves 
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representing major routes that regulate the enteric nervous system during digestion. The afferent fibres of the 

gut-brain axis run through the afferent vagal and spinal nerves transmitting information to the central 

nervous system about the signals produced from the different sensors of the gut (mechanical (contraction) 

chemical (nutrient) and neuro-hormonal (gut peptides)) (Holzer 1992). The excitation of the gastrointestinal 

receptors can initiate short distance signalling to cause vascular and secretory reflexes or can act over a 

longer route reaching either prevertebral ganglia or the CNS through vagal afferents via the pelvic nerve to 

enter the brainstem (Wingate and Ewart 1980). The digestive phase includes cephalic, gastric and intestinal 

phases. All those phases send different stimuli to the brain to regulate food intake. Most of the afferent vagal 

fibres that innervate the gastrointestinal tracts project to the nucleus of the solitary tract (NTS) in the 

brainstem where there are a vast number of neural populations that are responsive to meal related stimuli 

including noradrenergic neurons that project to the PVN in the hypothalamus.

The rostral NTS relays gustatory signals to the forebrain for food flavour perception, while the caudal part 

integrates homeostatic signals and regulate hunger and satiety. The short-term satiety signals (peptide YY, 

cholecystokinin and glucagon-like peptide 1) are conveyed to the NTS via the vagal afferent fibres that share 

a monosynaptic connection with the NTS and function to excite the NTS by glutamatergic transmission. 

Those satiety peptide receptors have not only been identified on the vagal                           

nerve fibres (Williams et al. 2016) but also in the CNS (Richards et al. 2014). In addition to using the vagal 

afferent ascending fibres, those signals are also able to regulate directly the activity of the NTS neurons in 

the hindbrain (Rui 2013). Those NTS neurons are exposed to circulating nutrients and satiety hormones due 

to the absence of the BBB. NTS neurons are considered a heterogenous population as they include complete 

set of neurons that express a variety of peptides such as glucagon -like peptide 1 (GLP-1), catecholamine and 

POMC. 

As mentioned earlier, the digestive phase is divided into three phases, each generates signals that contribute 

to the overall appetite regulation system. First, the cephalic phase which refers to a set of food intake-

associated autonomic and endocrine responses that lead to the stimulation of the oro-pharangeal cavity 

(Zafra et al. 2006). Most of the cephalic responses are mediated via the vagus nerve, although some brain 

centres are involved. For instance, Konturek (2000) showed that leptin secretion increased steadily in 

response to stimulating the oropharyngeal cavity. Since leptin is synthesized in the adipose tissues and in the 

gastric mucosa, and its release is controlled via vagus nerve stimulation (Sobhani et al. 2002), Konturek 

(2000) concluded that stomach leptin might contribute to the satiety process. In fact, Buyse et al. (2001) was 

able to detect both the long Ob-Rb and short Ob-Ra leptin receptor isoforms the rat nodose ganglion which 

contains the cell bodies of the vagal efferent neurons. Additionally, the continuous stimulation of the 

oropharyngeal cavity leads to the endocrine pancreatic secretion of hormones (Zafra et al. 2006), and 

according to Pavlov (1910) those pancreatic secretions are results of direct vagal stimulation of the secretory 

cells. The cephalic phase stimulates the production of pancreatic peptides in steps. When food is seen, 

smelled or tasted, glucagon is produced first (Secchi et al. 1995). Ten minutes after the meal starts, an 

increase in pancreatic polypeptide (PP) is observed stimulating the cephalic receptors (Taylor et al. 1978). 
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Insulin is secreted last and was proposed to have an anticipatory function during the cephalic phase (Proietto 

et al. 1987). The production of those hormones is mediated via vagus nerve and contribute to the cephalic 

phase (Zafra et al. 2006).  

According to Breit et al. (2018), the vagus nerve has both a motor and sensory function in controlling and 

modulating the gut-brain axis.  The vagal afferents that are distributed throughout the digestive system 

originate from the dorsal motor nucleus of the vagus (DMNX) (Powely 2000). Those vagal afferents are 

activated via the upper brain centres (in turn activated by the oropharyngeal activities, smell, sight or taste of 

the food) (Giduck et al. 1987). Kalia and Sullivan (1982) showed that the DMNX neurons receive visceral 

information either directly by vagal afferents or indirectly via the NTS neurons. According to Powely et al. 

(1992) the DMNX are located parallel to the NTS and share profuse dendritic branches establishing many 

synaptic contacts.   

Both the gastric and intestinal phase, unlike the cephalic phase, occur as a result of the food and its 

components coming into direct contact with the stomach and the intestine respectively (Schneeman 2002). It 

is the interactions between the nutrients and the different parts of the gastrointestinal tract that cause signals 

to be generated, leading to peptides being secreted to cause appetite suppression. 

There are multiple types of gut peptides that are released in response to the presence of ingested food 

particles. Those peptides are mostly known to be secreted from certain endocrine cells that are found lining 

the GI tract. Over the years many studies have proven that those peptides are not only localised in the gut but 

are also found in the central nervous system and are hence known as gut-brain peptides (Emson et al, 1980). 

Those signals are crucial to carry metabolic information between the brain and gut forming the typical 

foundation of the gut-brain axis. So how does the brain receive and integrate signals from the gut peptides 

thus initiating or ending a meal? 

1.2.1.1 Cholecystokinin (CCK)

 Cholecystokinin is one of the most well-known satiety signals, primarily secreted in several forms after 

post-translational processing of different peptide sizes such as: CCK-33, CCK8, CCK39, CCK58, CCK12 

and CCK4 from the I-cell of the duodenal and jejunal mucosa (Polak et al. 1975) but also widely distributed 

in different parts of the brain such as hypothalamus, hippocampus, midbrain and the cerebral cortex (Emson 

et al. 1982). It has two receptors: one that is localised in the GI tract (pyloric sphincter, vagus nerve and 

pancreas) (CCKAR, also known asCCK-1R) (Innis and Snyder 1980) and the other (CCKBR also known as 

CCK-2R) in the brain especially in the NTS, posterior nucleus accumbens and the hypothalamic dorsomedial 

nucleus where it was found to mediate the satiety effects of CCK (Herranz 2003, Ritter 1999). In other 

words, the peripheral and central CCK receptors are different. Homogenate binding studies demonstrate that 

brain CCK receptors are not able to distinguish between CCK or gastrin (the second member of 

gastrin/cholecystokinin family) or other CCK analogues the same way that peripheral pancreatic and gastric 

CCK receptor can. Gibbs et al. (1973) showed that IP administration of CCK in rats reduced their meal size. 

This suppressing action of the CCK could be partially explained by the fact that CCK acts as a gate keeper in 



21

a sense that when present it stimulates the synthesis of the anorexigenic peptides α-MSH and CART. 

Additionally, when centrally administered, it also causes the animal to reduce its meal size (Zhang et al, 

1986). Several reports showed that food intake was increased significantly after the injection of selective 

CCK receptor antagonist in several mammalian species (reviewed in Boswell and Li 1998). For instance, 

Ebenezer et al. (1990) demonstrated that the injection of MK-329 (which is a CCKAR antagonist) increased 

food intake in pigs trained to make operant response for food reinforcement. In general, peripherally 

circulating CCK is very metabolically active (i.e., once produced it is degraded very quickly by catalytic 

enzymes to regulate the CCK-8 levels in the brain)) (Deschodt-Lanckman et al. 1981) and do not cross the 

BBB, suggesting that peripheral and central CCK represents different functional pools (Moran et al. 1986). 

CCK interacts with CCKAR receptors on the vagal sensory fibres that project to the NTS (Crop et al. 1993). 

Within the NTS, POMC neurons are activated via the presence of CCKBR receptors on the vagus nerves, 

thus aiding in suppressing feeding and terminating a meal (Fan et al. 1997). In the ARC, POMC projects to 

leptin dependent areas such as the DMH and the PVN where the action of leptin is to stimulate the neuronal 

activity of POMC thus also causing satiety (Millington 2007). 

1.2.1.2 Peptide YY (PYY)

PYY belongs to the pancreatic peptide (PP) family that also includes pancreatic polypeptide Y (PPY) and 

neuropeptide Y (NPY) all of which mediate their effect through NPY receptors subtypes (Y1, Y2, Y4 and 

Y5). There have been conflicting reports regarding the distribution of PYY, but in situ hybridization studies 

confirmed the presence of PYY mRNA mainly in the gastrointestinal tract, pancreas and the hindbrain 

(Broome et al, 1985). It exists in two endogenous forms: PYY1-36 and PYY3-36 both of which are mainly 

secreted from the endocrine L-cells of the gut. The first form binds and activates the Y1, Y2 and Y5 

receptors promoting feeding, whereas the latter is more specific and only binds to Y2 and inhibits feeding 

(Nonaka et al.2003). Studies have shown that upon feeding, the PYY3-36 isoform increases within 15min and 

causes the reduction of both dark-phase feeding and re-feeding after fasting in rodents (Batterham and 

Bloom 2003). Since PYY3-36 exerts its effect via binding to the Y2 receptor, distribution studies of the Y2 

were performed to map its location. Gustafson and colleagues in 1997 found that Y2 mRNA is localised in 

the ARC, DMN and the preoptic nucleus. In addition, it is also found in different brainstem regions such as 

the NTS and the lateral reticular nucleus which provides both ascending innervation to the hypothalamus and 

descending innervation to the spinal cord (Batterham and Bloom 2003). The BBB with its high selectivity 

features serves as a major regulator of communication between CNS and the peripheral system. PYY is able 

to cross this barrier bi-directionally by means of non-saturable processes (Banks and Kastin 1985). The 

distribution pattern of theY2 receptor combined with its high affinity to PYY3-36 and the knowledge of PYY 

function all fit to the story of how this peptide regulates food intake. Thus, upon feeding, PYY3-36 is released 

into circulation modulating the activity of NPY and POMC in the ARC of the hypothalamus by binding to 

the Y2 receptor. This binding results in a decrease in NPY expression while increasing the expression of 
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POMC, which is consistent with the Y2 receptor’s role as an inhibitory auto receptor on NPY neurons, thus 

decreasing feeding (Batterham and Bloom 2003).

1.2.1.3 Glucagon (GCG)

Glucagon is a member of the glucagon superfamily that includes a variety of metabolic hormones that are not 

only found in the gut but also in the central nervous system (Bell 1986).  Members of the glucagon 

superfamily function as both hormones and as neurotransmitters. The diversification of the different peptides 

occurs at the level of the alternative post-transitional processing of proglucagon (Drucker et al. 1986). The 

peptide is cleaved via enzymatic actions to multiple different products (glucagon, glucagon like peptide-1 

(GLP-1), and GLP-2) that are specifically expressed in different cell types such as pancreatic islets, distal 

ileum, large intestine and certain brain areas such as the NTS and other hindbrain nuclei of (Jin 2008). This 

alternative processing reflects a dichotomy between the hormones that are essential for glucose metabolism 

in fed vs. fasted states. Glucagon functions to mobilize glucose from the peripheral tissues to maintain 

glucose levels in fasting conditions. GLP-1 (which was found to increase in immunoreactivity from the 

proximal to distal parts of the gut of mammals (Goke et al. 1992) is secreted during feeding to increase 

glucose-dependent insulin release to promote satiety (Kieffer and Habener 1999). GLP-1 is also present in 

the NTS of the brainstem where it exerts an ileal break function effect via sensory neurons relying in the 

hypothalamus to inhibit gastric emptying and contributing to satiety (Holst 2007). 

 Glucagon exerts its function by binding to its receptors which are expressed in brain, small and large 

intestine, pancreas, liver and adipose tissue (Jelinek et al. 1993). Glucagon’s prominent physiological role is 

gluconeogenesis (glucose production), thereby maintaining a state of euglycemia during rapid glucose 

utilization to meet energy demands during fasting in laboratory conditions or periods of food scarcity in wild 

populations (Woods et al.2006) . So, how does glucagon cause satiety when it increases during food 

deprivation/ fasting conditions? During a fasting condition, the combination of reduced insulin levels, and a 

declining glucagon/ insulin molar ratio maximises hepatic glucose production which rapidly increases 

glycogenolysis (Unger and Orci 1976). When glycogen stores are depleted, the increase in ketone production 

provides an alternative fuel for the central nervous system. Thus, it seems that the anorexigenic effect of 

glucagon seems to be mediated via the liver-brain axis. Geary (1998) showed that different systemic routes 

of glucagon administration such as intramuscular and intraperitoneal lead to meal size reduction in rats. 

However, hepatic-portal infusions were shown to be the most effective method to elicit a very rapid, dose-

dependent decrease in food intake (Geary et al, 1993). The most likely pathway taken by glucagon is that it 

acts on the sensory afferents in the liver and the gastrointestinal tract and then the satiety signal is relayed to 

the brain via the vagus nerve (Geary 1993). The hepatic branch of the vagus nerve conveys satiety signals to 

the area postrema (PA) and the NTS, and from there to the hypothalamus (Al-Massadi et al. 2019). 

Mechanistic studies have deciphered the neural pathways that regulate the anorexigenic actions of glucagon. 

According to Quinones et al. (2015) the process occurs in the ARC where glucagon receptor is expressed. 

When glucagon binds to its receptor in the ARC, protein kinase A (PKA) is activated and calmodulin 
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dependent protein kinase-β (CaMKKβ) is decreased affecting activated protein kinase (AMPK) (a metabolic 

sensor that responds to nutrients). AMPK has been implemented in food intake and energy homeostasis 

(Large et al. 2008). The activation of PKA inhibits the action of AMPK causing satiety (Large et al. 2008).

 Parker and colleagues (2013) demonstrated that peripherally administered glucagon induced c-Fos 

immunoreactivity at the NTS which as mentioned previously receives its signals directly from the vagus 

nerves originating from the liver and the gastrointestinal tract (Leslie et al, 1982). It is also worth mentioning 

that low levels of glucagon receptors mRNA are found in the hypothalamus and brainstem of rodents 

indicating direct glucagon action via those area to suppress food intake (Hoosein and Gurd 1984).

1.3 The long-term system
In the previous section, the molecular signals comprising the short-term satiety system were considered and 

it was established that although most of them (CCK and PYY) increase with a meal and their administration 

reduces meal size, some increase their expression with fasting thus providing an emergency mechanism for 

fast energy release (via glucose) such as GCG. Those peptides provide very short-lived effects in terms of 

hunger and satiety. On the other hand, since the regulation of energy homeostasis is crucial to an animal’s 

survival, particularly considering the huge day-to-day variation in food resources and energy expenditure 

(Murphy and Bloom 2004) it is very important to have a longer-term signal strategy to report energy and fat 

stores. 

In contrast to satiety signals that are secreted during meals and are short-lived, adiposity signals are tonically 

active, long-lived and provide continuous input to the brain in proportion to the body fat store content 

(Woods et al. 2006). The most reliable signals used to report continuously about body fat content are several 

peptide hormones released into circulation from peripheral organs and transported to the brain. These have 

been termed adiposity signals (Woods and Seeley 2000). In general, for a signal to be considered as an 

adiposity signal it should be secreted in proportion to body fat, have access to appropriate areas within the 

nervous system and lastly affect both food intake and body weight in a predictable manner (Woods et al. 

1998). There are several peptides that have been heavily investigated: leptin (mostly secreted from adipose 

tissues), insulin (secreted from B cells of the pancreas) and ghrelin (from the stomach). 

1.3.1 Leptin (LEP) 
Leptin has been considered as an important energy regulator providing negative feedback to the brain, aiding 

in the inhibition of body fat accumulation via its actions on food intake and energy expenditure (Gardner et 

al. 1998). Secreted exclusively from adipose tissues in mammals, leptin servers as a lipostatic signal 

transmitting critical information regarding the metabolic state of an individual (Bjorbaek and Kahn 2004).

It was originally identified as the protein product of the mouse obese (ob) gene that is expressed 

predominantly in the adipocytes (Zhang et al. 1994), but is also found in different tissues such as: placenta 

(Masuzaki et al. 1997) and stomach (Bado et al. 1998). A mutation in the Ob gene that causes the absence of 

leptin protein in the circulation leads to hyperphagia in mice which can be reversed by leptin administration 

(Halaas et al.1995). The leptin receptor (LEPR) has a single transmembrane domain and belongs to the 
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cytokine receptor family and has multiple isoforms due to mRNA splice variation (Chua et al. 1997). The 

LEPR is divided into three classes: long (LEPRb), short (LEPRa, LEPRc, LEPRd) and secreted (LEPRe) 

(Chua et al. 1997). The long form is differed by having a long intracellular domain that binds to both janus 

kinases (JAK) and to signal transduction and activator of transcription 3 (STAT3) transcription factors, 

which are required for the action of leptin on appetite (Lee et al. 1996). 

The circulating leptin gains access to the brain across the BBB via saturable processes which has a great 

advantage in being responsive to physiological stimuli (Kastin and Pan 2008). The LEPRb receptor is 

expressed within the hypothalamus (ARC, LHA and DMH) (Fei et al. 1997), and its mRNA was found to be 

expressed by NPY/AgRP (Mercer et al.1996) and POMC/CART neurons (Cheung et al. 1997). NPY/AgRP 

neurons are inhibited by leptin, and are therefore activated in conditions of reduced leptin (producing an 

orexigenic effect) (Stephens et al. 1995). On the other hand, leptin activates the anorexigenic CART/POMC 

neurons (Thornton et al. 1997). In normal conditions, leptin levels in the circulation falls when an animal is 

in a state of negative energy balance (such as fasting) which is coordinated with energy conservation and 

foraging behaviour. The suppressive effect of leptin on food intake is reduced by the administration of 

MCR4 antagonists, demonstrating that the melanocortin pathway is a crucial downstream mediator of leptin 

signalling (Seeley et al. 1997). Similar to the ARC, the NTS contains LEPRb (Mercer et al .1998) and 

administering leptin to the fourth ventricle reduces food intake and body weight gain (Grill and Kaplan 

2002). Peripheral administration of leptin also results in the activation of the NTS, which means that leptin 

exerts its effect on appetite via both the hypothalamus and the brainstem (Wynne et al. 2005). 

1.3.2 Insulin (INS)
Insulin is the predominant controller of glucose levels, and its secretion from beta cells in the pancreas is 

largely controlled by the surrounding glucose levels in the circulation. Nonetheless, the sensitivity of those 

beta cells to glucose is proportional also to body fat (Bagdade et al. 1967), so higher insulin levels reflect 

both the metabolic needs and how much fat is present in the body (Woods and Seeley 2000). Insulin is 

considered too large to cross the BBB (Woods et al. 2006). Insulin receptors (IR) are expressed in variety of 

tissues such as liver, muscle, fat and neurons of the CNS (Bru¨ning et al. 2000). IRs in the brain displays a 

very specific expression pattern, specifically in the olfactory bulbs, hypothalamus and the pituitary (Marks et 

al. 1990). So how does insulin gain access to the brain where its receptor is? Circulating insulin is able to 

access the brain via areas with a reduced BBB where there are highly permeable capillaries that serve as an 

alternative route that sense signals coming through blood and pass the information using their neural 

circuitry to different brain areas. Those permeable capillaries are termed circumventricular organs (CVO) . 

Insulin molecules, by using receptor mediated transport processes, will move to cells within a CVO to be 

released to the brain’s interstitial fluid (Schwartz 1992). Generally, insulin receptors are expressed in brain 

areas that function in energy control such as the ventromedial nucleus of the hypothalamus (VMN) (Crop et 

al.1986), but also in the ARC which was found to have the highest density of insulin receptors (Marks et al. 

1990). The ARC, as mentioned previously, functions in regulating food intake via the two neural- 
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subpopulations (NPY/AgRP- POMC/CART), and both populations were demonstrated to express IR 

(Morton and Schwartz 2001, Hill et al. 2010). So, we can conclude that the effect of the insulin on food 

intake is via central mechanisms that are linked to acting via those populations especially by inhibiting the 

NPY/AgRP subpopulation in the ARC (Karla et al. 1999). After consuming a meal, insulin levels are 

elevated in the body and function to clear the blood of the absorbed fuels by stimulating their storage 

(Strubbe and Steffens 1993). When exogenous insulin was administered directly into the ARC, rats ate less 

and lost weight and that response is dose-dependent (Van Dijk et al. 1997). Similarly, when insulin was 

administered via intracerebroventricular injection in rodents, meal size was reduced, and the animals lost 

body mass (Air et al. 2002).

1.3.3 Ghrelin 
First discovered as an endogenous ligand of the growth hormone secretagogue receptor (GHS-R), ghrelin 

was purified from rat stomach (Kojima et al. 1999). Studies have recognised ghrelin as the only orexigenic 

gut peptide in mammals (Nakazato et al. 2001). Cummings (2006) demonstrated that the effect of ghrelin on 

food intake is very rapid, as food intake was observed to elevate as fast as 5-10 min after its systemic 

administration. Thus, it seems that ghrelin brain accessibility is relevant for the unique function of that 

hormone. Ghrelin cell bodies are found in the central nervous system filling the spaces of the paraventicular 

areas sending their projections to the lateral hypothalamus (Carlini et al. 2004). Carlini et al. (2002) showed 

that icv injection of ghrelin to the central nervous system induces an anxiogenic effect in rats. The action of 

ghrelin is facilitated by the fact that ghrelin-producing neurons are located in the hypothalamus integrating 

the orexigenic properties of ghrelin. Ghrelin has the ability to bind to its receptor (GHS-R1) which is 

expressed the ARC, PVN and VMH of the hypothalamus and the peptide is able to penetrate the blood brain 

barrier (Pan et al. 2006). The signalling pathways to the hypothalamus is via three routes: 1. Penetration to 

the ARC by blood stream and active transport through the blood brain barrier which is largely dependent on 

how saturable ghrelin is and that saturability is species dependent. The clearance of bioactive ghrelin via the 

BBB is very important in the regulatory mechanism of energy homeostasis (Banks et al. 2002). 2. Activation 

of the GHS receptors on the vagal afferents, signalling to the NTS that in turn communicate to the 

hypothalamus. This happens via the suppressing action of ghrelin to the vagal afferent discharge. One of 

those vagal afferents transmits CCK satiety signals between gut and the brain. Suppressing those fibres gives 

ghrelin its orexigenic property (Date et al. 2002) 3. Small amounts of ghrelin could be produced in the 

hypothalamus itself via ghrelin containing axons that have terminal endings that make synapses with neurons 

at the ARC (Cawley et al. 2003) and are able to activate NPY/AgRP neurons and neurons in the LHA (Huda 

et al. 2006). Plasma ghrelin levels are elevated during fasting and are reduced after a meal, consistent with its 

action as an orexigenic hormone (Toshinai et al 2001). Both intracerebroventricular and peripheral 

administration of ghrelin in rodents increase food intake, adiposity and weight gain (Nakazato et al. 2001). 

The mechanism behind that orexigenic action is that NPY/AgRP neurons are localised in the ARC (which is 
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the main target for hypothalamic ghrelin). In the ARC, ghrelin stimulates both NPY and AgRP transcription 

promoting their release in the PVN (Schneeberger et al. 2014). 

1.4 The stress system

Energy management in animals is attributed mostly to internal factors such as hormonal signals. As 

mentioned previously, living in a fluctuating challenging environment imposes difficulties for an individual’s 

daily life. Having to survive adverse environmental conditions can cause stress to an animal. Stress is a 

challenge to the natural homeostasis of an organism, which means, in turn, those individuals need to react to 

stress by producing a physiological response to regain equilibrium lost by the impact of the stressor (Yvonne 

and Potenza 2013). After being subjected to an acute stress, the hypothalamo-pituitary-adrenal axis (HPA) is 

rapidly activated to elevate blood glucose concentration to ensure an adequate substrate for both the brain 

and muscles for life-saving situations (Dallman et al. 2004). One of the main products of the HPA activation 

are glucocorticoid hormones (Dallman et al. 2004). There is a close relationship between glucocorticoids 

secretion and feeding and energy storage (Dallman et al. 2004). Long-term chronic stress that is associated 

with elevated levels of glucocorticoids has a negative effect on individuals and is associated with neural cell 

death and reduced neurogenesis (Sapolsky 1996). Individuals living in temperate zones which are 

continuously subjected to seasonal environmental fluctuations respond by rapidly elevating the 

glucocorticoids levels in response to stressors (Wingfield et al. 1997). By suppressing unnecessary 

physiological function and enhancing critical processes, the elevated glucocorticoids serve to increase the 

animal’s probability of survival (Wingfield et al. 1997). According to Asheimer et al. (1992) the increasing 

levels of corticosterone that come with being exposed to short term seasonal fluctuations such as snowstorms 

or sudden drop in temperatures or even food deprivation, elicit changes in behaviour that are considered 

emergency life history stages. The emergency life history stages are defined as: responses to sudden events 

that disrupts the normal life cycle of an individual causing them to re-direct their behaviour and physiology 

to survive (Pravosudov et al. 2001). Glucocorticoids have been demonstrated to have a major effect on food 

intake. Studies have shown that rats subjected to different doses of glucocorticoids showed a decrease in both 

food intake and body weight, and it was suggested that the appetite suppression action of glucocorticoids 

occurs via inhibiting the activation of appetite stimulating neurons (NPY/AgRP) (Liu et al. 2011). The 

activation of glucocorticoids occurs via binding to type I (mineralocorticoid receptors (MRs)) and type II 

(glucocorticoid receptors (GRs)). While type I is tonically activated by low basal levels of glucocorticoids, 

the type II receptors require higher glucocorticoids levels that are usually linked to the action of stresors 

(Temple and Leibowitz 1994). Both receptors show a very distinct brain distribution. Aronsson et al. (1988) 

using immunocytochemistry, demonstrated that GR expression is abundant in the ARC, a receptor 

distribution patten that overlaps with the distribution of AgRP and POMC neurons. Moreover, studies have 

shown that both POMC and NPY neurons express GR (Cintra et al. 1991) which suggests that their 

neuropeptides neuropeptide expression is modulated via the action of glucocorticoids. Direct evidence for 

this was provided by Lu et al. (2002) where a peak of corticosterone was seen before the start of the active 
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phase which coincide with the peak in AgRP mRNA expression. There was also a positive correlation 

between the circulating corticosterone and AgRP mRNA in the ARC. Furthermore, the fluctuation of AgRP 

expression coincides with the feeding rhythms of rats, elevating before the active phase of feeding that peak 

4 h after dark onset (Lu et al. 2002). The authors suggested that one candidate to explain the fluctuation of 

AgRP mRNA is corticosterone since it exhibits a similar single peak just before the active feeding period. 

In rodents, food ingestion was found to elevate glucocorticoid secretion (Sander and Porter 1988). This 

contributes to the control of whole-body homeostasis and the response of animals to stress conditions by 

stimulating the release of energy stores by promoting glucose mobilization (Harvey et al., 1986). After being 

subjected to an acute stressor, an individual experiences a rapid increase in the HPA axis activity which 

interacts with elevated levels of glucagon and insulin (Dallman et al. 2004). Perley and Kipnis (1966) found 

that perfused rat’s pancreas that has been subjected to a long-term administration of glucocorticoids showed 

an increased in insulin levels. So, we can safely assume that the appetite suppression effect of 

glucocorticoids is a result of the elevation of insulin. Having said that, studies also suggested that there is a 

link between the activation of the HPA axis on one hand and the orexigenic effect of ghrelin that contributes 

to the fat accumulation effect caused by increased food intake (Tung et al. 2004). According to Orth (1992), 

in humans an increase in appetite was associated with excess glucocorticoids. Conversely, adrenalectomy 

(removal of the adrenals) prevents obesity induced by chronic central administration of NPY in normal rats 

(Sainsbury et al. 1997). This inhibition action occurs because once glucocorticoids enter the brain, they have 

a permissive action on the transport of NPY in the hypothalamus (Ahima et al. 2008).

1.5 Avian appetite system

Considerable efforts have been made to understand the appetite system in mammals. In contrast, the appetite 

control system in birds has been less investigated and is not well understood. However, the avian appetite 

system is arranged similarly to the mammalian one in terms of functionality (Figure 1). Similar to mammals, 

birds consume food in discrete meals and the meal frequency is much dependent on the overall state of the 

individual at a specific time point during the day (Martínez del Rio et al. 2001). Based on that fact, much of 

the research into the regulation of food intake by peptides has been on the assumptions that the mechanisms 

in birds are similar to those in mammals. Although there are examples of evolutionary conservation of these 

mechanisms, taxonomic differences in the effects of some of the peptides involved have also been revealed.

1.5.1 Hypothalamic neuropeptides 

As mentioned earlier, like mammals, the central nervous system plays a vital role in controlling and 

regulating feeding behaviour in chickens (Kuenzel 1989). It has been long established that both the 

ventromedial nucleus and the lateral hypothalamus are considered as important satiety centres in birds as 

they are in mammals. In addition, the paraventricular nucleus and the arcuate nucleus (historically referred to 

in birds as the infundibular nucleus) are also involved in regulating feeding (Tachibana and Tsutsui 2016).
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The regulatory process of energy homeostasis functions to match energy intake to energy expenditure to aid 

in maintaining stability in energy stores (usually fat) (Boswell 2005). Thus, in conditions where energy 

expenditure exceeds energy intake, the body uses fat stores to supply the immediate energy need resulting in 

a drop in body mass to levels below the homeostatic ranges (Boswell 2005).  As in mammals, lesioning 

studies of the ventromedial nucleus in birds induced obesity, while damaging the lateral hypothalamus 

prevented eating (Kuenzel 1982). Thus, the ventromedial nucleus was historically termed “the satiety 

centre”, while the lateral hypothalamus was proposed as “the feeding centre”, demonstrating the importance 

of the hypothalamus as a brain region of importance in the regulation of body energy (Boswell 2005). 

Just like in mammals, in the hypothalamus there exists a neural network that is vital in the regulation of food 

intake and energy expenditure (Saper et al. 2002). This neural network which is in the ARC which in birds 

and mammals has two opposing neural populations: NPY/AGRP and POMC/CART. 

In birds, NPY is one of the most widely studied hypothalamic neuropeptides and has been implicated in 

energy balance regulation. Research in mammals demonstrated that the neuroendocrine response of energy 

depletion (usually accompanied by food restriction/ fasting) is coordinated by the action of NPY (Schwartz 

et al. 1995). Thus, food deprivation stimulates NPY expression in the ARC leading to the increase of NPY 

peptide in the paraventricular nucleus (Karla et al. 1982). Similarly, Boswell et al. (1999) showed that food 

restriction and deprivation increased hypothalamic NPY mRNA in chickens. 

Denbow et al. (1988) demonstrated that icv administration of NPY elevated food intake in chickens. That 

stimulatory effect of NPY on food intake has been confirmed in other avian species including chickens and 

white-crowned sparrows (Zonotrichia leucophrys) (Richardson et al. 1995) and in ring doves (Streptopelia 

risorii) (Strader and Buntin 2001). Those experiments demonstrated that the magnitude and time course 

effect of NPY on food intake are similar to those reported in rodents. The similarity between birds and 

mammals in NPY functionality is also extended to NPY distribution. In situ hybridization studies showed 

that NPY mRNA is localized in the hypothalamus of both chickens and Japanese quail (Boswell et al. 2002). 

It is worth noting that unlike mammals, the site of action where NPY might exert its effect on food intake in 

birds is still unknown. However, Zhou et al. (2005) found that the ARC of broiler chickens had the highest 

NPY content suggesting that the NPY content is most likely related to NPY neuron distribution with more 

NPY being synthesised in regions containing many NPY neurons. That result indicates that NPY plays 

different roles in different hypothalamic regions. Holmberg et al. (2002) were able to detect both Y1 and Y5 

NPY receptor mRNA in the chicken ARC. And since in mammals the binding of NPY to Y1 and Y5 in the 

ARC was suggested to play a role in appetite regulation (Durkin et al. 2000), this suggests a general 

conservation in binding properties and neuro-anatomical localization of avian NPY receptors (Y1 and Y5) 

with mammals, which most likely suggests that the function of the receptor is also conserved (Holmberg et 

al. 2002). Furuse et al. (2002) demonstrated that it is in fact the NPY Y5 receptor that mediates feeding 

behaviour in neonatal chicks. 
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AGRP mRNA is co-expressed in the same neurons as NPY in birds (Boswell et al. 2002) and has a similar 

anabolic (stimulatory) action on food intake when activated. AgRP is considered extremely sensitive to the 

nutritional status of individuals (Boswell and Dunn 2017). This sensitivity arises as counter-regulatory 

mechanism for situations of negative energy balance (such as food deprivation). Studies in adult Japanese 

quail showed that when food deprived for 24h, an increase in AGRP mRNA was observed (Philips-Singh et 

al. 2003). A similar response was also seen in domestic broiler chicks when fasted for 24-48h (Higgins et al. 

2010). And according to Fang et al. (2014) the AGRP levels return to base line after 24h of re-feeding. 

 Unlike NPY’s direct action on its receptor, AGRP functionality arises from the fact reviewed above for 

mammals that it is an endogenous antagonist to the melanocortin system receptors (MC-R) specifically 

MC3-R and MC4-R acting in a paracrine manner to regulate the MC-R function (Ollmann et al. 1997). Thus, 

the overall function of the melanocortin signalling system is regulated via the opposing actions of both 

AGRP and the different POMC products that increase and decrease food intake respectively as also 

demonstrated in birds (Tachibana et al. 2001).  

POMC is strongly expressed in the ARC of both chickens and Japanese quail (Gerets et al. 2000; Phillips-

Singh et al 2003) and its distribution is therefore equivalent to that of the mammals (Phillips-Singh et al. 

2003). Contrary to NPY/AGRP neurons, the stimulation of POMC neurons initiates a cascade of catabolic 

effects inhibiting food intake. However, while the action of POMC is clearer in mammals, in birds 

contradictory results were found in terms of POMC actions (Boswell and Dunn 2017). Some studies were 

not able to detect any differences in the POMC mRNA levels even after 24h-48h of food deprivation 

(Japanese quail, Phillips-Singh et al. 2003; and broiler chicken Song et al. 2012), which was in accordance 

with similar studies in mammals where no differences in POMC expression ere noted (Adam et al. 2002). 

While others reported significant decrease in POMC expression levels in broiler chicks fasted for either 24-

48h (Higgins et al. 2010). This suggests in general a relatively weak contribution of decreased POMC 

expression to increased food intake observed after fasting. Since POMC encodes many peptides including 

adrenocorticotropic hormone (ACTH) and melanocyte- stimulating hormones (α-, β- and γ- MSH), it was 

necessary to pinpoint which product is responsible for regulating food intake in birds. Kawakami et al.  

(2000) showed that in Japanese quail, it was α-MSH peptide in the infundibular nucleus that inhibits food 

intake when administered in the brain. The administration of β- endorphin (β-EP) (another POMC product) 

in chickens and pigeons stimulated food intake which is similar to the effect seen in rats. Dutia et al. (2012) 

demonstrated that a single i.c.v injection of (β-EP) stimulated food intake in rats for 2-6h. On the other hand, 

Song et al. (2012) reported no change in POMC mRNA levels in Japanese quails experiencing 24-48h food 

deprivation.   This shows that the effect of the melanocortin system is yet to be fully explored (Boswell 

2005).   
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1.5.2 Hindbrain neuropeptides

While the hypothalamus is responsible for monitoring the periphery for signals alerting central circuits of the 

depleted energy store, the hindbrain receives oral and gastrointestinal information of the amount and the 

quality of food that is being ingested (Broberger 2005). Thus, the hypothalamus functions as a long-term 

meal initiator, while the hindbrain is a short-term meal terminator. Unlike the vast variety of hypothalamic 

neuropeptides, only a small number of hindbrain peptides have been linked to the avian appetite system. 

Glucagon like peptide- 1 (GLP-1) is one of the glucagon superfamily members that have been found to be 

expressed in the medulla oblongata of neonatal chicks (Tachibana et al. 2005). Studies have shown that food 

deprivation/fasting was found to decrease GLP-1 mRNA levels which suggests that endogenous GLP-1 are 

related to food regulation in neonatal chicks (Tachibana et al. 2005). Moreover, i.c.v administration of GLP-

1 was found to decrease food intake in both neonatal chicks (Furuse et al. 1997) and Japanese quails 

(Shousha et al. 2007). According to Tachibana and Tsutsui (2016), the mechanism whereby GLP-1 exhibits 

its suppressing action on appetite is the activation of neurons in the ventromedial nucleus (VMN) since an 

i.c.v injection of GLP-1 in young chickens increases Fos expression in this nucleus 

1.6 Gut peptides

1.6.1 Cholecystokinin (CCK)

Cholecystokinin is one of the best studied gut peptides in birds. Belonging to the gastrin/cholecystokinin 

family, it is conserved between vertebrate groups, and is likely to have arisen due to a duplicate event early 

in the vertebrate lineage (Johnsen 1998). CCK overall has a physiological role in in peripheral signalling to 

regulate appetite, digestive organ activity such as: gallbladder contraction, gut motility and gastric emptying 

(Miyasaka and Funnakoshi 2003) as well as in emotion (Ballaz 2017). Similar to mammals, CCK is 

produced from the small intestine of chickens and ostrich (Jonson et al. 2000) as well as in the brain. For 

example, Reid et al. (2018) showed that the primary expression location in the chicken for neural CCK is the 

basal hypothalamus, while peripheral CCK was mainly expressed around the proximal half of the ileum. As 

mentioned previously, CCK is structurally conserved among vertebrates and this extends to its effect on food 

intake in birds. For example, Savory and Gentle (1983) demonstrated that iv injection of CCK in chickens 

increased their latency to feed. Richardson et al. (1993), showed that CCK-8 administered intraperitoneally 

to white-crown sparrows’ dose-dependently reduced food intake and that the satiety effect seen is mostly 

mediated through the CCK-A receptor since injecting MK-329 (CCK-A receptor antagonist) attenuated the 

anorexic effect of CCK and significantly increased meal size. In broiler chickens when administered 

peripherally, CCK was shown to reduce food intake via acting on the vagal nerve (Covasa and Forbes 1994). 

CCK longevity in the circulation is short-lived (Liddle et al. 1985). The rapid dissociation of CCK in the 

circulation is due to the delay in its transcriptional processing. Thus, the differences in the mRNA translation 

activity are mainly dependent on differential post-translational processing rather than different expression 
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levels (Sayegh et al. 2014). Consistent with this, Reid et al. (2018) was not able to detect any differences in 

CCK gene expression in the gut between fed and fasted chickens. 

1.6.2 Glucagon (GCG)

Unlike mammals, birds (best studied in chickens) have a two proglucagons transcribed from the glucagon 

gene that express multiple mRNA transcripts by alternate promoter and alternate first axon usage (Honda 

2016). Those transcripts are tissue specific. The first class are called PGA: the translation of that class of 

mRNA yields preproglucagon A which is specific to the pancreas and through the process of cleavage by the 

action of prohormone convertase 1 (PC1) produces glucagon. The second class are called PGB: that class of 

mRNA translates to preproglucagon B collection that are specific to the brain and gut and again through the 

action of prohormone convertase 2 (PC2) are cleaved to generate glicentin, oxyntomodulin, glucagon-like 

peptide 1 and 2 (GLP-1, GLP-2) (Honda 2016). Thus, the splicing of the two proglucagons yields; 

proglucagon mRNA transcripts encoding glucagon and GLP-1 in the pancreas, and the second splice results 

in the three products in the intestine (Irwin and Wong 1995). This means that the alternative splice 

mechanism is different between mammals and birds in that one yields more product.

 Despite the differences underlying the mechanisms involved in the translation of glucagon gene, the amino 

acid sequence of glucagon is highly conserved between mammals and birds (Honda 2016). The anorexigenic 

effect of glucagon in mammals was similarly found in chickens. ICV injection of GCG in chicks decreased 

food intake (Honda et al. 2007). That effect was suggested to be mediated via the hypothalamo-pituitary-

adrenal axis (HPA) (Honda et al. 2012) because glucagon administration increased the plasma levels of 

corticosterone and also hypothalamic corticosterone releasing factor suggesting that corticosterone acts as a 

downstream molecule for the glucagon suppressing appetite pathway (Honda 2016). Another explanation for 

the suppressive effect of glucagon is through the induction of hyperglycaemia because intravascular 

administration of glucose significantly reduced food intake in chicks (Honda et al. 2007), and the 

administration of phentolamine an α-adrenergic receptor antagonist significantly attenuated glucagon 

induced hyperglycaemia in both rats (Marubashi et al. 1985) and chicks (Honda et al. 2012). Therefore, it is 

likely that the hyperglycaemia-mediated pathways are also involved in the anorexigenic action of glucagon 

in chicks. In birds, the greatest aggregation of GCG receptors was detected in the hypothalamus of chickens 

but more investigations are needed to localise the targeted areas within the hypothalamus (Wang et al. 2008). 

GLP-1 is considered a potent gastrointestinal incretin (i.e., A group of metabolically active factors that 

stimulate a decrease in blood glucose). Evidence from chickens suggests that it is mainly secreted from the 

L-cells of the distal parts of the small intestine in particular it is distributed in the whole jejunum and the 

ileum (Monir 2014). Furuse et al. (1997) showed that ICV administration of chicken GLP-1 supressed food 

intake in neonatal chicks. The suppressing action of GLP-1 comes from the induced gastric acid and 

pancreatic juice secretion as well as slowing down of the gastric emptying process, in addition to enhancing 

insulin release (MacDonald et al. 2002). An immunohistochemical study by Nishimura (2013) demonstrated 

that GLP-1 has a physiological role as one of the most common peptides secreted by L-cells, and according 
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to Monir (2014) the occurrence of GLP-1 immunoreactive cells were decreased in food deprived chicken. 

This is consistent with a catabolic role for GLP-1 in promoting insulin secretion thus stimulating glucose 

uptake (Carless et al. 2017).

Co-localized with GLP-1, GLP-2 is also produced in the brain and gut. Thus, it could be classified as an 

anorexigenic neurotransmitter in mammals. In birds, a report by Shousha et al (2007) demonstrated that ICV 

injection of rat GLP-2 has no effect on food intake in Japanese quail. However, Mo et al. (2014) reported the 

GLP-2 receptors are expressed in the chicken telencephalon, and various gut tissues such as: proventriculus, 

jejunum, duodenum and ileum. ICV administration of chicken GLP-2 supresses food intake in chicks, and 

the anorexigenic mechanism by which it acts appears to be through the decrease of blood glucose (Honda et 

al. 2015) rather than by affecting plasma corticosterone concentration as in the case of glucagon. Those 

findings suggested that, overall, GLP-2 is a strong anorexigenic peptide that exerts its effects through the 

CNS in domestic chicks. However, GLP-2 has also been found to act peripherally on appetite via binding to 

its receptor at the target tissues. Intravascular administration of chicken GLP-2 significantly reduced food 

intake in chicks (Honda et al. 2015). In contrast, as mentioned above, peripheral administration of 

mammalian GLP-2 did not influence meal size in both chickens and Japanese quail (Shousha et al. 2007). 

However, mammalian GLP-2 shares only 51-55% amino acid identity with chicken GLP-2 (Honda 2016) 

indicating the importance of using native avian peptides for investigations.

1.6.3 Peptide YY (PYY)

Peptide YY was isolated from the small intestine of chickens in 1992 (Conlon and O’Harte 1992) and when 

analysing its amino acid sequence, it was found that there is an additional N-terminal alanine residue. The 

intestinal extracts of the chicken did not contain PYY3-36 which is the major form of PYY in mammals. Reid 

et al. (2017) showed that unlike mammals that showed higher PYY tissue distribution in the large intestine 

and distal ileum (Miyachi et al. 1986), chicken PYY mRNA is most abundant in the mid- to distal jejunum. 

An in vivo binding assay study demonstrated that chicken PYY binds to Y2 receptors which are expressed in 

the brain and peripheral tissues (Salaneck 2000). PYY mRNA levels were higher in chickens under ad 

libitum feeding in comparison to a 12h fasting condition (Aoki et al. 2017). In addition, PYY levels were 

significantly higher in satiated broiler layer hybrid chicken in comparison to individuals subjected to 11h 

fasting (Reid et. al. 2017).  However, Kuenzel et al. (1974) demonstrated that i.c.v administration of PYY 

dramatically increased food intake in chicks together with an increase in crop size. This observation suggests 

that PYY has an additional function of reducing the rate of food passage through the gastrointestinal tract. 

1.6.4 Leptin (Lep) 

 For over 15 years, the existence of avian leptin was challenged by some researchers (Boswell and Dunn 

2015). Although studies in birds suggested that mammalian leptin induced physiological and behavioural 

effects, no leptin-like genes were identified in avian genomes until 2014. Once leptin genes were identified, 

gene expression studies indicated that leptin is expressed over a wider range of tissues in birds than 

mammals where it is primarily produced in the adipose tissues. Thus, avian leptin was discovered to be 
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expressed mainly in the hypothalamus and pituitary of zebra finches (Huang et al. 2014), in liver, testis and 

ovary of rock doves (Friedman-Einat et al. 2014) and in hypothalamus, adrenal glands and embryonic testis 

and ovaries in chicken (Seroussi et al. 2016) .One shared characteristic between the different avian leptin 

sequences is the very high G-C content (~70%) which might explain why all these years it was hard to find 

from genome sequencing as it has very high melting point that requires specialised polymerase chain 

reaction (PCR) adapted conditions. It is worth mentioning that avian leptin shows only 30% amino acid 

sequence similarity to its mammalian counterparts (Boswell and Dunn 2015). The leptin receptor long form 

that mainly functions in appetite regulation is expressed in the chicken hypothalamus (Horve et al. 2000). 

Lohmus et al. (2003) peripherally administered recombinant chicken leptin (which in fact was of mammalian 

origin) to great tits and observed that leptin reduced food intake which is the same effect in chicken when 

injected intracerebroventricularly (Denbow et al. 2000). However, there is truly little evidence till this day 

that leptin regulates ARC neuropeptides like it does in mammals, because the expression of leptin receptor 

has not been detected yet in avian ARC (Boswell and Dunn 2017).

1.6.5 Ghrelin (GHRL)

Avian GHRL was first isolated from chicken proventriculus and was found to only share 54% amino acid 

sequence similarity with rat and human GHRL (Kaiya et al. 2002). Following its initial discovery, GHRL 

was subsequently identified in goose, quail and duck (Kaiya et al. 2008), Similar to mammals, plasma GHRL 

was found to increase with fasting in birds. Shousha et al. (2005) demonstrated that Japanese quail fasted for 

24h showed a 5-fold increase in plasma ghrelin which then decreased after 3h of re-feeding. Domestic layer 

hens also showed an increase in plasma GHRL after experiencing 12h fasting which then returned to the 

baseline after 6h re-feeding (Kaiya et al. 2007). However, while GHRL administration in mammals stimulat 

food intake, that appears not to be the case in birds. Chen et al. (2008) showed that i.c.v administration of 

chicken GHRL in different doses inhibited food intake in 8-week-old broiler chickens in a dose-dependent 

manner and that suppression effect lasted for 2-7h. A similar effect was also seen in Japanese quail injected 

i.c.v with rat ghrelin whereby food intake was inhibited for 12h (Shousha et al. 2005). Ideas have been 

proposed to explain the suppressing effect of ghrelin in birds. According to Saito et al. (2002) vocalisation 

and stepping behaviour was observed in chicks receiving i.c.v injection of GHRL. Those behaviours are 

signs of hyperactivity in chicks. Furuse et al. (1997) observed similar behaviour in neonatal chicks receiving 

i.c.v injection of corticotropin releasing factor CRF), and furthermore ic.v administration of CRF suppresses 

food intake in neonatal chicks (Zhang et al. 2001). It therefore makes sense to hypothesise that GHRL exerts 

its appetite suppression effects in birds by acting on the CRF system via activating the hypothalamo-

pituitary-adrenal axis that results in the release of corticosterone from the adrenal glands (Kaiya et al. 2009). 

This hypothesis is supported by the fact that i.c.v injection of GHRL in neonatal chickens increases plasma 

corticosterone (Saito et al. 2005). Another explanation for the anorexigenic action of ghrelin in birds is 

related to NPY. It is well known that in rats, NPY plays a vital role in mediating the orexigenic function of 

ghrelin (Mondal et al. 2005). However, although NPY has orexigenic actions in birds too (Ando et al. 2001) 
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it is unlikely that the inhibiting action of ghrelin is associated with NPY. In neonatal chicks, hypothalamic 

NPY mRNA did not change after 30 minutes of receiving i.c.v injection of ghrelin (Saito et al. 2005). This 

suggest that the suppressing action of ghrelin is not mediated via the activation of NPY neurons in birds, 

rather its more likely that ghrelin activates CRF neurons releasing corticosterone which might be involved in 

appetite suppression.

1.6.6 Insulin (INS)

Peripheral administration of insulin has been shown to suppress food intake in chickens (Smith et al. 1974). 

In addition, insulin in blood circulation was observed to decrease with fasting in birds (Christensen et al. 

2013). Honda et al. (2007) demonstrated that central administration of insulin decreases food intake in one-

day old male chicks. In mammals, insulin central action is mainly governed by the upregulation of mRNA 

expression of POMC/CART to suppress the food intake (Porte et al. 2002). Similarly, Shiraishi et al (2008) 

proved that the inhibiting effect of insulin on food intake in day old male chicks was significantly reduced 

after the ICV administration of selective melanocortin antagonist such as SHU9119 or HS014. This 

attenuated effect is mainly due to the fact that ICV injection of insulin stimulates the expression of POMC, 

while suppressing NPY (Shiraishi et al. 2008). Shiraishi et al. (2001) demonstrated that NPY neurons 

expressed insulin receptors mRNA in domestic chicks and given that generally AgRP is co-expressed with 

NPY, we might expect those receptors to affect the expression of AgRP as well.
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Figure 1: Hypothalamic neuro and gut peptide comparison between A. mammals, B. birds and their interaction and 

correlation with the appetite system (gut). Black dashed lines illustrate inhibitory effect of peptides, while the black 

continuous lines represent stimulatory effect of peptide. The abbreviations are as follow:  Blood brain barrier (BBB), 

cholecystokinin (CCK), neuropeptide Y (NPY), agouti related protein (AgRP), Proopiomelanocortin (POMC), Cocaine- and 

amphetamine-regulated transcript (CART), peptide YY (PYY).

1.7 Avian stress system 

In birds, the hypothalamus plays a pivotal role in interpreting environmental factors such as stressors to 

generate appropriate response in food intake (Richards et al. 2010). Glucocorticoids in general have a 

profound effect on carbohydrates, lipids and protein metabolism (Bamberger et al. 1996). They are involved 

in body homeostasis and the response of individual to stress by stimulating the release of energy store by 
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promoting glucose mobilization and lipolysis (Harvey et al. 1986). Remage-Healey and Romero (2001) 

reported that in birds both insulin and corticosterone interact to regulate glucose and triglycerides levels 

during stress situations. Similarly, studies in poultry have shown that corticosterone reduced food intake 

(Yuan et al. 2008). Additionally, El-Lethey et al. (2001) reported that corticosterone increases food intake in 

chickens. Liu et al. (2012) demonstrated that in corticosterone exposed laying hens, CCK levels reduced 

food intake. 

Unlike their effect in mammals, El-Lethey et al. (2001) demonstrated that corticosterone increases food 

intake in chickens. Moreover, plasma corticosterone was found to be elevated after 24h of food deprivation 

in adult chickens (Scanes et al. 1980). Having said that, it should be noted that the response of corticosterone 

to fasting varied depending on the individual energy reserves as well as their past experience (Webster 

2003). Liu et al. (2012) demonstrated that corticosterone exposed hens showed decreasing levels of POMC 

mRNA. Furthermore, Byerly et al. (2009) showed also that chickens treated with corticosterone had lower 

POMC levels in the hypothalamus. On the other hand, gut peptides (e.g., CCK) in 7-day old chicks was 

found to be unchanged even after receiving icv injection of corticosterone which suggest that gut peptides in 

poultry might not be the target of glucocorticoids for peripheral control of food intake (Liu et al. 2012). 

1.8 Food hoarding 

Hoarding (also called caching/storing) is the act of storing food items either in one place or in different 

locations for times when food sources are scarce (Sherry 1985). By storing surplus food items, individuals 

will ensure having a reliable food source for times of high energetic demands (Morse 1980). As reviewed by 

Vander Wall (1990) food hoarding has been observed in several animal phyla: thirty mammalian families 

such as shrews, foxes, monkeys, tigers and bears, in avian species (titmice, hawks, owls, woodpeckers and 

jays) and also in Arthropoda (bees, spiders, ants and several species of wasps). 

Animals are faced every day with energetic challenges that they need to cope with to ensure both the 

survivability of their offspring and increasing their reproductive fitness. The environment around individuals 

fluctuates annually. Thus, they need to adapt with those changes in order to survive to the next day. For 

instance, in the northern hemisphere regions, winter seasons are characterised by very long nights combined 

with drastic drop of temperature. Surrounded by those factors, the danger of death by starvation is elevated 

particularly for animals that are smaller in size. Some might argue that the immediate consumption of food 

items once found are the best way to eliminate the chances of starving. However, sometimes it might not be 

possible to consume all the food that is found due to stomach capacity constraint. 

Moreover, as mentioned above having food stashed away assures food availability for times when 

environmental conditions change and might restrict an animal’s access to food sources (Vander Wall 1990). 

In addition, hoarding itself is more energetically efficient in a sense that unlike eating, it does not require the 

act of digestion to convert the food to lipid deposits that would need to be mobilise from its site of storage to 

be utilise once needed (energetically costly) (Bartness et al. 2011). Also, having an external energy source 
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means that the individual could avoid the increase of body mass (that comes with increased lipid stores) 

which means being more agile in avoiding predators. On the other hand, hoards face the danger of spoilage 

and theft by other animals (Vander Wall 1990).

The pattern of hoarding is divided into two types: those who concentrate their stashes into one place and are 

called larder hoarders, and those who spread and disperse food into several locations and are so-called scatter 

hoarder (Vander Wall 1990). The first type employs the animal spending more energy to protect and relocate 

their food items (Jenkins et al. 1995), while the second type depends heavily on having a strong spatial 

memory to remember where the food is stored. Sherry and Vaccarino (1989) were able to demonstrate that 

similar to mammals, lesioning of the hippocampus (the main part of the brain linked to memory) of 

chickadees lead them to perform poorly in trials of cache recovery. They would store food items similarly to 

intact birds, but their retrieval attempts were not accurate. 

Over the years, investigations have been undertaken to try and understand why some species hoard while 

others do nor and how hoarding behaviour has evolved? Theories have emerged in the late 1970s to explain 

the rationale behind scatter hoarding. Those were mostly based on the assumptions that the individual should 

at least retrieve a sufficient proportion of its stored hoard in order to repay the effort spent to hide it for it to 

be beneficial thus have the potential to evolve (Vander Wall and Jenkins 2003). The functional theory looks 

at the conditions when food hoarding is adaptive. Roberts (1979) have suggested several points to summarise 

how food storing behaviour might have been selected: a. in species that reside in seasonal environments. As 

mentioned above, in northern temperate latitudes that experience strong seasonality, changes in daylight and 

temperature combined with food shortage favours caching behaviour (Fretwell 1972). This comes from the 

fact that species that do not migrate are obligated to find ways to survive harsh winter. b. hoarders are mostly 

territorial. According to Brown (1964) storing behaviour is costly and adaptations are necessary to increase 

the benefits to buffer those costs. Being territorial is cost effective in a sense that it protects stored food from 

other animals. c. hoarders developed characteristic behaviours that enhances the retrieval of stored food. This 

statement could be explained in accordance with smaller co-adaptations showed by the species linked to their 

life histories (Roberts 1979). For instance, acorn woodpeckers are likely to store one or few acorns usually in 

the centre of their territory, and according to Ritter (1938) they tried several holes before finding the perfect 

one where they could wedge several items so competitors would find it hard to get, and apparently no other 

species showed this behaviour (McRoberts and McRoberts 1976). 

The mechanistic explanation of food hoarding looks mainly at the mechanism behind food hoarding. One 

aspect is the deficit hypothesis.  This hypothesis was proposed by Morgan et al. (1943). According to his 

theory, the animal would hoard in accordance to growing energetic shortage that would eventually reach a 

threshold after which food hoarding is triggered. This hypothesis seems to hold a similar principle to the 

lipostatic hypothesis, which states that food intake is stimulated and driven by shortage of fat stores 

(Kennedy 1953). Although the deficit hypothesis might explain some hoarding events, Bartness and Day 
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(2003) viewed hoarding behaviour from a metabolic control perspective, even though hoarding and food 

intake are not mutually exclusive. They proposed that the signals that trigger hoarding/foraging are generated 

mainly from neuropeptides, gut hormones, as well as other circulating factors that are associated with the 

movement of nutrients from one organ to the target tissue to be oxidised. Their theory implicated the 

involvement of external and internal cues that affect food-hoarding behaviour. So why do birds hoard? 

For most animals living in higher latitudes, the winter season entails many problems. Along with the 

increasing energy requirements due to the drop in temperature, food sources start to decline as well as the 

foraging and feeding time windows shortens (due to short photoperiod). It becomes curtail for those animals 

that reside in their environment to undergo not only physiological but also behavioural changes to survive 

those periods (Broggi et al. 2003). During harsh conditions, fat is the best fuel source to be used as it releases 

far more energy once metabolised. On the other hand, it is quite costly and risky to carry the maximum 

amount of fat stores because it might make them more vulnerable to predators as well as causing restricted 

locomotion (Wells 1993). Since storing energy internally is inefficient in this case, having an external source 

(as hoards) provides another option. And unlike larder hoarding, having a food source dispersed means that 

if it was taken by other individual the loss is negligible (Brodin 2010). Hurly (1992) suggested that 

individuals that are energetically stressed tends to increase hoarding behaviour. In addition, it was found that 

Carolina chickadees and tufted titmice store food more as their body weight fall (Lucas 1994).  

1.8.1 Photoperiod effects

It is believed that short days stimulate food hoarding behaviour in many animals living in the mid to high 

latitudes (Barry 1976). That effect was assumed to be mediated via sex hormones (testosterone and 

estrogen). It is known that sex steroids increase in the circulation as the gonads develop to prepare the 

individual for breeding, but then declines as those gonads regress after the breeding season (Vander Wall 

1991). According to Nyby et al. (1973), the elevation of the sex hormones exerts behavioural effects in that 

higher levels supresses hoarding in Mongolian gerbils. Similar findings were also observed in birds. 

Increasing day length is associated with the onset of breeding and when autumn/winter approaches an 

increase in storing behaviour is found as gonads regress (Gwinner 1989). That been said, chickadees housed 

in long days stored less food in comparison to those housed in short days regardless of their reproductive 

status (MacDougall-Shackleton et al. 2003). That finding implies that gonadotrotropin and sex steroid 

hormones, contribute to controlling seasonal changes in reproductive state, but do not play a central role in 

regulating seasonal changes in food storing behaviour (MacDougall-Shakleton et al. 2003). However, that 

does not mean that we could rule out the possibility that the reproductive state itself may affect caching 

behaviour.

1.8.2 Temperature

In boreal forests, temperatures are extremely low for a very long time. On top of that, small passerines have a 

larger surface area for heat exchange which means they need to increase their metabolism in order to 
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maintain a stable body temperature (Brodin et al. 2017). To meet those higher energy requirements, they 

need to store more fat, which is not ideal since it decrease their agility and ability to escape predators 

(McNamara and Huston 1990). It is because of the higher metabolic rates that birds increase their foraging 

routine not only to feed but also to build an energy source (hoards) that could be use in later times to protect 

themselves from starvation especially at night (Pravosudov and Grubb 1997). 

1.8.3 Food availability 

It appears that food availability is the strongest stimulus for hoarding behaviour in nature (Vander Wall 

1990), and is the factor most easy to manipulate in the laboratory when studying the underling neural and 

physiological mechanisms of food hoarding. Having said that, hoarding also seems to occur when food 

sources are in excess. Thus, the surplus food is stored for periods when energetic demands exceed available 

recourses and that is when additional food is needed so the individual can sustain itself (Vander Wall 1990). 

The energetic demands of an individual fluctuate according to behavioural states, reproductive and circadian 

cycles.  Although some might argue that food deprivation conducted in laboratory experiment does not occur 

naturally for animals, one could envision that there might be times spent by a foraging animal searching for 

food (Bartness et al. 2011). Food availability changes in free-living conditions, it increases with pulse 

production and decrease because of the action of microbes and foragers (Vander Wall 1990). 

Most of our understanding of the control of food hoarding behaviour comes mainly from the mammalian 

literature and specifically from studies in hamsters. Much research has been done in the last decade in regard 

to how ingestive behaviour is regulated in rodents because they are more similar to humans. The roots of 

hoarding studies extend as far back as 1939 when Wolfe demonstrated that this behaviour is quantifiable. 

Although he used rats in his experiments (which are known to carry food), there was some controversies as 

to whether rats could be classified as “hoarders”. Soon after this study, Morgan et al. (1943) proposed the 

deficit hypothesis to explain what trigger hoarding. He suggested that the main force behind hoarding is not 

dependent on the usage of metabolic fuel; rather it is based on the overall decrease of the fuel used. 

Hoarding behaviour appears to occupy a vital position in Siberian hamster’s energetic repertoire (Wood and 

Bartness 1996). Living in the temperate zone, Siberian hamsters show a variety of responses triggered by the 

extreme changes in the environmental conditions. While in summer, they actively breed and show peaks in 

body mass, body fat and food intake (Bartness and Wade 1985), in winter they are reproductively quiescent, 

have lower body mass, fat and food intake (Wade and Bartness 1984). Additionally, hamsters show 

physiological and behavioural responses to changes in food availability by increasing food hoarding. Similar 

to food intake, hoarding is mainly controlled by the signals exchanged between the central and peripheral 

systems. Nutrients affect the CNS, while peripheral hormones are release affecting the brain directly or 

through sensory efferents projecting to the brain (Bartness et al. 2011). Changes in neuropeptide secretions 

can affect the periphery causing changes in adiposity, hormone release and behaviour.     



40

1.9 Central control of food hoarding

Unlike laboratory rats and mice (Bartness and Demas 2003), hamsters do not overeat when food deprived 

(Bartness et al. 1995), instead they increase food hoarding (Silverman and Zucker 1976). The mechanisms 

underlying this fasting-induced increase in food hoarding has been the focus of many studies, especially the 

central control aspects of it. Food deprivation seems to alter a wide array of neuropeptides that are involved 

with energy balance. The most well studied neural populations that were found to change in response to food 

deprivation are: 1) NPY and AGRP (hunger neurons) 2) POMC and CART (satiety neurons) that both reside 

in the ARC of the hypothalamus. Schwartz et al. (1995) demonstrated that in Siberian hamster’s food 

deprivation increased NPY and AGRP expression. On the other hand, fasting seems to inhibit the expression 

of POMC (Reddy et al. 1999) and CART (Khorooshi et al. 2008) in hamsters. It should be noted that those 

changes in the gene expression do not necessarily translate into changes in the protein synthesis or release, 

but seems to be consistent with such change (e.g., food deprivation increases the release of NPY from the 

PVN) (Bartness et al. 2011). Day et al. (2005) demonstrated that 3rd ventricular injection of NPY 

significantly increased food hoarding in Siberian hamsters (300%-1100%). The explanation for such a large 

increase is related to the fact that central injection of NPY mimics the pattern of elevated food intake after re-

feed following a fast (Marı́n Bivens et al. 1999). The action of NPY is mainly mediated by the action of its 

receptor subtype Y1, as an injection of Pro34 (NPY Y1 receptor agonist) into 3rd ventricular increased food 

hoarding in hamsters, while DTrp34 (NPY Y5 receptor agonist) increased food intake (Day et al. 2005). 

Dailey and Bartness (2009) investigated the brain area whereby NPY exert its effect on food deprivation 

induced increase in hoarding. They found that microinjection of BIBO 3304 (NPY Y1 receptor antagonist) 

into PFA but not the PVH completely blocked the food deprivation induced increase in food hoarding. 

Co-expressed in same ARC neurons as NPY, AGRP expression was found to increase with food deprivation 

in Siberian hamsters (Mercer et al. 2000). Moreover, as mentioned in the food intake section, it is in fact the 

competition between the AGRP and the α-MSH for the melanocortin 3- and 4-receptors (MC3/MC4-Rs) that 

the action of AGRP is exerted. According to Day and Bartness (2004), a single 3rd ventricular injection of 

AGRP had a marked effect on several behaviours in Siberian hamsters. These included, increased foraging 

(75~400%), food intake (100~150%) but most notably food hoarding (200~1200%). These results suggest a 

greater contribution of the melanocortin system in inducing food-seeking behaviour, and in the case of 

Siberian hamster the outcome of foraging is increased hoarding rather than food intake (Day and Bartness 

2004).  This apparent difference in ingestive behaviour fits the well-known response of hamsters to re-

feeding after a fast of increasing food hoarding (Day and Bartness 2003). Since AGRP gene expression is 

elevated in the ARC due to food deprivation in Siberian hamsters (Mercer et al. 2000), it is more likely that 

AGRP has a significant role in the post fast-induced increase in food hoarding and foraging. It is noteworthy 

that, the AGRP effect on stimulating food hoarding is prolonged (5-7 days) which is similar to its ability to 

elicit longer sustained increase in food intake in laboratory rats (Hagan et al. 2000). On the other hand, NPY 

causes early but short-lived increase in food hoarding (1-2 days) (Dailey and Bartness 2009). 
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It is well-known that food deprivation/fasting is a potent stimulator for food hoarding and is accompanied by 

an increase in γ-aminobutyric acid (GABA), which is a major inhibitory neurotransmitter in the 

hypothalamus (Kamatchi and Rathanaswami, 2012) and nucleus accumbens (Meena et al., 2009). The 

relationship between food storing and GABA was established by Mogenson and Wu (1988) in male rats (not 

natural hoarders) where it was found that an injection of GABA into the subpallidal region decreased food 

hoarding. Like hamsters, Mongolian gerbils do not overeat when food deprived. Instead, they over hoard 

(Schneider et al. 2007). 

1.10 Peripheral control of food hoarding

In the previous section, we focused on the CNS control of food hoarding, but it is very important to establish 

a distinction between the peripheral and central controls that aid in the regulation of hoarding behaviour. 

Similar to food intake, there is a wide array of gut peptides that are secreted in response to both 

environmental factors as well as internal cues within the body reporting the energetic status of an individual. 

Indeed, those peripheral release hormones cause local and global effects on the overall behaviour of an 

animal. 

1.10.1 Gut peptides

The predominant form of CCK in rodents is either CCK-33 (Linden et al. 1989) or CCK-58 (Reeve et al. 

2003).  Studies had shown that the administration of CCK-33 inhibited both food intake and food hoarding 

of Siberian hamsters (Teubner and Bartness 2010). While it is known that CCK exerted its satiety effect 

through the inhibition of gastric emptying via its binding to its receptor at the vagus nerve (Raybould 2007), 

the mechanism by which it effects hoarding behaviour is unclear. It could be via a similar route, but it could 

also be due to a more different process. We are yet to fully understand the different aspects regulating and 

controlling hoarding. 

It is worth noting that till this date, we are still lacking data regarding the actions of other gut peptides on 

food hoarding (e.g., PYY, insulin and glucagon) in both mammals and birds.

1.10.2 Stress system 

The mechanisms whereby glucocorticoids exert their effect on neuro/ and gut peptides in hoarding birds is 

yet to be understood. It is well-known that chronic stress and elevated levels of corticosterone are associated 

with negative effects on cognitive abilities (Sapolsky 1996). However, there are situations when stress is 

considered beneficial and a survival mechanism where it increases the fitness of an individual. Short-term 

food deprivation was shown to cause increasing levels of corticosterone (Harvey et al. 1984). Hurly (1992) 

showed by using a functional model, that it is adaptive for individuals to hoard food when food source is 

unpredictable. Having said that, it should be noted that there is no mechanistic link between unpredictable 

food source and food hoarding. So, the elevation in corticosterone levels is undoubtedly a response to the 

variability in food sources (Pravosudov and Lucas 2001). According to all those observations, it is tempting 

to think that the unpredictability of food produces internal signals that increase corticosterone levels leading 
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to increased food hoarding behaviour. Yang et al. (2014) demonstrated that female Mongolian gerbils that 

have high tendencies to hoard exhibit this behaviour because of being stressed as they were food deprived for 

22h. The stress induced by fasting led to the activation of the HPA axis. The net result of HPA activation is 

the release of glucocorticoids (Tsigos and Chrousos, 2002). Studies showed that food deprivation increases 

circulating corticosterone in both rodents (McGhee et al. 2009) and birds (Pravosudov 2003). This was 

further proven in the Mongolian gerbil experiment (Yang et al. 2014). The authors showed that females with 

high hoarding tendencies had a higher level of corticosterone in comparison to those with low hoarding 

tendencies suggesting that corticosterone are in fact involved in facilitating food hoarding behaviour. 

Silverin (1998) observed that in resident parids that cache food when food sources are limited/unpredicted, 

an increase in corticosterone levels were recorded. He noted that willow tits (Poecile montanus) (small 

caching bird) showed twice as high baseline corticosterone during harsh winter months when foraging trips 

were most energetically demanding. Similarly, Pravosudov (2003) demonstrated that the moderate elevation 

of corticosterone in mountain chickadees (Poecile gambeli) facilitated food hoarding and enhanced food 

retrieval. Additionally, referring back to hierarchy and food hoarding, there is a mixed view in the parids 

literature on dominant / subordinate dynamics and food storing. On one side, it is predicted that because 

subordinate individuals face greater uncertainty in foraging success thus having higher corticosterone, this 

leads them to store more (Pravosudov and Grubb, 1997). On the other end, some studies showed that 

dominants store more (Pravosudov 1985). Indeed, if food is scarce, the bird that can access the food (the 

dominant birds) will be the only ones who have enough of it to hoard. 

Whether limited food source cause corticosterone levels to rise or the elevation comes from increased 

foraging behaviour remains to be answered. 

To this point, most of the research in the field of the neural mechanisms underlying hoarding behaviours has 

been done in hamsters. And bird, basic knowledge of mechanisms regulating food intake has come from 

studies of domestic chickens. Less is known about how brain and gut peptides behave in wild small 

songbirds in relation to changes in the nutritional status of the individuals.  However, wild songbirds are one 

of the best studied groups in the fields of ecology, behaviour and physiology related to hoarding in 

comparison to other hoarding animals (Brodin 2010). In particular, unlike hamsters, there are closely related 

species in families such as the Paridea that exhibit either hoarding or non-hoarding behaviour. This provides 

the opportunity for informative comparative studies. Thus, the aim of this PhD is to: 1. compare the presence 

and distribution of gene expression of neuropeptides and gut peptides between hoarding and non-hoarding 

titmice with other avian species. 2. Establish how neuropeptide and gut peptide gene expression is influenced 

by fasting and re-feeding. 3. Investigate whether there is a correlation between gene expression and different 

ingestion behaviour. 4. Identify candidate peptides genes that could be responsible to distinguish hoarding 

from non-hoarding birds. By subjecting individuals to unpredictable food treatments (fasting and re-feeding), 

recording their behaviour, quantifying candidate peptide mRNAs that control appetite/or hoarding and then 
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comparing the outcome of the video analysis and statistical analysis we hope to pinpoint key peptide genes 

that might standout as different between hoarding vs. non-hoarding species. 

In the following chapters we will: 

- Investigate the distribution patterns of brain and gut peptides that regulate the appetite system in 

relation to other avian species (chapter 2). 

- Compare peptide gene expression in response to a fasting and re-feeding regime between hoarding 

vs. non-hoarding species (chapter 3). 

- Establish whether there is a correlation between different ingestive behaviours and brain and gut 

gene expression (chapter 4).  
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Chapter2. Distribution patterns of different brain and gut 

peptides in great tits Parus major 

2.1 Avian appetite system

For resident passerine birds that spend winter in the temperate zone and do not migrate, fat reserves are 

considered one of the most crucial fuels that serve as an important buffer against starvation during harsh 

conditions (Witter and Cuthill 1993). One would speculate that those small birds would maximise their 

energy reserves as body fat to counteract the fluctuating environmental conditions. Between the increasing 

risk of starvation, and their need to reach certain evening mass, individuals are expected to enhance their 

foraging efforts early in the morning to buffer against the loss of foraging opportunities in the afternoon 

(Lilliendahl 2002).  However, individuals maintain a much lower fat reserve (Witter and Cuthill 1993) which 

implies the possibility of a cost for maintaining or carrying larger body mass. One example of a risk of 

carrying much fat reserve is predation (Lima 1986). Having said that, it is well documented that small birds 

use between 5-10% of their body mass in fat (King 1972). To do so, small songbirds need to have a well-

orchestrated appetite system to ensure appropriate signal flow between the external and the internal 

environment. While chickens and Japanese quail can survive periods of low food availability due to their 

size, passerine birds have a higher metabolic rate, thus it is expected that their appetite system might be 

regulated differently even though peptides regulating feeding behaviour and energy balance might be 

conserved between avian taxa. This different regulation may extend to the expression of hoarding behaviour 

in some passerine species such as titmice.

2.1.1 Hypothalamic neuropeptide 

Studies has shown that NPY stimulates food intake in several avian species: chickens (Kuenzel and 

McMurtry 1988), white-crowned sparrows (Zonotrichia leucophrys gabelii) (Richardson et al. 1995) and 

ring doves (Streptoelia risorii) (Strader and Buntin 2001). Those studies demonstrated that the dose range, 

magnitude of induced change, and time course effect of NPY’s stimulatory effect on food intake in those 

birds are comparable to those of laboratory rodents. We predict that in great tits, NPY levels would increase 

with food deprivation. 

AGRP is co-expressed with NPY and was shown to exert a similar orexigenic effect on food intake with its 

gene expression increasing with fasting/ food deprivation in Japanese quail (Philips-Singh et al. 2001). I.C.V 

injection of AGRP notably increased food intake in domestic chicks (Tachibana et al. 2001) and ring doves 

(Strader et al. 2003). McConn et al. (2019) demonstrated that Japanese quail fasted for 3h showed an 

increase in AGRP mRNA levels. The stimulating effect of AGRP on appetite is through its antagonism to the 
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melanocortin receptor (MC4R) (Ueno and Nakazato 2016). Having said that, little information is known 

about the action of AgRP action in passerine birds. We predict that in great tits, food deprivation would 

elevate AgRP gene expression. 

Finniss et al. (2000) demonstrated that in rats POMC mRNA is decreased following food deprivation. That 

decrease is parallel to the changes that occurs on the levels of its peptides α- and γ- melanocortin stimulating 

hormones and the firing frequency of POMC neurons. The action of POMC is mediated via bind to its 

receptor MC4R (Ling et al. 2004). There is limited consistent information regarding the contribution of 

POMC in food intake in birds overall and passerines specifically. However, the inhibitory effect of POMC 

on food intake in chicken and ring doves has been confirmed to be due to POMC being a potent agonist 

competing with AGRP to bind to NMC4R (Strader et al. 2003). 

2.1.2 Hindbrain neuropeptide

In neonatal chicks, proglucagon mRNA has been found in the medulla oblongata (Tachibana et al. 2005). 

Food deprivation was found to downregulate the mRNA gene expression of the proglucagon in the medulla 

oblongata which suggests that the endogenous proglucagon derived products are responsible to regulate and 

control feeding behaviour in neonatal chicks (Tachibana et al. 2005). Studies in neonatal chicks (Furuse et al. 

2007) and Japanese quail (Shousha et al. 2007) demonstrated that i.c.v administration of GLP-1 supress food 

intake by the activation of the ventromedial nucleus (VMN) Fos expression (Tachibana et al. 2004). 

However, little is known about the involvement of proglucagon in passerine birds. We predict that similar to 

chicks and Japanese quail, proglucagon would be elevated in fed individuals. 

There are a few peptides that are classified as having dual actions both in the brain and the gut and CCK is 

one of those peptides (Vanderhaeghen et al. 1975). Localised in the hindbrain, CCK there is evidence that it 

contributes to memory, learning and satiation (Herness and Zhao 2009). According to Herness and Zhao 

(2009) the central action of CCK neuropeptide on the appetite system might be due to its expression in the 

taste buds where it contributes to the bitter transduction cascade. This suggests that CCK participate in 

tastant information processing in the mouth. So, we could assume that through CCK bitter taste processing 

while having a meal that satiation signals are generated. Having said that, very little is known regarding the 

central actions of CCK in passerine. However, we predict that fed individuals would have higher CCK 

mRNA levels.  

We are not aware of any information on the action and gene expression of POMC in the hindbrain in any 

avian species. However, we could speculate from rodent studies (Fan et al. 2004) that hindbrain POMC 

suppresses appetite just as for hypothalamic POMC 
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2.1.3 Gut peptide 

2.1.3.1 Cholecystokinin (CCK)

In the previous chapter, we explicitly talked about CCK tissue distribution, function, and the mechanism 

behind the CCK satiety effect in mammals and poultry. However, less is known about the action of CCK in 

passerines which is the main core of this chapter. 

Richardson et al. (1993) demonstrated that, similar to mammals, CCK has an anorexic effect in white- 

crowned sparrows. This anorexigenic effect was dose dependent and specific to food intake but not water 

intake. The suppressing effect of CCK in mammals is mostly due to its role in increasing gallbladder 

contraction, gut motility and gastric emptying (Miyasaka and Funnakoshi 2003), and its binding to its 

receptor CCL-1R in the vagus nerve. We predict that CCK mRNA expression levels would elevate with 

increased food intake. 

2.1.3.2 Glucagon (GCG)

In the general introduction, we detailed the process of glucagon cleaving and showed how the products are 

distributed in the body and the function of each peptide within specific tissues. However, it is worth 

mentioning that there are no data in the passerine literature that addresses the splicing product of GCG which 

is GLP-1. 

 Glucagon is a well-known satiety peptide (Honda et al. 2007) increasing when individuals are food deprived 

in poultry (Dupont et al. 2008). Being food restricted means that birds are expected to rely heavily on the 

catabolic pathways to replenish their depleted energy stores (Totzke et al. 2000).  Thus, in challenging 

situations, glucagon becomes overly sensitive switching to its hyperglycaemic and lipolytic actions (Mialhe 

et al. 1997). Once stimulated glucagon starts increasing circulating glucose, free fatty acids and β-

hydroxybutyrate levels, increasing fat deposition, signalling satiety and insure higher survival rate during 

longer nights in garden warblers (Totzke et al. 2000). As for passerines, we predict that glucagon gene 

expression would be elevated in fed individuals. 

2.1.3.3 Peptide YY (PYY)

Peptide YY was first isolated from the small intestine of chickens in 1992 (Conlon and O’Harte 1992). PYY 

immunoreactive cells were detected in both the duodenum and jejunum of chickens (El-Salhy et al. 1982). 

PYY mRNA levels were higher in chickens under ad libitum feeding in comparison to a 12h fasting 

condition (Aoki et al. 2017). In addition, PYY levels were significantly higher in satiated broiler layer hybrid 

chicken in comparison to individuals subjected to 11h fasting (Reid et. Al 2017). To this date nobody has 

studied PYY gene expression in songbirds. However, we predict that in great tits, PYY mRNA levels would 

increase in fed individuals. 

2.1.3.4 Insulin (INS)

Peripheral administration of insulin has been shown to suppress food intake in chickens (Smith et al. 1974). 

In addition, insulin in blood circulation was observed to decrease with fasting in birds (Christensen et al. 
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2013). Honda et al. (2007) demonstrated that central administration of insulin decreases food intake in one-

day old male chicks. Shiraishi et al (2008) proved that the inhibiting effect of insulin on food intake in day 

old male chicks was significantly reduced after the ICV administration of selective melanocortin antagonist 

such as (SHU9119 or HS014). This attenuated effect is mainly due to the fact that ICV injection of insulin 

stimulated the expression of POMC, while suppressing NPY gene expression (Shiraishi et al. 2008). 

Shiraishi et al. (2011) demonstrated that NPY neurons expressed insulin receptor mRNA in Japanese quail, 

and given that generally AgRP is co-expressed with NPY, we might expect those receptors to be expressed 

there as well, hence the insulin effect on appetite is governed. We predict similar results in insulin mRNA 

gene expression in great tits. Insulin mRNA would increase with increased food intake and decrease with 

fasting.

As a first step for us to understand how peptides involved in the regulation of food intake may also control 

hoarding behaviour, we need to identify peptides involved in the appetite regulation of titmice in general for 

us to know if they are involved in hoarding behaviour as well.

Thus, we started by studying great tits (Parus major) because they are not only closely related to the 

hoarding birds we are interested in, but also because their genome sequence information is readily available 

in databases making it easy for us to design the correct primers to measure expression of mRNAs of interest 

in response to nutritional manipulation. We predict that the same brain and gut peptide as in chickens and 

quails are sensitive to reduced food availability, and that sex differences should not influence how peptides 

respond to changes in the nutritional state of individuals given that male and female titmice are of a similar 

size.

Thus, we hypothesise that both NPY and AgRP gene expression will be increased with food deprivation, 

since their encoded peptides have been well established as hunger signals in birds (Richardson et al., 1995). 

In contrast, we predict that hypothalamic POMC, and hindbrain POMC, CCK and GCG mRNAs (Shousha et 

al., 2007) are decrease during fasting because their encoded peptides signal satiety. Similarly for gut 

peptides, CCK, PYY, GCG and INS are all satiety signals expected to decrease with feeding. However, in 

the pancreas, we expect GCG expression to increase during fasting because of the role of pancreatic 

glucagon peptide in energy release.
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2.2 Methods

2.2.1 Animals

Sixteen great tits (Parus major) (10 females and 6 males) were caught in woodland near Newcastle upon 

Tyne, UK, under a permit from Natural England (2017-31219-SCI-SCI) between October/ November 2017, 

using mist nets. The birds were transported after capture to climate chambers at Newcastle University where 

they were placed into aviaries where light and temperature were controlled. Each bird received a distinct 

colour ring for identification. Once in captivity, birds were placed on a 11L:13D light/dark cycle lights (on at 

10:00) and with temperature maintained at 15℃. Birds were fed ad libitum with a pre-made food mixture 

(pine nuts, sunflower seeds, crushed peanuts, mealworms, wax worms and Orlux Insect Patee) with water 

available for drinking and bathing. On average the birds were kept for two weeks (the overall median was 13 

days and the range was 10-22 days) before being humanely killed for dissection. The different captivity 

duration was due to the birds being captured and brought into captivity at different times. The choice of 2 

weeks habituation period was based on previous studies done in our lab where it was shown this period was 

enough for small wild songbirds to show normal foraging and eating behaviour and to respond to 

unpredictable food by increasing food intake and hoarding (Henderson et al. 2018). Thus, when the birds 

were brought at first to the aviaries, they were given food ad lib. However, the food source was made 

unpredictable once placed in the cages to mimic the conditions in their environment. So, we predict that the 

stress of bringing birds from the field to laboratory conditions might not subject them to drastic stress 

because those songbirds exhibit strong resilience when it comes to drastic changes in their environment.   

Birds were humanely killed using a United Kingdom Home Office Schedule 1 method of lethal 

intraperitoneal injection of sodium pentobarbital (Euthatal) either immediately before lights on (fasted) 

having not fed during the night, or after being allowed to feed for 4h after lights on (fed). Birds were 

dissected in batches of four at intervals between October and early November, 2017, with each batch being 

balanced across both the sex and treatment. The body mass of the birds was recorded immediately before 

dissection.

2.2.2 Tissue collection

Tissue samples were dissected from each individual and were stored in RNAlater (Sigma-Aldrich) at -80℃ 

until further analysis. The tissue analysed were hypothalamus, hindbrain, proventriculus, gizzard, antrum, 

duodenum, pancreas, proximal jejunum, distal jejunum, ileum, caecum and rectum (Figure 1). For the 

gizzards, they were cut and inspected to determine whether it was full or empty to decide the feeding state of 

the individual at the time of dissection.
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Figure 1: Photograph of a great tit digestive system showing the different parts of the gut dissected.

Table 1: Minimum Information for Publication of Quantitative Real-Time PCR Experiments (MIQE) listing the extracted 

tissues, number of fasted/ fed individuals, mean RNA concentration for each tissue and mean 260/280 ratio

Tissue Sample size fed Sample size 

fasted

Mean RNA 

concentration 

(ng/l)

Mean 260/280 

ratio

Hindbrain 6 6 739.25 1.96

Hypothalamus

Proventriculus              

6

6

6

6                               

418.96

1505.25                    

1.95

1.90

Gizzard 6 6 1349.12 1.93

Antrum 6 6 1637.11 1.93

Duodenum 6 6 3433.13 1.90

Pancreas 6 6 1362.28 1.86

Proximal Jejunum 6 6 1314.50 1.92

Distal jejunum 6 5 1399.15 1.94

Gizzard

Proximal jejunum 

Distal jejunum 

Rectum

Ileum

Pancreas
Duodenum 

Antrum
Proventriculus

Caecum
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Distal ileum 6 5 1039.63 1.95

Caecum 6 4 866.48 1.94

Rectum 6 4 1365.10 1.95

2.2.3 RNA extraction and reverse transcription

Total RNA was extracted from each tissue. Samples were homogenised in 1ml TRIsure (Bioline, London, 

UK) with 2mm Bashing Beads (Zymo Research, Cambridge Bioscience, Cambridge, UK) using a FastPrep 

FP120 Instrument (MP Biomedicals, Fisher Scientific, Leicester, UK). The aqueous phase was loaded onto 

Direct-zol RNA miniprep columns (Zymo Research) following the manufacturer’s instruction that included 

on-column DNase treatment. The RNA concentration eluted was measured using a NanoDrop Lite 

spectrophotometer (Thermo Fisher Scientific, Cramlington, UK) and the RNA was stored at -80℃ for later 

analysis.

  

The total RNA was reverse transcribed using a SensiFast cDNA Synthesis Kit (Bioline) following the 

manufacturer’s protocol. In brief, the master mix was prepared using 1µg of RNA, 1µl of reverse 

transcriptase, 4µL of 5×TransAmp buffer and the appropriate volume of RNase/DNase free water was added 

to create a total volume of 20µl per reaction. The tubes were placed in a Thermo Scientific Arktik PCR 

machine programmed as follows: 25℃ for 10min, 42℃ for 15min, 85℃ for 5min to yield cDNA which was 

diluted with 15µl water to a final volume of 35µl before being stored at -80℃ for the later gene 

quantification. 

2.2.4 PCR primers

For each gene of interest, National Centre for Biotechnology Information (NCBI)- primer- BLAST software 

was used to design the primers using great tit genome reference sequences (Table 1). 

Table 2: Primers used for real-time PCR designed using great tit (Parus major) genome sequences for tyrosine 3-

monooxygenase/tryptophan 5-monooxygenase activation protein zeta (YWHAZ), peptide YY (PYY), cholecystokinin (CCK), 

preproglucagon (GCG), insulin (INS), agouti-related protein (AGRP), pro-opiomelanocortin (POMC) and neuropeptide Y (NPY).

Gene Accession Primers Product size (bp)

YWHAZ XM_015617837 Forward:

GGAGCCCGTAGGTCATCTTG

Reverse:

GCAACCTCAGCCAAGTAACG

242

PYY XM_015616308 Forward:

TCACGGTTCGATGACGACTC

125
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Reverse:

GAGTCGTCATCGAACCGTGA

CCK XM_015649630 Forward:

TCCAGCAAGCCAGAAAAGGT

Reverse:

GCGTCCAAAATCCATCCAGC

122

GCG XM_015633925 Forward:

GCAATGCAATCTCCAAGCGT

Reverse:

TCCATTCACCAACCAAGCGA

125

INS XM_015629749 Forward:

CCACTTGGTGGAAGCTCTGT

Reverse:

CAGGTGTTGTGGCAGCATTG

192

AGRP XM_015639942 Forward: 

CTCTCTGCTTGGAGAGGTCAC

Reverse:

ACACCTCCTTGGCTTTCCTC

203

POMC XM_033518242 Forward:

GGAATCTCCGTTCCTTCCCG

Reverse:

GGGTTTTCCCCATCGGAAGT

238

NPY XM_015620265 Forward: 

CAACCTCATCACCCGACAGAG

Reverse:

ACTGGGGATGACGCTATGATT

214
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2.2.5 Sequencing of PCR products

The PCR products were sent for sequencing at the DBS sequencing facility at Durham University following 

their sequencing guidelines: 15µL of PCR product was mixed with 6µL of ExoSap-IT PCR-product clean up 

solution (Thermo Fisher). Both forward and reverse primers were used at a concentration of 3.2 pmol/µL. 

Sequencing confirmed amplification of the PCR products expected. This step was also done for amplification 

products from blue and coal tits to validate the use of the same primers across the three species.

2.2.6 Real time quantitative PCR

Real-time quantitative (qPCR) PCR was performed using the absolute quantification standard curve method. 

DNA standards were prepared by gel purification of PCR products. These were generated by end-point PCR 

performed in 25µL reactions including the following: 12.5µL 2× MyFi Taq polymerase (Bioline), 1µL of 

forward and reverse primers (0.4µM final concentration) and 2µL of cDNA from the sample. Four 25µL 

reactions were loaded onto a 2% agarose gel and, following electrophoresis, the PCR products were cut 

using a scalpel blade. A QIAquick Gel Extraction kit (Qiagen, Manchester, UK) was used to purify the PCR 

product DNAs according to the manufacturer’s protocol. The purified PCR standard DNAs were then 

quantified using a NanoDrop Lite spectrophotometer (Thermo Fisher Scientific).

Real-time PCR reactions were set up in 20 µL volumes including the following: 0. 4µM primers (Final 

concentration), 5 µL cDNA and 10µL 2× Sensifast SYBR No Rox solution (Bioline).

The qPCR reactions were carried out using a CFX Connect real-time PCR machine (Bio-Rad, Oxford, UK) 

with the following three-step cycling conditions: 95℃ for 2min, followed by 40 cycles of 95℃ for 5s, 60℃ 

for 10s and 72℃ for 15s. No- template controls were run in duplicate, and cDNA samples were run in 

singlicate for each gene within a single 96 well plate. Standards were used in duplicate to create the standard 

curve. Six 5-fold standard dilutions were used for each standard curve. Results were analysed using CFX 

Manager Software (Bio-Rad). Melting curve analysis confirmed the presence of a single peak for all the 

designed primer pairs. PCR reaction efficiencies for the used primers ranged from 97-107%. 

Gene expression values in gut tissues were calculated as a ratio of the reference gene tyrosine 3-

monooxygenase/tryptophan 5-monooxygenase activation protein zeta (YWHAZ) measured in the same 

individual samples due to its reliability in previous avian studies including gut tissues (Olias et al., 2014, 

Reid et al. 2017). For brain samples values were corrected by using the reference gene lamin B receptor 

(LBR) as we have shown this to be expressed stably in previous studies of gene expression in the brain 

(Dunn et al. 2015). 

The percentage coefficient variation (CV%) was calculated as shown for the example below which indicated 

that variation for the duplicate standards in the qPCR measurements, I made in this thesis was less than 1% 

which means that we can assume that this level of variation would also apply to my samples had they been 

performed in duplicate.
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Table 1: Experimental group distribution across the different treatments according to the gizzard fullness at the time of the 

dissection

Sex/ 

condition Males/ empty Males/ full females/ empty Females/ full

Numbers 3 3 6 4

2.2.7 Data analysis

Before the beginning of the analysis where it was relevant, a histogram plot was generated for the residual 

values to ensure the normality of our data when using parametric analysis.

The gene expression levels of PYY, CCK, GCG and INS were calculated using log10 gene ratios to the 

YWHAZ reference genes as used in similar gut tissue gene expression studies in chickens (Reid et al., 2017). 

The power of 10 was chosen for each gene according to the smallest number. So, CCK (102), GCG (102), 

PYY (103), INS (102) and GCG/INS ratio (103).

While NPY, POMC and AGRP were calculated using log10 gene ratios of the reference gene (LBR) (The 

choosing process is the same as YWHAZ). Similarly, to quantify CCK, GCG and POMC in the hindbrain we 

used LBR as a reference gene. It should be noted that the analysis was done after eliminating outliers. The 

outliers were identified as such: after doing log (gene/YWHAZ) for all individuals, occasional extreme 

values (products of technical errors) that were more than two standard deviations away from the mean and 

clearly lay outside the normal range of variation were termed outliers. Because technical errors are 

unavoidable, it was inappropriate to include those values in the analysis and this step is part of the standard 

quality control process we applied routinely.  Statistical analysis was performed using the Generalized 

Estimating Equations function in the SPSS statistical package (IBM 25). To correct for post hoc test, we used 

Bonferroni correction method to account for the multiple comparison. Most of the times interactions between 

different factors were included in the analysis, while in few they were removed due to their non-significance. 

The rule to remove the non-significant interactions was (specifically the 3-way): in a stepwise fashion, 

interactions were removed if p>0.1. No 2-way interaction were removed if the 3-way interaction was 

Standard 1 Standard 2 Standard 3 Standard 4 Standard 5

CT replicate 1 12.93 15.11 17.89 20.23 22.74

CT replicate 2 13.10 15.26 18.03 20.49 23.05

Mean 13.02 15.19 17.96 20.36 22.90

Standard 

deviation (SD)

0.12 0.11 0.10 0.18 0.22

CV% 0.92 0.70 0.55 0.90 0.96
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significant. Therefore, unless mentioned within the results, reader should assume that interactions were not 

included in the model due to their insignificance. 

Two groups of individuals were compared based on gizzard fullness (full versus empty) rather than fed or 

fasted feeding condition because one bird had an empty gizzard when sampled during the day. So, in the end 

our sample size was as follows: 6 fasted females, 4 fed females, 3 fasted males, 3 fed males.
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2.3 Results

2.3.1 Body mass

Body mass recorded immediately before dissection did not differ significantly between males and females 

(female, mean=13.63±2.42, males, mean=12.28±3.12, χ2 (1) = 0.084, p=0.772). There was also no main 

feeding effect on the body mass (empty gizzard, mean=13.08±2.75, full, mean=13.03±2.75, χ2 (2) = 0.0, 

p=0.990).

2.3.2 Housekeeping gene testing

Hypothalamus LBR 

Neither sex (females, mean= 9.31E-015 ± 1.03E-15, males, mean= 8.56E-015± 1.33E-15, �2(1) =0.192, p= 

0.661), nor gizzard fullness (empty, mean= 9.39E-015 ± 1.19E-15, full, mean= 8.48E-015± 1.19E-16, �2(1) 

=0.287, p= 0.592) had a significant effect on LBR gene expression in the hypothalamus. Additionally, there 

was no significant interaction between sex and gizzard fullness (�2(1) =3.16, p= 0.075).

Hindbrain LBR 

Neither sex (females, mean= 1.74E-014 ± 1.16E-15, males, mean= 1.41E-014± 1.1.50E-15, �2(1) =3.07, p= 

0.080), nor gizzard fullness (empty, mean= 1.51E-014 ± 1.34E-15, full, mean= 1.65E-014± 1.34E-15, �2(1) 

=0.515, p= 0.473) had a significant effect on LBR gene expression in the hindbrain.

 Additionally, there was no significant interaction between sex and gizzard fullness (�2(1) =0.695, p= 

0.405).

Gut peptide YWHAZ 

Main effect 

Neither sex (females, mean= 6.90 ± 0.07, males, mean= 6.69± 0.07, �2(1) =3.74, p= 0.053), nor gizzard 

fullness (empty, mean= 6.84 ± 0.07, full, mean= 6.76± 0.07, �2(1) =0.535, p= 0.464) had a significant effect 

on YWHAZ gene expression. However, there was a significant difference in YWHAZ gene expression 

between the different gut tissues (�2(9) = 26.98, p=0.001) (Figure 2).

Interactions

There was neither a significant interaction between sex and gizzard fullness (�2(1) =0.239, p= 0.625), nor 

sex with tissue (�2(9) =9.46, p=0.396). Also, no significant interaction between gizzard fullness and tissue 

was detected (�2(9) =14.06, p=0.120). Finally, no significant 3-way interaction was observed (�2(9) =3.75, 

p=0.927). 
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Figure 2: Pairwise comparison of tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein zeta

YWHAZ housekeeping gene across different gut tissues. Each bar represent mean ±SEM. 
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Table 2: Pairwise comparison of YWHAZ gene expression. Refer to the glossary for abbreviation. Green rectangles represent 

non-significant p-value

Look at the appendix page 228 to look at the stepwise deletion for each 

neuropeptide and gut peptide. 

2.3.3 Neuropeptides

2.3.3.1 Hypothalamus 

In the hypothalamus, we quantified the expression of the arcuate nucleus neuropeptide genes NPY, AgRP 

and POMC. 

There was no significant difference in NPY levels between males and females (females, mean= 5.12 ± 0.09, 

males, mean= 4.94± 0.11, �2(1) =1.42, p= 0.233). Similarly, NPY levels were not affected by gizzard 

fullness (empty, mean= 4.99 ± 0.10, full, mean= 5.06± 0.10, �2(1) =0.205, p= 0.651) (Figure 3-A). AgRP 

gene expression was not different between males and females (females, mean= 1.55 ± 0.11, males, mean= 

1.23± 0.14, �2(1) =3.10, p= 0.078). Gizzard fullness did not affect AgRP levels (empty, mean= 1.46 ± 0.12, 

full, mean= 1.32± 0.12, �2(1) =0.575, p= 0.448) (Figure 3-B). Sex did not interact significantly with gizzard 

fullness (�2(1) =2.44, p= 0.118).

The expression levels of hypothalamic POMC were not affected by sex (females, mean= 1.92 ± 0.11, males, 

mean= 1.65± 0.14, �2(1) =2.25, p= 0.133). In addition, POMC levels were not different between empty and 

full individuals (empty, mean= 1.78± 0.12, full, mean= 1.79± 0.12, �2(1) =0.002, p= 0.967) (Figure 3-C).  

 Prov Gizz Ant Duo Pan Prox.Jej Dist.Jej Dist. IL Cae Rect

Prov  p=1.000 p=1.000 p=1.000 p=0.981 p=1.000 p=1.000 p=1.000 p=0.940 p=1.000

Gizz p=1.000  p=1.000 p=1.000 p=0.113 p=1.000 p=1.000 p=1.000 p=1.000 p=1.000

Ant p=1.000 p=1.000  p=1.000 p=0.016 p=1.000 p=1.000 p=1.000 p=1.000 p=1.000

Duo p=1.000 p=1.000 p=1.000  p=0.763 p=1.000 p=1.000 p=1.000 p=1.000 p=1.000

Pan p=0.981 p=0.113 p=0.016 p=0.763  p=0.019 p=1.000 p=0.029 p<0.001 p=162

Prox.Jej p=1.000 p=1.000 p=1.000 p=1.000 p=0.019  p=1.000 p=1.000 p=1.000 p=1.000

Dist.Jej p=1.000 p=1.000 p=1.000 p=1.000 p=1.000 p=1.000  p=1.000 p=0.680 p=1.000

Dist. IL p=1.000 p=1.000 p=1.000 p=1.000 p=0.029 p=1.000 p=1.000  p=1.000 p=1.000

Cae p=0.940 p=1.000 p=1.000 p=1.000 p<0.001 p=1.000 p=0.680 p=1.000  p=1.000

Rect p=1.000 p=1.000 p=1.000 p=1.000 p=0.162 p=1.000 p=1.000 p=1.000 p=1.000  
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Figure 3: Comparison between the expressions of neuropeptide Y (NPY) (A), agouti-related protein (AgRP) (B) and pro-

opiomelanocortin (POMC) (C) in the hypothalamus. Values are presented as log10 ratio to lamin B receptor (LBR) using 

gizzard fullness as a variable. Empty (black bars), full (white bars). Each bar shows mean ± SEM.

Both AgRP and POMC producing neurons are located in distinct non-overlapping area within the ARC and 

compete for the same receptor. Studies in rats had shown that an elevation in AgRP/POMC ratio was 

detected in ad lib and pair-fed groups showcasing the importance of the ratio as a crucial stimulator for the 

central melanocortin signalling pathway regulating and controlling the appetite system (Korner et al. 2003). 

Thus, we examined the ratio between those hypothalamic neuropeptides to investigate whether similar 

increase in the ratio would be detected in fed individuals. The ratio was not significantly different between 

males and females (females, mean= 3.61 ± 0.16, males, mean= 3.43± 0.21, �2(1) =0.442, p= 0.506). Gizzard 

fullness did not affect the expression of AgRP/ HYP POMC (empty, mean= 3.69± 0.19, full, mean= 3.35± 

0.19, �2(1) =1.43, p= 0.231) (Figure 4). However, there was a significant interaction between sex and 

gizzard fullness (�2(1) =5.18, p= 0.023) but Bonferroni-corrected post-hoc test did not indicate effect of 

gizzard fullness in either sex
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Figure 4: Pairwise comparison showing the expression ratio between agouti-related protein (AgRP) and pro-

opiomelanocortin (POMC) (AgRP/ POMC) in the hypothalamus as log10 sing gizzard fullness as a variable. Empty (black 

bars), full (white bars). Each bar shows mean ± SEM.

2.3.3.2 Hindbrain

In the hindbrain, there was no significant difference in CCK levels between males and females (females, 

mean= 2.34 ± 0.11, males, mean= 2.22± 0.14, �2(1) =0.466, p= 0.495). Gizzard fullness did not affect the 

expression of CCK in hindbrain (empty, mean= 2.16± 0.12, full, mean= 2.40± 0.12, �2(1) =1.90, p= 0.168) 

(Figure 5-A). 

The expression of GCG gene was not different between males and females (females, mean= 2.91 ± 0.13, 

males, mean= 2.75± 0.14, �2(1) =0.601, p= 0.438). Gizzard fullness did not affect the expression of GCG in 

hindbrain (empty, mean= 2.80± 0.14, full, mean= 2.86± 0.14, �2(1) =0.110, p= 0.741) (Figure 5-B).

The levels of POMC in the hindbrain was not different between males and females (females, mean= 2.57 ± 

0.14, males, mean= 2.60± 0.18, �2(1) =0.012, p= 0.911). POMC gene expression did not significantly differ 

between empty and full individuals (empty, mean= 2.80± 0.16, full, mean= 2.37± 0.16, �2(1) =3.21, p= 

0.073) (Figure 5-C). Sex did not interact significantly with gizzard fullness (�2(1) =2.78, p= 0.095).
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Figure 5: Comparison between the expression of cholecystokinin (CCK) (A), glucagon (GCG) (B) and pro-opiomelanocortin 

(POMC) (C) in the hindbrain. Values are presented as log10 ratio to lamin B receptor (LBR) using gizzard fullness as variable: 

empty (black bars), full (white bars). Each bar shows mean ± SEM.

2.3.4 Gut peptides

In total, ten gut tissues were analysed per individual to quantify the expression of the following genes: CCK, 

GCG, PYY and INS along with the GCG/INS ratio 

2.3.4.1 CCK

Main effect

Neither sex (females, mean= 1.00 ± 0.10, males, mean= 1.08± 0.03, �2(1) =0.434, p= 0.510), nor gizzard 

fullness (empty, mean= 1.10± 0.09, full, mean= 0.97± 0.06, �2(1) =1.31, p= 0.252) had a significant effect 

on CCK levels.  However, CCK gene expression was significantly different between the gut tissues (Figure 

4, Table 1) (�2(9) =2.55E+10, p<0.001) mainly the antrum, caecum, distal jejunum and ileum, duodenum 

and proximal jejunum. 

Interactions 

There was no significant interaction between sex and gizzard fullness (�2(1) =1.22, p=0.269). However, sex 

interacted significantly with tissue (�2(9) =7779371258, p<0.001) mostly seen in both the duodenum and 

the rectum where males showed higher CCK in both tissues in comparison to females (Duodenum; females, 

mean= 1.06 ± 0.18, males, mean= 1.49± 0.08, p= 0.035; Rectum; females, mean= 0.34 ± 0.06, males, mean= 

1.11± 0.33, p= 0.024). Tissue also interacted significantly with gizzard fullness (�2(9) =78.24, p<0.001) 

(Figure 6). However, Bonferroni-corrected analysis did not indicate any effect of the state among the 

different tissues. There was a significant 3-way interaction (�2(9) =111.04, p<0.001) due to the 

proventriculus and the caecum of males: while the full state proventriculus showed higher CCK than when 

empty (empty, mean= 0.16± 0.02, full, mean= 0.35± 0.08, p= 0.035), empty state caecum expressed more 

CCK in comparison to the full state (empty, mean= 1.33± 0.05, full, mean= 1.14± 0.02, p= 0.003). On the 

other hand, females did not show any difference between full and empty states in CCK levels in both tissues 
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(Proventriculus; empty, mean= 0.16± 0.02, full, mean= 0.94± 0.54, p= 0.149; Caecum; empty, mean= 1.11± 

0.14, full, mean= 1.14± 0.32, p= 0.940).

Figure 6: Pairwise comparison of cholecystokinin (CCK) gene expression across different gut tissues in as log10 ratio to 

tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein zeta (YWHAZ) using Gizzard fullness as a 

variable. Refer to the glossary for the abbreviation.  Black bars represent empty gizzard while white ones show full gizzard 

state. Each bar represent mean ± SEM.
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Table 3: Pairwise comparison of cholecystokinin (CCK) gene expression in the different tissues. Tissues are arranged in order 

of dissection. Refer to the glossary for the abbreviation. Green colour rectangles show non-significant p value.

2.3.4.2 GCG

Main effect 

Neither sex (females, mean= 1.55 ± 0.04, males, mean= 1.52± 0.04, �2(1) =0.220, p= 0.639), nor gizzard 

fullness (empty, mean= 1.56± 0.03, full, mean= 1.51± 0.15, �2(1) =0.644, p= 0.422) had a significant effect 

on GCG levels.  However, GCG gene expression was significantly different between the gut tissues (�2(9) 

=5756816.35, p<0.001) with the pancreas having the highest levels. 

Interactions 

Sex did not interact significantly with gizzard fullness (�2(1) =0.009, p=0.924). On the other, sex had a 

significant interaction with tissue (�2(9) =11977.55, p<0.001) but Bonferroni-corrected post-hoc test did not 

indicate any sex difference among the tissues. There was a significant interaction between tissue and gizzard 

fullness (�2(9) =3.29E+11, p<0.001). However, Bonferroni-corrected analysis did not indicate any effect of 

the state among the different tissues (Figure 7). Finally, there was a significant 3-way interaction (�2(9) 

=2.05E+11, p<0.001). While in females empty state duodenum showed higher GCG levels in comparison to 

the full state (empty, mean= 1.82± 0.08, full, mean= 1.55± 0.10, p= 0.044), males expressed higher GCG in 

their antrum when they were in full state in comparison to empty state (empty, mean= 2.01± 0.27, full, 

mean= 2.70± 0.14, p= 0.027). On the other hand, the expression of GCG was neither different in the 

duodenum of males (empty, mean= 1.46± 0.07, full, mean= 1.74± 0.19, p= 0.171), nor the antrum of females 

(empty, mean= 1.97± 0.29, full, mean= 2.00± 0.34, p= 0.942).

 Prov Gizz Ant Duo Pan Prox.Jej Distal.Jej Distal.IL Cae Rect

Prov  p=0.288 p<0.001 p<0.001 p=0.418 p<0.001 p<0.001 p<0.001 p<0.001 p=0.133

Gizz p=0.288  p=0.208 p=0.133 p=0.479 p=0.032 p=0.098 p=0.030 p=0.182 p=0.965

Ant p<0.001 p=0.208  p=0.521 p=0.002 p=0.010 p=0.265 p=0.016 p=0.918 p=0.029

Duo p<0.001 p=0.133 p=0.521  p=0.004 p=0.163 p=0.095 p<0.001 p=0.587 p=0.009

Pan p=0.418 p=0.479 p=0.002 p=0.004  p<0.001 p=0.004 p<0.001 p<0.001 p=0.384

Prox.Jej p<0.001 p=0.032 p=0.010 p=0.163 p<0.001  p=0.444 p=0.697 p=0.001 p<0.001

Distal.Jej p<0.001 p=0.098 p=0.265 p=0.095 p=0.004 p=0.444  p=0.033 p=0.396 p=0.004

Distal.IL p<0.001 p=0.030 p=0.016 p<0.001 p<0.001 p=0.697 p=0.033  p=0.053 p<0.001

Cae p<0.001 p=0.182 p=0.918 p=0.587 p<0.001 p=0.001 p=0.396 p=0.053  p=0.018

Rect p=0.133 p=0.965 p=0.029 p=0.009 p=0.384 p=0.018 p=0.004 p<0.001 p=0.018  
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Figure 7: Pairwise comparison of preproglucagon (GCG) gene expression across different gut tissues as log10 ratio to 

tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein zeta (YWHAZ) using Gizzard fullness as a 

variable. Refer to the glossary for the abbreviation. Black bars represent empty gizzard while white ones show full gizzard 

state. Refer to the glossary for the abbreviation. Each bar represent mean ± SEM.

Table 4: Pairwise comparison of preproglucagon (GCG) gene expression in the different tissues. Refer to the glossary for the 

abbreviation.  Green colour rectangles show non-significant p value.

 Prov Gizz Ant Duo Pan Prox.Jej Distal.Jej Distal.IL Cae Rect

Prov  p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p=0.010 p=0.099

Gizz p<0.001  p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001

Ant p<0.001 p<0.001  p<0.001 p=0.002 p<0.001 p=0.041 p=0.001 p<0.001 p<0.001

Duo p<0.001 p<0.001 p<0.001  p<0.001 p=0.598 p=0.922 p=0.025 p<0.001 p=0.004

Pan p<0.001 p<0.001 p=0.002 p<0.001  p<0.001 p<0.001 p<0.001 p<0.001 p<0.001

Prox.Jej p<0.001 p<0.001 p<0.001 p=0.598 p<0.001  p=0.717 p=0.014 p<0.001 p=0.004

Distal.Jej p<0.001 p<0.001 p=0.041 p=0.922 p<0.001 p=0.717  p=0.466 p=0.036 p=0.004

Distal.IL p<0.001 p<0.001 p=0.001 p=0.025 p<0.001 p=0.014 p=0.466  p<0.001 p<0.001

Cae p=0.010 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p=0.036 p<0.001  p<0.001

Rect p=0.099 p<0.001 p<0.001 p=0.004 p<0.001 p=0.004 p=0.004 p<0.001 p=0.854  
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2.3.4.3 PYY

Main effects 

Females had a higher PYY expression level in comparison to males (females, mean= 0.95 ± 0.06, males, 

mean= 0.43± 0.04, �2(1) =49.86, p<0.001). Similarly, PYY levels were significantly different between the 

different gut tissues (�2(9) =12143.16, p<0.001) with the antrum, duodenum, pancreas and the proximal 

jejunum having the highest levels. On the other hand, the nutritional state of the individual did not affect 

PYY gene expression (empty, mean= 0.66± 0.04, full, mean= 0.72± 0.05, �2(1) =0.721, p= 0.396). 

Interactions

Sex had no significant interaction with gizzard fullness (�2(1) =0.512, p=0.474). On the other hand, sex 

interacted significantly with tissue (�2(9) =1.45E+12, p<0.001) where females showed higher PYY levels in 

comparison to males in the following tissues (Table 3): 

Table 5: pairwise comparison of peptide YY (PYY) gene expression differences between males and females across different 

tissues. 

Tissue Females: Mean ±

Standard deviation

Males: Mean ±

Standard deviation

P-value

Antrum 1.44±0.15 0.71±0.07 P<0.001

Caecum 0.20±0.04 0.01±0.00 P<0.001

Distal jejunum 1.43±0.10 0.38±0.10 P<0.001

Distal ileum 0.37±0.07 0.02±0.01 P<0.001

Duodenum 1.85±0.23 0.91±0.11 P<0.001

Pancreas 1.75±0.05 0.86±0.00 P<0.001

Proventriculus 0.62±0.11 0.23±0.14 P=0.033

Proximal 

jejunum

1.55±10 0.98±0.13 P<0.001

Tissue also interacted significantly with gizzard fullness (�2(9) =3.86E+12, p<0.001). However, Bonferroni-

corrected analysis did not indicate any effect of the state among the different tissues (Figure 8). There was 

also a significant 3-way interaction (�2(9) =34.70, p<0.001). But Bonferroni-corrected test did not indicate 

an effect of gizzard fullness on the sex*tissue interaction.
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Figure 8: Pairwise comparison of peptide YY (PYY) gene expression as log10 ratio to tyrosine 3-monooxygenase/tryptophan 

5-monooxygenase activation protein zeta (YWHAZ) using gizzard fullness as a variable. Refer to the glossary for the 

abbreviation. Each bar represent mean ± SEM.
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Table 5: Pairwise comparison of peptide YY (PYY) gene expression in the different tissues. Tissues are arranged in order of 

dissection. Refer to glossary for abbreviation. Green colour rectangles show non-significant p value.

2.3.4.4 INS 

Main effect 

Neither sex (females, mean= 3.41 ± 0.14, males, mean= 3.46± 0.10, �2(1) =0.077, p= 0.781), nor gizzard 

fullness (empty, mean= 3.47± 0.09, full, mean= 3.40± 0.15, �2(1) =0.115, p= 0.735) had a significant effect 

on INS levels.  However, INS gene expression was significantly different between the gut tissues (�2(9) 

=2.04E+13, p<0.001) with the pancreas having the highest levels. 

Interaction 

Sex had no significant interaction with gizzard fullness (�2(1) =0.020, p=0.888). On the other hand, sex 

interacted significantly with tissue (�2(9) =2.80E+11, p<0.001), however Bonferroni-corrected post-hoc test 

did not indicate any sex difference across the tissues. There was a significant interaction between tissue and 

gizzard fullness (�2(9) =2.72E+11, p<0.001) clearly seen in both the (empty, mean= 3.35± 0.43, full, mean= 

2.36± 0.22, p= 0.045) and distal ileum (empty, mean= 3.68± 0.27, full, mean= 2.71± 0.33, p= 0.025). On the 

other hand, full state antrum showed higher INS levels in comparison to empty state (empty, mean= 3.77± 

0.61, full, mean= 5.46± 0.19, p= 0.009) (Figure 9).

Finally, there was a significant 3-way interaction (�2(9) =4.49E+12, p<0.001) mostly clear in males where 

INS levels were higher in full state antrum (empty, mean= 3.62± 0.90, full, mean= 5.76± 0.13, p= 0.019) and 

duodenum (empty, mean= 1.82± 0.42, full, mean= 3.57± 0.52, p= 0.010). On the other hand, male’s empty 

distal ileum had higher INS levels than full one (empty, mean= 4.13± 0.24, full, mean= 1.67± 0.61, 

p<0.001). Females did not show difference in INS expression levels in those tissues: (Antrum; empty, mean= 

 Prov Gizz Ant Duo Pan Prox.Jej Distal.Jej Distal.IL Cae Rect

Prov  p=0.009 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p=0.004 p<0.001 p=0.008

Gizz p=0.009  p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p=0.366 p=0.689 p=0.993

Ant p<0.001 p<0.001  p=0.009 p=0.011 p<0.001 p=0.024 p<0.001 p<0.001 p<0.001

Duo p<0.001 p<0.001 p=0.009  p=0.540 p=0.221 p<0.001 p<0.001 p<0.001 p<0.001

Pan p<0.001 p<0.001 p=0.011 p=0.540  p=0.601 p<0.001 p<0.001 p<0.001 p<0.001

Prox.Jej p<0.001 p<0.001 p<0.001 p=0.221 p=0.601  p<0.001 p<0.001 p<0.001 p<0.001

Distal.Jej p<0.001 p<0.001 p=0.024 p<0.001 p<0.001 p<0.001  p<0.001 p<0.001 p<0.001

Distal.IL p=0.004 p=0.366 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001  p=0.067 p=0.367

Cae p<0.001 p=0.689 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p=0.067  p=0.756

Rect p=0.008 p=0.993 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p=0.367 p=0.756  
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3.92± 0.82, full, mean= 5.16± 0.36, p= 0.169; Distal ileum; empty, mean= 3.24± 0.49, full, mean= 3.75± 

0.27, p= 0.368; Duodenum; empty, mean= 4.13± 0.90, full, mean= 3.31± 0.95, p= 0.534).

Figure 9: Pairwise comparison of insulin (INS) gene expression across different gut tissues as log10 ratio to YWHAZ using 

gizzard fullness as a variable. Black bars represent empty gizzard while white ones show full gizzard state. Refer to the 

glossary for the abbreviation. The asterisk represents significant difference between the two species ((*) p<0.05, (**) p<0.01 

(***) p<0.001). Each bar represent mean ± SEM.
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Table 6: Pairwise comparison of insulin (INS) gene expression in the different tissues. Refer to glossary for abbreviation. 

Green colour rectangles show non-significant p value.

2.3.3.5 GCG / INS ratio in the pancreas only

The ratio was not significantly difference between males and females (females, mean= 0.80 ± 0.10, males, 

mean= 0.85± 0.13, �2(1) =0.066, p= 0.797). Gizzard fullness did not affect the GCG/INS expression 

(empty, mean= 0.84± 0.10, full, mean= 0.81± 0.13, �2(1) =0.039, p= 0.843).

Prov Gizz Ant Duo Pan Prox.Jej Distal.Jej Distal.IL Cae Rect

Prov  p=0.520 p<0.001 p=0.066 p<0.001 p=0.040 p=0.006 p=0.024 p=0.132 p=0.004

Gizz p=0.520  p<0.001 p=0.230 p<0.001 p=0.211 p=0.123 p=0.162 p=0.265 p=0.177

Ant p<0.001 p<0.001  p<0.001 p<0.001 p=0.016 p<0.001 p<0.001 p<0.001 p<0.001

Duo p=0.066 p=0.230 p<0.001  p<0.001 p=0.704 p=0.952 p=0.959 p=0.396 p=0.590

Pan p<0.001 p<0.001 p<0.001 p<0.001  p<0.001 p<0.001 p<0.001 p<0.001 p<0.001

Prox.Jej p=0.040 p=0.211 p=0.016 p=0.704 p<0.001  p=0.736 p=0.630 p=0.325 p=0.416

Distal.Jej p=0.006 p=0.123 p<0.001 p=0.952 p<0.001 p=0.736  p=0.921 p=0.343 p=0.496

Distal.IL p=0.024 p=0.162 p<0.001 p=0.959 p<0.001 p=0.630 p=0.921  p=0.325 p=0.526

Cae p=0.132 p=0.265 p<0.001 p=0.396 p<0.001 p=0.325 p=0.343 p=0.325  p=0.645

Rect p=0.004 p=0.177 p=<0.001 p=0.590 p<0.001 p=0.416 p=0.496 p=0.526 p=0.645  
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2.4 Discussion
As a part of numerous efforts to pinpoint peptides that are responsible to transduce and translate the different 

signals that report both the nutritional state and energetic needs from and to the brain, we have investigated a 

group of gut and neuropeptides profiles that have been studied extensively in the literature and were proven 

to change according to the state of the individual (fed or fasted). To our knowledge, this study is the first to 

explore and report tissue distribution as well as the effect of gut fullness on the gene expression of gut 

peptides in small wild songbirds. Although in general no effect of nutritional state was detected on gene 

expression, different gut tissues showed a clear pattern in tissue distribution of the different peptides. 

However, no particular tissue showed a difference in gene expression between the two-treatment group.

In our experiment, we recorded the body mass of individuals immediately before dissection and noticed that 

overall, the body mass of great tits was not significantly affected by the nutritional status of the individuals. 

The reasoning behind this might likely be because there was variability in the body mass which did not allow 

us to detect the little bit extra mass due to the gizzard content. As for the fat reserves, there may not have 

been sufficient time during the day to cause them to increase. However, we did not record fat scores in this 

experiment. According to Moiron et al. (2018) the diurnal mass gain in wintering great tits in the field was 

the highest in the hours after dawn and declined slowly over the course of the day with very little mass 

gained during the second half of the day. In that Moiron et al. (2018) study, great tits showed an increase in 

foraging in the morning then decreased their feeding throughout the day only to terminate their feeding at 

sunset. According to the proposed pattern, we could predict that the initial increase in body mass is due to the 

early feeding immediately after lights-on (when the energy depots are depleted due to overnight fasts) and 

the termination of feeding before sunset and under daylight conditions might imply that the bird reached its 

satiation threshold (Houston and McNamara 1993). If we were to explain the variability, we observed in our 

study according to Morion et al’s (2018) explanation they proposed that the individual variability in body 

mass could be due to differences in the feeding activities. This means that each individual would forage 

according to their own metabolic needs.

2.4.1 Neuropeptides

Hypothalamus 

We investigated the gene expression of selected hypothalamic peptides that are known to change their 

expression levels according to the energetic status and nutrient demands of individuals. Overall, we did not 

observe any significant difference in the expression of NPY, AGRP and POMC in relation to the gizzard 

fullness. Previous studies by Boswell et al. (1999) demonstrated that NPY mRNA levels in the hypothalamus 

increased in food restricted broiler chickens in comparison to fed birds. McConn et al. (2019) showed that in 

5-day old Japanese quail fasted for 3h-6h there was an increase in NPY and Y2 receptor subtype mRNA 

expression, which implies that this receptor is highly sensitive to fasting in Japanese quail. That effect 

mirrors findings by Boswell et al. (2002) where they demonstrated that a 24h fast increased NPY expression 
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not only in the ARC but also in the whole hypothalamus of quail thus increasing meal size. As for AGRP, 

Phillips-Singh et al (2003) demonstrated that in adult Japanese quail, a 24h fast led to an increase in AgRP 

mRNA levels. Also 24-48h fasting produced similar effects in broiler chicks (Fang et al. 2014). Caughey et 

al. (2018) showed that in 12-week-old chickens re-fed for 2 days after being food restricted had higher AgRP 

mRNA levels. 

On the other hand, hypothalamic POMC expression shows more contradictory results in the literature. Some 

studies were not able to detect any differences in the POMC mRNA levels even after 24h-48h of food 

deprivation (Japanese quail, Phillips-Singh et al. 2003; and broiler chicken Song et al. 2012), which was in 

accordance with similar studies in mammals where no differences in POMC expression was noted (Adam et 

al. 2002). However, others reported a significant decrease in POMC expression levels in broiler chicks fasted 

for either 24-48h (Higgins et al. 2010). The variability in detecting changes in POMC mRNA and expression 

magnitude may reflect a limited importance of POMC regulatory control on energy balance (Boswell and 

Dunn 2017). Instead, the balance of signalling between AGRP and POMC during fasting appears to depend 

predominantly on the antagonism action of AGRP. 

Collectively, the most likely explanation as to why we could not detect any significant effect of gut fullness 

on the expression of the hypothalamic neuropeptide is related mostly to body mass. Studies in which a 

change in expression in hypothalamic neuropeptides has been observed after fasting or food restriction are 

associated with a reduction in body mass. For example, in Japanese quail showing increased NPY mRNA 

after 24h fast, body mass was reduced in the fasted group by 12% (Boswell et al. 2002). It is therefore 

possible that the expression of the neuropeptides will only change if the body mass and fat stores fall below a 

particular threshold. So, since we were not able to detect differences in the body mass of great tits, the 

changes in gene expression may not have been triggered.

An alternative explanation might be related to circadian rhythms in neuropeptide expression. In our study, 

great tits were killed at different times of the day, so gene expression might be affected. Mishra et al. (2016) 

explored the daily rhythms of NPY in redheaded buntings to elucidate the involvement of daily NPY mRNA 

oscillation and its relation to physiology and behaviour. Similar to our experiment set up, the investigators 

did not food restrict the birds in any way; they kept them on an ad lib food regime and took samples at 

different time points. They were able to confirm the presence of a daily rhythm as well as tissue-specific 

patterns in NPY gene expression in both central and peripheral tissues. The daily peak of NPY mRNA in the 

hypothalamus was observed at the end of the light phase and it was lowered at the end of dark phase. If great 

tits show the same pattern, it is possible that NPY expression was increasing in birds we sampled four hours 

into the light phase and that this might have hidden increased NPY mRNA that might have been associated 

with an empty gut at the end of the dark phase. 

Mercer et al. (2000) reported that both AgRP and POMC mRNA respond inversely to photoperiodic 

manipulation of seasonal appetite in the hypothalamus of Siberian hamsters. One would expect AgRP as an 
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orexigenic peptide to peak in situations when the animal is fasted and in the case of rodents it would be 

during the light phase, but that was not the case for Lu et al. (2002). They investigated the diurnal rhythm of 

AgRP in adult male Sprague Dawley rats housed in 12 light: 12 dark cycles. They found that AgRP levels 

showed a significant peak during the dark cycle when the animals are active, while it reaches a nadir during 

the day. The low diurnal expression of AGRP is in accordance with the overall feeding rhythms in rats, 

where it rises before the starting of their active phase peaking as the dark cycle reach its peak (Lu et al. 

2003). This observation is contrary to the physiological pattern seen in AGRP/NPY neurons that are 

activated when the individual is fasting. This suggests the involvement of other factors other than the 

nutritional state of the animal when it comes to regulating the appetite system centrally. 

One explanation might be in relation to adrenal glucocorticoids. It has been well established that 

glucocorticoids have an important role in the regulation of feeding. Laboratory rodent studies have shown 

that glucocorticoids exhibit a 24h diurnal secretion with levels highest between the beginning and 

termination of the active feeding period (Dallman et al. 1995). Green et al. (1992) demonstrated that 

exogenous glucocorticoids when administered centrally are able to stimulate feeding whereas adrenalectomy 

decreases food intake. The function of glucocorticoids is mediated through their binding to two steroid 

receptors mineralocorticoid receptors (MRs) and glucocorticoid receptors (GRs) (Lu et al. 2002). The MRs 

are tonically activated by low levels of glucocorticoids, while GR require much higher levels of 

glucocorticoids, which normally are present in stress conditions (Tempel and Leibowitz 1994). The 

distribution of both MR and GR are distinct in the brain. In particular, the GR mRNA expression and binding 

sites are numerous in the Arc which happens to overlap with the AgRP neurons (Aronsson et al. 1988). 

Given all those facts, it is possible that the daily activity of AgRP neurons might be under glucocorticoid 

modulation. Going back to Lu et al. (2002), the drop in AgRP levels might be related to levels of 

glucocorticoids because both decreases happened around the same period (dark phase). Many studies in birds 

have documented the presence of a diurnal rhythm in the plasma concentration of glucocorticoids such as in 

Japanese quails (Boissin and Assenmacher 1970), white throated sparrows (Meier et al. 1978) and domestic 

chickens (Beuving and Vonder 1977), with a peak during the night period. Having said that, we did not 

measure glucocorticoids in the great tits so we could not be sure whether there is any relation between their 

plasma concentration and AgRP expression, but we can predict from other avian studies that the 

glucocorticoid levels are low just until before the birds wake up. 

The expression of the hypothalamic neuropeptides was also not significantly different between male and 

female great tits. Studies in rodents have generally agreed that the central nervous system of rodents is 

different between the two sexes mostly due to the expression of gonadal steroid hormones during the 

differentiation stage (Phoenix et al. 1959). According to Acosta-Martinez et al. (2007) the individual’s 

metabolic state is profoundly affected by its reproductive state. For example, oestrogen was found to reduce 

food intake via the ventromedial hypothalamus (Butera 2010). This effect is mediated by oestrogen receptors 

in POMC neurons (Xu et al. 2011). So, during ovulation when oestrogen is high, the binding of the hormone 
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to its receptors, which are expressed in the POMC neurons, would lead to the reduction of food intake. Thus, 

body weight is decreased in rats (Shimizu and Bray 1993). This effect is also seen in cattle (Imakawa et al., 

1986), chacma baboons (Bielert and Busse, 1983) and rhesus monkeys (Kemnitz et al., 1989). Having said 

that, although overall, food deprivation resulted in increased food consumption in both male and female rats 

(Wang et al. 2006), research showed that after 12h of fasting, females showed a greater increase in food 

intake than males, and that increased food intake is mostly due to the fact that food deprivation induced an 

elevation in plasma ghrelin levels in females more than males (Gayle et al. 2006).

On the other hand, a study in 12-week-old chickens reported that overall, males tended to express more NPY, 

AgRP and POMC in comparison to females, and according to the authors those higher levels in male adult 

chickens add more evidence to the idea that the expression levels of neuropeptides in a growing chicken’s 

hypothalamus is a good indication of the bird’s growth potential (Caughey et al. 2018). However, in our 

study the male great tits were already adults and are not growing anymore, so we rule out the possibility of 

growth as a factor controlling the hypothalamic neuropeptide expression. 

Overall, not seeing differences in gene expression in our study might be due to the smaller sample size or the 

great variation in hypothalamic peptide levels between the individuals.

Hindbrain 

We explored GCG mRNA in the hindbrain of great tits and found that an individual’s nutritional state did 

not change the expression of GCG. GLP-1 immunoreactive perikarya were found in chicken NTS 

(Tachibana et al. 2005) supporting the idea that GCG expression we observed in the hindbrain reflects 

synthesis of GLP-1. Our findings in great tits differ from the observations found in the literature. Tachibana 

et al. (2005) demonstrated that GCG mRNA levels decreased in the brain stem of chicks after 24h of fasting. 

Next, we investigated CCK expression pattern in the hindbrain of great tits. CCK mrNA levels were not 

significantly different between males and females. Additionally, the bird’s nutritional state did not affect 

CCK levels in the hindbrain. Reid and Dunn (2018) looked at CCK gene expression in the brain of chickens 

and concluded that it was highest in the basal hypothalamus. In our study, we could have measured CCK 

mRNA in the hypothalamus of great tits, but due to time constraints we were not able to do so. However, the 

significance of the hypothalamic CCK is yet to be understood, hence investigating its expression in the 

hindbrain was prioritised. But if we were to measure CCK mRNA in the hypothalamus, we expect to find 

higher levels because many immunoassay studies were able to detect higher CCK immunoreactivity in the 

hypothalamus (Benfield et al. 1981, Beinfeld and Palkovits 1981) reinforcing not only its vital role as a 

neuropeptide in birds but also is consistent with the broad distribution of the active CCK (Rehfeld 2017). We 

already know the CCK is not only present in the gut and acts to suppress appetite via the vagus nerve, but 

also is present in the brain as neurotransmitter and work as a satiety factor via its receptor CCK-A in the 

brain. 
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Finally, although much of our knowledge about the role of POMC neurons in energy balance comes mainly 

from studies on the POMC neural population that resides within the ARC of the hypothalamus (De Jonghe et 

al. 2012), according to Palkovits and Eskay (1987) POMC neurons are also highly expressed in the NTS of 

the hindbrain in laboratory rodents. In our study, POMC mRNA levels neither differed between males and 

females nor were affected by the nutritional state of individuals.

 Perello et al. (2007) showed that in male Sprague-Dawley rats that were fasted for 65h, hindbrain (NTS) 

POMC expression was decreased, which suggests that fasting not only down-regulates POMC gene 

expression, but also decreases the biosynthesis of its protein in the hindbrain. We did not observe decreased 

hindbrain POMC mRNA after the overnight fast in our great tits but this is likely to be because the rodents 

were subjected to more extreme fasting periods than we used for our experiments. However, our 

observations of POMC gene expression in the hindbrain are the first that we are aware of in birds. This 

suggests that hindbrain POMC signalling may influence the regulation of feeding in birds as it does in 

mammals.

2.4.2 Gut peptides

Glucagon (GCG)

In our experiment, we generally found high levels of GCG mRNA in the pancreatic tissues of great tits in 

comparison to other gut tissues. Richards and McMurtry (2008) confirmed the presence of high expression 

levels of GCG mRNA in the pancreas of male broiler chickens. The similarity observed in the site of 

expression of GCG across these different species shows evolutionary conservation in both distribution and 

function of the GCG peptide as an energy supplier in demanding conditions. 

Overall, we did not detect any significant effect of either nutritional state or sex on the expression of GCG in 

the pancreas of great tits. Nonetheless, the physiological role of glucagon has been well documented in 

poultry. For example, 3-week-old broiler chickens that were fasted either 24h or 48h showed a strong and 

significant increase in plasma glucagon, which then declined upon 24h of refeeding (Richards and McMurtry 

2008). However, the findings of that study differ from ours in that their results showed only significant 

increase in plasma glucagon protein but no effect on GCG gene expression in the pancreas. Chen et al. 

(1989) reported that in rats the pancreatic expression of glucagon mRNA increased with a 96h fast. So, the 

increase in glucagon peptide is not always associated with an increase in GCG mRNA and there may be 

species differences in the relationship between gene transcription and protein secretion.    

After the pancreas, the antrum, duodenum, distal ileum, proximal and distal jejunum, rectum, and caecum 

expressed GCG mRNA the most. In some of these tissues, we did observe effects of gizzard fullness in at 

least one of the sexes. In particular, females had higher GCG levels in the empty state duodenum, while 

males expressed higher levels of GCG in the full state antrum This observation is more likely to reflect the 

production of glucagon like peptide-1 (GLP-1) because the mRNA distribution matches the distribution of 

GLP-1 immunoreactivity in the intestine. The distribution pattern of GLP-1 seems to differ between 
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mammals and birds. While those GLP-1 cells are more densely clustered in the large intestine of rodents 

(Fridolf et al. 1991), the number of GLP-1 producing cells in the small intestine of chicken seems to be 

higher in more proximal regions, reaching a maximum in the distal ileum (Hiramatsu 2020). In mice, the 

distal colon and the rectum showed higher expression levels of GLP-1, while in rats, it is the distal ileum and 

in pigs, it is the caecum (Kuhre et al. 2014). Contrarily, GLP-1 immunoreactive cells were found in the 

mucosa of the jejunum and ileum of chickens and ostriches (Hiramatsu et al. 2003). The GLP-1 tissue 

distribution seen in our study is the first report in passerines and is indeed in agreement with what is found in 

other bird orders. Therefore, this difference in GLP-1 site of expression is more likely to indicate that 

proglucagon gene expression regulates digestion processes differently between mammals and birds 

(Hiramatsu 2020). The high expression of GCG in male great tits with full gizzards fits an established role of 

GLP-1 peptide in suppressing appetite in chickens (Furuse et al. 1997) and Japanese quail (Shousha et al. 

2007). A study by Ronveaux et al. (2014) in male Wistar rats showed that GLP-1 supresses food intake in re-

fed rats rather than the fasted ones. Similarly, Richards and McMurtry (2008) found higher plasma GLP-1 in 

refed chicks. However, the pattern seen in female great tits might reflect their higher sensitivity to the 

elevated glucose levels as result of food deprivation thus stimulating the production of insulin on one hand 

while depressing glucagon on the other (Smits et al. 2016).

Insulin 

In the present study, insulin gene expression was highest in the pancreas of great tits. This result was not at 

all surprising considering the fact that insulin is a very well-known pancreatic hormone that is exclusively 

expressed in the beta cells of the islet of Langerhans that are strategically positioned to sense the nutritional 

state of the individual. Those islets form dense networks that are highly vascularised, receiving ~10 times the 

amount of blood than other exocrine regions (Fu et al. 2013). Insulin is released into the circulation 

principally in response to elevated glucose levels in birds and mammals (Simon and Rosselin 1978). Having 

said that, in our study, overall insulin mRNA levels did not change according to the nutritional state of the 

individual. We might have expected that insulin expression should be lower when individuals were food 

deprived because plasma insulin was found to be lower after fasting in chickens (Simon et al. 2011). 

However, in our study we did not measure the peptide, so it is difficult to make conclusions about how 

insulin transcription is related to the circulating peptide. Our study appears to be the first to measure insulin 

mRNA in birds in response to food deprivation. 

Studies in rodents demonstrated the importance of insulin in the development of sex organs as early as before 

birth (Nef et al. 2003). For example, insulin receptors are required for the development of the testis in mice 

(Nef et al. 2003). On the other hand, although insulin receptors are present in the oocytes in females, their 

role seems to be the regulation of meiotic progression. Having said that, in general, it appears that the 

relationship between insulin and sex hormones is mostly that sex hormones enhance the respond of tissues to 

insulin (Ortiz-Huidobro et al. 2021). In our study, male insulin levels were higher in full state antrum and 

duodenum, and empty state distal ileum, with no difference observed in the same gut tissues of females in 
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either state. While the metabolic actions of insulin are more understood in the liver adipose tissue and 

skeletal muscles in relation glucose homeostasis, little is known about its function in other gut tissues. 

However, Desjeux et al. (1979) suggested that insulin secretion is regulated by hormonal and nervous signals 

arising from the duodenum. So, the stimulation of the villi of the duodenum would cause the secretion of 

insulin. Having said that, insulin stimulation and action vary between males and females mostly due to their 

specific hormonal profile as well as adiposity differences (Ortiz-Huidobro et al. 2021).

Because insulin and glucagon expression are linked in the pancreas, we measured the ratio between the two 

peptides mRNA expression levels. We demonstrated that the GCG/INS mRNA ratio was neither 

significantly different between the two sexes nor the two feeding states. Numerous studies have implicated a 

tight relationship between insulin and glucagon in the regulation of appetite and glucose metabolism. It is a 

very well-known fact that glucagon has the ability to stimulate insulin secretion, thus causing a rise in insulin 

levels (Song et al. 2017). For instance, it was found that the administration of glucagon substantially 

increased insulin levels with a peak concentration achieved within one minute in rats (Song et al. 2017). 

Samlos et al. (1966) showed that in normal humans, the administration of glucagon rapidly increased insulin 

levels independently of glucose via acting on the pancreatic β-cells. Similar observations were also found in 

chickens. Honey and Weir (1979) showed that in isolated perfused chicken pancreas-duodenum tissue, the 

infusion of 20,000 μU/ml of insulin caused a rapid suppression of glucagon secretion. All those studies imply 

that the higher levels of insulin mRNA seen in great tits might be a response to elevated glucose levels that 

are mainly induced by the high levels of glucagon in the empty state individuals. So, we could assume that 

glucagon can enhance prehepatic insulin secretion, thus the increased in circulating insulin achieved by 

glucagon causes the elevation of insulin secretion. The fact that insulin expression was higher in the empty 

state individuals in comparison to the full state in some tissues, meant that we expected the GCG/INS ratio to 

be higher in the empty state but that was not the case. The expression of GCG/INS ratio was not affected by 

the nutritional state. 

One possibility for the lack of difference between the two nutritional state is the circadian rhythm. Little is 

known about the diurnal changes in insulin in birds, but the mammalian literature suggests that insulin is 

higher at the end of the inactive phase (Van Cauter et al. 1991). Assuming that this is the case in great tits, 

we hypothesis that insulin rhythmicity could mask the effect of an empty gizzard in reducing insulin 

expression. Studies have shown that the size of glucose and insulin response after a meal is dependent on the 

time of the day (Hara and Saito 1980). The rhythm of insulin secretion is mainly driven by the spike of blood 

glucose that is a consequence of feeding behaviour (Kalsbeek and Strubbe 1998). Limited numbers of 

overnight studies in fasted humans showed that insulin concentration/secretion is increased in a small but 

significant manner towards the end of the dark period (Bolli et al. 1984). Similar diurnal patterns were also 

observed in rats and mice (Qian and Scheer 2016). However, it should be noted that the situation is reversed 

in rodents since they are nocturnal animals. According to la Fleur et al. (2001), glucose uptake in rats showed 

a clear peak at the beginning of the dark period irrespective of their feeding regime. This increase in glucose 
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uptake coincides with the elevation of glucose concentration that occurs as the light period ends. The same 

situation occurs in human as well, where glucose production and concentration increase at the beginning of 

the activity period (equal to the dark period in rodents) (la Fleur et al. 2001). Therefore, the elevation of 

plasma glucose levels before the onset of an activity in general, is due to an increase in glucose production 

from glycogen stores and a drop in glucose utilisation. So, the peak in insulin production is directly related to 

an increase in glucose uptake over the circadian cycle. The speculation as to why a night-time fast cause 

increased insulin levels alongside satiety was proposed by (Sinha et al. 1996). He reported that a pronounced 

elevation in leptin concentration was reported in humans during the overnight fast thus causing appetite 

suppression during the sleeping period. Another explanation for the rise in insulin levels was interpreted as 

the increased demand for insulin in the early morning (Van Cauter et al. 1997). Linking those studies to our 

experiment, since we did not measure neither leptin levels nor glucose levels, we can only speculate that the 

higher insulin expression levels that were observed in the fasted state individuals is an indication of more 

release of glucose to supply energy. Thus, more insulin should be produced to counteract the elevation of 

glucose to promote more glucose uptake to clear the circulation.

It is worth also mentioning that insulin expression was unexpectedly high in the antrum which has not been 

observed before in either birds or mammals. However, according to (Ariyachet et al. 2016) the antrum and 

the stomach have a common origin in development and the cells in both tissues are more similar than 

expected in their patterns of gene expression. It is therefore possible that insulin could be synthesized in the 

antrum in birds. This has been documented in the green headed tanager where cells showing insulin like 

immunoreactivity was found in the antrum (Cardoso et al. 1999). 

Peptide YY

In our study, great tits showed higher PYY expression levels mainly in the antrum, duodenum, pancreas and 

proximal jejunum. This is broadly consistent with recent observation of the distribution of PYY gene 

expression in chicken gut tissues where high levels were observed in the jejunum. For instance, Aoki et al. 

(2017) found that in chickens PYY is mainly distributed in the small intestine in comparison to the large 

intestine. Additionally, PYY like immunoreactive cells have also been observed in the duodenum and 

jejunum of chickens (El-Salhy 1982). The main difference between the distribution of PYY expression in our 

study and the chicken studies of Reid et al. (2017) and Gao et al. (2017) was the much lower PYY 

expression in the pancreas of great tits. In our study expression in the pancreas was similar to the levels in 

the small intestine whereas in the chickens it was the main site of PYY expression in the gut. This may 

reflect taxonomic and perhaps body size differences in metabolic regulation by PYY in the pancreas between 

chickens and great tits. 

We next investigated the expression pattern of PYY in response to gizzard fullness. Overall, no gut tissue 

showed a significant effect of gizzard fullness on PYY mRNA gene expression. This is in contrast to work in 

chickens, where PYY expression levels in the small intestine were higher in fed individuals in comparison to 



77

the ones under 12h fasting conditions (Aoki al. 2017). El-Salhy et al. (1982) reported higher PYY 

immunoreactive cells in the duodenum and jejunum of chickens. Aoki et al. (2017) also found that PYY 

levels in the jejunum increased as short as 2h after re-feeding, and that an intravenous administration of PYY 

decreased food intake in chickens in a dose dependent manner. Short-term (11h) fasting also reduced 

pancreatic PYY expression in chickens (Reid et al. 2017).  So why did we not observe these patterns? We 

speculate that the lack of difference in PYY expression might be due to circadian rhythm. Although there is 

no information on the diurnal changes in PYY gene expression in mammals or birds, Moghadam et al. 

(2017) reported in rats that circulating PYY peptide levels were highest in the light phase (which is when rats 

are asleep). If the circadian pattern of PYY secretion is equivalent in birds, it would suggest that PYY 

expression may be higher at night. If so, the lack of difference could be due to higher expression in the birds 

sampled at the end of the dark phase (compared to fasted birds during the active phase), which would mask 

any differences in expression related to fed and fasted state. 

CCK

In the present study, we were able to demonstrate that CCK gene expression was significantly higher in the 

antrum, caecum, distal jejunum and ileum, duodenum and proximal jejunum in comparison to other parts of 

the gut. Previous distribution studies of CCK in mammals showed that CCK was higher in the proximal 

ileum of rats (Larson and Reheld 1978), while in humans CCK was higher in the duodenum and jejunum 

(which is similar to our finding) with different forms of CCK localised in certain parts of the gut (Maton et 

al. 1984). Reid and Dunn (2018) demonstrated that in chickens, CCK levels were highest around the 

proximal half of the ileum which is similar to the murine CCK distribution (Fakhry et al. 2017). On the other 

hand, CCK was lower but detectable in the proventriculus and the boundaries within the antro-duodenal 

regions in chickens. Thus, CCK was expressed over a broader range of gut tissues in great tits, particularly in 

the more anterior part of the intestine. 

Upon closer inspection to the tissue distribution, we found that in males, the full state proventriculus had 

higher CCK expression, while the empty state caecum expressed more CCK. No such difference was seen in 

females in either tissue.  The pattern seen in the proventriculus follows a typical biological direction in terms 

of the physiological role of CCK as a satiety hormone. However, it is still not clear as to why we observed 

higher CCK levels in tissues that do not typically express CCK. Studies had shown that CCK is a hormone 

that is mostly known to be produced in the small intestine and functions in stimulating gastric secretion 

(Langlois 2003). Eastwood et al. (1998) demonstrated that in rats where their proximal jejunum was used for 

in vitro study, endogenous CCK plays a vital role in transducing nutrient signals to the sensory afferents. 

Those afferent fibres have their terminals in the proximal jejunum mucosa thus conveying the information to 

the brain stem via the vagus nerve pathways initiating satiety (Richards et al. 1996).    It is worth mentioning 

that unlike our experiment, many studies did not directly compare CCK expression profile across the 

different tissues in response to different feeding states. For instance, Reid and Dunn (2018) looked at the 

CCK expression in chickens either fasted for an hour or had been reintroduced to food after 3h from 
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removing it and given 2.5h to feed before dissection to investigate how CCK expression response to short-

term feed restriction. Although they were not able to detect any significant difference between the two 

treatments (fasted vs. fed), CCK hybridisation signals between the two groups showed that CCK anticipatory 

expression might be different if the two groups were under longer nutritional challenges. Comparing to our 

study, Reid and Dunn (2018) only looked at the gastric antrum and the proximal ileum where CCK showed a 

peak expression, but they did not directly compare the mRNA levels within each tissue in response to 

different feeding treatment. So, it is hard to predict to what magnitude the different tissue was affected by 

fasting and re-feeding and to what extent CCK levels fluctuated among the different gut parts. 

Generally, the well-established role of CCK in digestion is through stimulating gall bladder contraction and 

pancreatic exocrine secretion to signal satiety by activating the vagal afferents (Owyang 1996). Those 

functions are perfectly associated with the fact that CCK is primarily secreted from tissues of the lower 

intestine (Fakhry et al. 2017), hence it is expected to see peak expressions within those areas. Our 

speculation as to why some gut tissues showed a CCK response in the opposite direction to that expected 

might be linked to PYY gene expression. Lin et al (2000) investigated the correlation between distal gut 

release of PYY and CCK in dogs. The authors found that PYY release increases dose dependently in 

response to intravenous injection of CCK but was blocked when a CCK-A receptor antagonist was 

introduced. Additionally, a decrease in the postprandial PYY effect was observed when a segment of the 

proximal jejunum was removed (higher levels of CCK are documented in that area (Eastwood et al. 1998)). 

It is well established that in mammals the intestinal CCK mRNA levels change parallel to CCK in the 

circulation (Kanayama and Liddle 1991) and decrease with fasting (Suominen et al. 1998). On the other 

hand, plasma PYY levels were observed to increase after 15 days of fasting in blue foxes. 

This could be explained as being due to the down regulation of unnecessary physiological processes that are 

suppressed by PYY such as gastric acid secretion, colonic motility and endocrine and exocrine action of the 

pancreas, during a prolonged fasting period (Mustonen et al. 2005). In contrast in humans, PYY decreases 

after a 3 day fast (Beer et al. 1989). Thus, the different PYY response to fasting seems to be species specific, 

dependent on fasting time course, feeding habits and life histories (Mustonena et al. 2005). Given the 

correlation between CCK and PYY, when comparing tissue responses to gizzard fill and the expression of 

both CCK and PYY in the great tit it was noticeable that PYY levels were high in the following tissues in the 

empty state: gizzard, proventriculus and rectum. CCK was also showed the highest expression in the empty 

state of the following tissues: distal jejunum, distal ileum, duodenum, gizzard and the proventriculus. So, two 

tissues are in common: the gizzard and the proventriculus. Our hypothesis of a correlation between CCK 

release and PYY release might not be the entire reason for the different expression pattern seen in CCK 

levels, but it is a good starting point.

When we compared CCK expression levels between sexes it was apparent that males had significantly higher 

CCK levels in comparison to females especially in the duodenum and the rectum. Several studies have 
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reported the possibility of a link between different sexes and food intake physiology. Putting aside sexual 

dimorphism, individuals are limited by their digestive processing capabilities such as the transit time of 

nutrient particles. In a study done by Markman et al. (2006) on Palestine sunbirds, the authors found that 

males had longer transit time in comparison to females when both were fed on an equicaloric diet even after 

correcting for body mass differences and food intake. This finding suggests that males had lower digestive 

capacities which might result in different abilities in food consumption. In the Palestine sunbird case, the 

different digestion abilities might aid in reducing the competition between males and females on nectar 

sources as each one would feed according to their digestion abilities. Additionally, we should not forget to 

mention the assimilation efficiency (the nutrient consumed that are actually digested and absorbed) that 

depends on the nutrient content of the food, gut surface area and volume, gut transit time and enzyme 

activity. This plays a major role in how any individual could maximise its net energy gain to benefit from 

what it eats, and one would expect that different sexes would vary in their assimilation rates independent of 

their size (Markman et al. 2006). All that considered, we speculate that the fact that males have longer 

transient time while digesting their food might be responsible for higher CCK expression levels, which gives 

them more assimilation time causing more CCK to be secreted during the time course thus increasing their 

satiety levels. 

Having said that, and to our knowledge, no previous study has been done to compare CCK gene expression 

between different sexes in response to manipulation of the nutritional state. So, this is the first recording of 

the different CCK mRNA levels between males and females in avian species and more future 

experimentation needs to be done to explore why that difference was observed.

Why we were able to see significant difference in CCK mRNA levels in the duodenum and rectum in male 

great tits only but in the opposing direction from expected (higher in empty rather than full state) could be 

possibly explained by circadian rhythms of CCK secretion. Xu et al. (2017) investigated the effect of 

reversing of the light: dark cycle for 7 days on the expression of CCK in the duodenum and the pancreas of 

male Wistar rats. The authors found that those rats showed peak expression of CCK during the light phase 

(resting phase). This observation is consistent with what we observed in our great tits study. We noticed a 

significant peak of CCK levels in the duodenum and rectum during the dark phase which is equivalent to the 

light phase of those rats. Those similar findings implicate that clock genes might be the main driving force 

behind circadian gene expression through the regulation of the promoter activity of the clock-controlled gene 

leading to the activation of downstream genes at specific times of the day (Brown and Schibler 1999). 

Although to this date, no evidence was found proving that CCK is under the control of clock genes, it could 

be still be regulated by circadian systems via indirect pathways. Therefore, our experimental design to collect 

tissues at different times in the circadian cycle may have obscured the effect of gut full on the expression 

levels of CCK, because it is confounded with the circadian cycle.
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2.5 Conclusion

In conclusion, overall, although both mammalian and the limited bird literature showed that both neuro and 

gut peptides play a significant role in appetite regulation, in the present study, our PCR quantification data 

showed otherwise. Most of the selected peptide’s levels did not fluctuate according to the nutritional state of 

the individual. This is not to say that these peptides are not involved in signalling hunger or satiety, this 

might just imply the fact that measuring mRNA is not a direct indication of the actual gene expression, and 

that measuring protein content (using Enzyme linked immunosorbent assay (ELISA) or 

immunohistochemistry for instance) might be a better and more accurate approach to detect differences in 

peptide synthesis within the tissues. In addition, there are still are some unanswered questions regarding how 

peptide gene expression is linked to circadian rhythms in birds as most of the known information in that area 

comes from mammalian studies, but also how to control the variability in fasting/feeding times. Those 

question indeed led to the next chapter where we tried to avoid the confounding effect of both fasting and 

circadian rhythm.
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Chapter 3. A comparison of gene expression profile in response to 

unpredictable food sources in hoarding vs. non-hoarding songbirds

In the first chapter, we had a general overview about the differences in hoarding behaviour between 

mammals and birds and we hypothesised that we could start understanding the mechanisms behind food 

storing behaviour if we had a full understanding of how the appetite system operates. Assuming that both 

food intake and hoarding are regulated by similar external and internal factors, the mechanisms regulating 

the food hoarding system might be a modification of the appetite regulation system. Having said that, there is 

one difference separating hoarding from non-hoarding animals, and that is hoarding animals tend to forage 

more than the non-hoarding animals because at the end of the day, they forage to both eat and hoard.

However, in this chapter we aim to focus more on the peptide gene expression differences between hoarding 

and non-hoarding wild songbirds in response to fasting vs. re-feeding state.

Paridae are a group of closely related songbirds that includes tits, titmice and chickadees. This group 

includes both hoarding and non-hoarding species (Vander Wall 1990). We have already established in the 

general introduction chapter that living in a fluctuating environment poses many challenges to small birds. In 

particular, food availability and predictability are proving to be a particularly challenging factor considering 

how small these individuals are. Thus, songbirds have evolved different techniques to counter act those harsh 

conditions to insure increasing survivability chances and reproductive success. For instance, migration has 

been hypothesised to be an adaptation to escape adverse conditions that may impose constraints on the 

individual’s life (Fryxell and Sinclair 1988). Having said that, not all passerines migrate during winter. 

Residential birds need to find an alternative to meet their higher metabolic rate demands, and although 

storing fat might seem the perfect solution since its release provide a good energy source (Haftorn 1989), it is 

not ideal since fat can hinder the bird’s flight ability and decrease their manoeuvrability. So, there is a trade-

off between increasing body mass and risking agility (Lima 1986). Thus, another adaptation has evolved 

which is storing food. For hoarding birds, it is better to store food in a physical sense rather than having 

energy as lipid stores because it will increase their body weight, which would eventually, hamper their flight 

ability (Brodin 2000). Having food stores for times when foraging trips might be energetically costly, makes 

hoarding behaviour one of the most efficient ways to conserve energy (Koenig, 1991).

The appetite regulation literature has long established that fasting, food restriction and unpredictability has 

been found to be the main drivers for eliciting a variety of ingestive behaviours in mammals (Wood and 

Bartness 2007) and birds (Furuse et al. 1997). The unpredictability of food sources (natural conditions) or 

food deprivation (laboratory conditions) engenders a variety of central and peripheral changes to the 
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metabolic hormones within the individual (Keen-Rhinehart et al. 2009). Those internal changes are 

transduced into the main centre (brain) causing the animal to attain a certain behaviour as a result to obtain 

energy and support its existence. And as we have established to this point, the ARC in the hypothalamus 

particularly housed a number of neuropeptides that have been shown to play vital roles as regulators of 

feeding and energy expenditure (Cone 2005). For instance, Li et al. (2000) demonstrated an increase in 

AGRP peptide release from the hypothalamus of fasted rats. Thus, the increase of AGRP is considered the 

main driver to increase food intake. On the other hand, with increased feeding a wide array of gut peptide 

release is stimulated initiating satiety. Batterham et al. (2002) showed that the gut peptide hormone PYY 

decrease food intake and support weight gain in rodents. The same effect of peptide was observed in birds 

whereby chronical food restriction was shown to elevate AGRP expression of broiler hens (Dunn et al. 

2013). Whereas an intravenous administration of PYY decrease food intake in chickens in dose dependant 

manner (Aoki et al. 2017). Thus, it seems that appetite regulating peptide’s function are conserved between 

vertebrates.

Studies had shown that the motivation to hoard is driven by the similar factors to feeding (Keen-Rhinehart 

and Bartness 2005) such as fasting and food deprivation, so we assume that there should not be a huge 

difference in hormones that control feeding in hoarding and non-hoarding individuals since both systems 

appeared to be are controlled by the same internal factors. For instance, AGRP expression was recorded to be 

the highest in fasted rats. On the other hand, although AGRP increased food intake in Siberian hamsters 

substantially (100-150%), its effect on food hoarding was even more dramatic increasing the behaviour up to 

1200% does dependently (Day and Bartness 2003). Similarly, CCK injected intraperitonially into fasted rats 

produced a large related suppression in food intake (Gibbs et al. 1973). Similar effects were observed in 

hamsters were food deprivation induced increase in food intake was inhibited by the administration of CCK. 

Birds, like mammals, express genes encoding neuro and gut peptides that control food intake. For instance, 

NPY has been shown to be a potent orexigenic agent in chickens when administered centrally (Kuenzel et al. 

1987). On the other hand, although ghrelin is a potent stimulant for appetite in mammals (Murakami et al. 

2002), studies have shown that in birds opposing effect of ghrelin were found. Lindsay et al. (2018) 

demonstrated that ghrelin injected peripherally reduces mass gain (which is a proxy of food intake) in coal 

tits. 

Collectively, besides ghrelin that showed opposite function in mammals than in birds, most of gut and brain 

peptides that controls appetite seems to expert the same effect on food intake in hoarding and non-hoarding 

individuals. This further confirms our assumptions that the system controlling food intake might also be 

responsible for regulating food hoarding behaviour. 

Thus, because there is little information available regarding the appetite regulation of wild songbirds in the 

literature, we are aiming in this chapter to compare peptide expression in the hypothalamus, hindbrain and 

the gut of both blue and coal tits, either fasted for 18 hours or after a 1.5h of re-feeding following a 17h fast 
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as an effort to gain more insight regarding appetite regulation peptides gene expression differences between 

two closely related species with two different responses to energy deficit .Our prediction is that in both 

species we would find an increase in genes responsible for reporting hunger (e.g. NPY and AGRP) , while 

those that report satiety ( CCK, GCG,INS,PYY and POMC)  are expected to be elevated in re-fed 

individuals.
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3.2 Methodology

3.2.1 Animal capture and housing  

Nineteen blue tits (Cyanistes caeruleus) and nineteen coal tits (Periparus ater) were caught in woodland near 

Newcastle Upon Tyne, UK, under a permit from Natural England (2018-37524SCI-SCI) between October-

December 2018, using mist nets. The birds were transported after capture to climate-controlled chambers at 

Newcastle University. Each species was housed in separate enriched aviaries where light and temperature 

were controlled. Each individual received a distinct numbered ring for easy identification. Once in captivity, 

all the birds were maintained on constant temperature of 15℃ and on naturally changing photoperiod until it 

reached 8:16 light: dark cycle respectively (mimicking short days) after which it was held constant. All birds 

were fed ad libitum and supplied with pre-made food mixture of sunflower seeds, crushed peanuts, pine nuts, 

mealworm, wax worms and Orlux insect patee with water bowls available for drinking and bathing.  

On average the birds were kept in aviaries for two weeks based on previous studies done in our lab 

where it was shown to be enough for small wild songbirds to show normal foraging and eating 

behaviour and to respond to unpredictable food by increasing food intake and hoarding (Henderson 

et al. 2018). 

3.2.2 Sexing the birds

Before assigning each group, blood samples were taken from each individual for sexing. A small blood 

sample was obtained (between 80-100µl) using a standard heparinised capillary tube after a puncture of the 

branchial vein with the aid of 25-gauge needle. The whole blood sample was placed in a tube of 100% 

ethanol which was stored at room temperature until further analysis.

The DNA was extracted from the blood samples using a Qiagen DNeasy Blood and Tissue Kit (Qiagen, 

Manchester, UK) following the manufacturer’s protocol. The primer pair P2/P8 recommended for sexing a 

variety of avian species were used (Griffiths et al. 1998). The PCR amplification reaction was carried out in 

a total volume of 25µl. The final condition of the reaction was as followed: 1µl of each primer (P2/P8) with a 

concentration of 10µM, 2µl extracted DNA (50 ng) and 12.5µl of MyFi mix (Bioline). Thermal cycling was 

carried in CFX Connect real-time PCR machine (Bio-Rad, Oxford, UK) programmed as following: 94°C/2 

min, 30 cycles of (49°C/40 s, 72°C/40 s and 94°C/30 s, 49°C/1 min, 72°/5 min. The PCR products were then 

separated by electrophoresis on a 2% agarose gel stained with ethidium bromide. The reaction ran in the gel 

for 60 mins at 100 volts. The gel was then examined, if two bands were observed the individual was 

identified as female, while the male sample had a single band. 
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3.2.3 Experimental design  

Prior to the beginning of the experiment, two climate chambers (lights were programmed to allow 1h 

difference in when they turned on or off (i.e., chamber 1(Ch1): lights on at 9:30am; off 5:30pm, chamber 4 

(Ch4): lights on at 10:30 and off at 6:30) were prepared with metal cages supplied with enrichment branches, 

automated balances and sliding dividers. Each chamber had two large cages (90 (w) × 46 (d) × 80 (h) cm) 

with dividers placed in the middle during the day (for 3h) for the first 3 days, and then at night dividers were 

placed at the end of the cage providing a contained compartment till the next day (for the remainder of the 

study). After allowing the birds to acclimatize in the aviaries for 2 weeks, 4 blue tits (BT) and 4 coal tits 

(CT) were matched based on sex, selected and put in a separate compartment in the cages (Figure 1).

The enrichment branches were placed in the middle two quarters of the cage and four food dishes were 

distributed in the middle section such that each individual had free access to the food, while water dishes 

were placed in the furthest side of the cage. Each bird was locked in its one quarter compartment where there 

is a perch at the top, connected to a balance. We separated each individual in its compartment so we could 

video their behaviour.

 No enrichment was placed in the further sides of the cages to draw the birds to sit on the only perch. In each 

chamber, both species and sex were balanced, and either were placed in the top or bottom cage. So, in 

chamber 1 the BT were always at the top while the CT were at the bottom, in chamber 4 it was the opposite 

(CT at the top; BT at the bottom). Initially, each species had black (CT) or blue (BT) numbered ring around 

their leg for identification purpose, a second ring (either red or yellow) was placed in the other leg for each 

individual to facilitate their identification while video recording them.

For the first 3 days of the study, the birds were left in the cages to acclimatize and adapt to the new 

environment and individual housing for several hours during day and night.  
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Figure 1: Detailed diagram showing the time line of the experiment 

Two weeks Day 4 Day 7 Day 8 Day 9

Birds capture
October- December 2018 

Each species in a separate 
aviary 

Maintained in a constant short-day condition

Alternative behaviour recording

I.e.; if species A in day 4 was fed in day 6 is fasted 

Individuals are humanly killed 
and tissue are collected

Each same sex pair were placed in the cages 
with 20- min observation (to ensure no fighting) 

Three days adaptation period
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Figure 2: Diagram showing a detailed timeline of the study 

Figure 2: Detailed diagram showing how were positioned during the experiment in chamber 1, and the same set up in 

chamber 4, however, coal tits are up and coal tits were at the bottom. 

Day 1 

The birds were captured and put in the cages before the lights on in each chamber, with the dividers 

placed in the middle for the first three hours after lights on and each individual received its 

own Orlux insect patee and water bowl at their compartment along with another food bowl in the 

middle. The dividers were removed after 3h and the individuals were observed interacting for 15-20 

minutes. Thirty minutes before lights off in each chamber, the dividers were put back. As such each 

individual only had a quarter cage space, along with a bowl of crushed peanuts and water in its 

compartment. 
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Day 2 

Before lights on in each chamber, the peanuts bowl was taken after removing the dividers 

and Orlux patee (total diet) were supplied. Thirty minutes before lights off the dividers were put back 

in along with a bowl of crushed peanuts for each individual in its compartment. 

Day 3 

Two hours after lights on in each chamber, the bowls of peanuts were removed along with the 

dividers, so the pair had free access to total diet. During the day, 3.5h after lights on (Ch1: 1:00 pm; 

Ch4: 2:00 pm) the cages were cleaned, and food was removed from the top and bottom cages for 1.5h 

and was given back after that. Thirty minutes before lights off the birds were again separated into their 

individual quarter cages, and crushed peanuts were placed for all the four individuals. The crushed 

peanuts bowls were then removed from BT (top cage Ch1) and CT (top cage Ch4) only after the lights 

went off.

Day 4 

Each individual in a pair was assigned to either fast or fed treatment. Top cages the fed birds were 

given a bowl of crushed peanuts along with a hoarding block (30.4cm wide, 9cm high and 4cm deep 

with a hundred holes) 1h after lights on in each chamber.  Fasted birds were given food and a block 2h 

after lights on and their behaviour was recorded using Sony Handycam (HDR-CX240E) mounted on a 

tripod for 1h. As for the fed birds, their behaviour was recorded (for the same duration 1h) after being 

given a fresh bowl of crushed peanuts 1.5h hours after the first bowl. 

On the other hand, birds that were in the bottom cages received similar treatment as to day 3 as 

follows: 2h after lights on, both dividers and the bowl of crushed peanuts were removed allowing the 

birds free access to the total diet. During the day, 3.5h after lights on where the cages were cleaned, 

and food was removed for 1.5h and was given back after that. Thirty minutes before lights off birds 

were again separated into their individual quarter cages; and crushed peanuts were placed for all the 

four individuals in the cages. Thirty minutes later the crushed peanuts were removed from CT (bottom 

cage Ch1) and BT (bottom cage Ch4).  

Day 5 

The bottom cages were treated in the same way as the top cages had been treated on day 4, and the top 

cages like the bottom cages on day 4. At the end of the day, crushed peanut bowls were removed from 

BT (top cage Ch1) and CT (top cage Ch4).  

Day 6 

Similar protocol to day 4 except that the individual that was fed at that day is fasted and vice versa 

(the one that was fasted become fed) 

Day 7 

Similar to day 5 except that the individual that was fed at that day is fasted and vice versa (the one that 

was fasted become fed). Thirty minutes before lights off, crushed peanuts were placed for all the four 
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individuals in the cages. Thirty minutes later the balances were switched off and crushed peanuts were 

removed from BT (top cage Ch1) and CT (top cage Ch4).  

Day 8 

The birds at the top cages were sacrificed on the 8th day. Fed BT and CT were given a bowl of crushed 

peanuts 1h after lights on. The fasted BT was killed 2h after lights on, 30 minutes later the fed BT was 

killed. And the same applied for the CT in Ch4 (fasted kill 2h after lights on, fed 2.5h after lights on).  

As for the individuals at the bottom cages, crushed peanuts and the dividers were removed giving them 

free access to the total diet. Thirty minutes before lights off, crushed peanuts were given to the 

remaining individuals and balances were switched on. Thirty minutes later the balances were switched 

off and crushed peanuts were removed from CT (bottom cage Ch1) and BT (bottom cage Ch4).   

Day 9 

One hour after lights on, the fed CT and BT were given a bowl of crushed peanuts. As for the fasted 

CT it was killed 2h after lights on (11:30 am), 30 minutes later the fed CT was killed. And the same 

applied for the BT in Ch4 fasted kill 2h after lights on, fed 2.5h after lights on).  

 

3.2.4 Tissue collection  

Before being sacrificed, each individual was both weighed, and their fat score was evaluated according to 

European Science Foundation (ESF) and Biometric Working Group (BWG) system with a score of 0 (no fat) 

to 8 (most fat) (British Trust for Ornithology 2020). 

Birds were euthanized using an intra-peritoneal overdose injection of pentobarbital. Tissue samples of up to 

100 mgs were collected from each individual and placed in tubes with 1ml of RNAlater: the entire 

hypothalamus, hindbrain and proventriculus; a small part of the gizzard, antrum, duodenum, pancreas, 

proximal jejunum, distal jejunum, ileum, caecum and rectum. Gizzard fullness was noted for each individual 

as such: either empty (no food inside) or full (if it had food inside). Those samples were initially stored at 

4ºC for two days then transferred to -80ºC for later analysis.

3.2.5 RNA extraction and reverse transcription

Details about how RNA was treated and extracted from tissue samples are detailed in chapters 2. 

3.2.6 PCR primers

Details about primers sequence are listed in chapter 2, methods section.
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3.2.7 Sequencing of PCR products

The PCR products were sent for sequencing at the DBS sequencing facility at Durham University following 

their sequencing guidelines: 15µL of PCR product was mixed with 6µL of ExoSap-IT PCR-product clean up 

solution (Thermo Fisher). Both forward and reverse primers were used at a concentration of 3.2 pmol/µL. 

Sequencing confirmed amplification of the PCR products expected. 

.

3.2.8 Real time PCR

Step by step details on how the samples were prepared and treated for real-time PCR are listed in chapter 2, 

methods section.

3.2.9 Notes

We originally started with sixteen coal tits and sixteen blue tits, divided as such: eight empty and eight full 

gizzard individuals balanced across the two species. However, during the recording session some birds 

succeeded in escaping from their home cage, thus having access to food when they should not. Those 

individuals were classified as full state because they had access to food and did manage to feed before being 

caught and returned to their cage. So, our earlier distribution of individuals to the different treatment group 

changed as follows:

 Table 2: Experimental group distribution across the different treatment as a result of individuals escaping from their home 

cage. 

Sex/ 

condition 

Blue tits 

Males/ 

empty

Blue tits 

Males/ full

Blue tits 

Females/ 

empty

Blue tits 

Females/ 

full

Coal tits 

Males/ 

empty

Coal tits 

Males/ full

Coal tits 

Females/ 

empty

Coal tits 

Females/ 

full

Numbers 3 8 2 3 4 5 2 5

3.2.10 Data analysis 

Before the beginning of the analysis where it was relevant, a histogram plot was generated for the residual 

values to ensure the normality of our data when using parametric analysis.

The gene expression levels of the gut peptides (PYY, CCK, GCG and INS) were calculated using log10 gene 

ratios to the YWHAZ reference genes, while neuropeptides (NPY, CCK, GCG, POMC and AGRP) were 

calculated using log10 gene ratios of the reference gene (LBR). The calculation was done as follows: the 

ratio to LBR was multiplied by a power of 10 then log 10 was applied to the result. The power of 10 was 
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chosen for each gene according to the smallest number. So, for NPY (1014), AGRP (1017) and hypothalamic 

POMC (1017). Hindbrain peptides: CCK (101), GCG (102) and POMC (104). 

The analysis was done after eliminating the outliers. The outliers were identified as such: after doing log 

(gene/YWHAZ) for all individuals, occasional extreme values (products of technical errors) that were more 

than two standard deviations away from the mean and clearly lay outside the normal range of variation were 

termed outliers. Because technical errors are unavoidable, it was inappropriate to include those values in the 

analysis and this step is part of the standard quality control process we applied routinely.  Statistical analysis 

was done using the Generalized Estimating Equations (GEE) function for gut peptides and generalized 

Linear Models (GLM) for brain neuropeptides in the SPSS statistical package (IBM 25). To correct for post 

hoc test, we used Bonferroni correction method to account for the multiple comparison The rationale behind 

using two different models when analysing our data was where we had repeated measures it was appropriate 

to use GEE, and GLM for non-repeated measures.    

When analysing neuropeptides in both the hypothalamus and the hindbrain, we used 2×2 analysis (species × 

gut full) including the two-way interaction. As for gut peptide expression quantification, we used 2×2×10 

analysis (species ×gut full× tissue) with all interactions included initially. In occasions where significant 3-

way interaction was found, a follow up separate analysis was done using the ‘split file’ function in SPSS and 

choosing the variable that we want to investigate further. Non-significant interactions were removed from the 

model in a stepwise fashion, starting with 3-way interaction and working our way down. Interactions were 

removed if p>0.1. No 2-way interaction were removed if the 3-way interaction was significant. Therefore, 

unless mentioned within the results, reader should assume that interactions were not included in the model 

due to their insignificance. 

The reader should note that gizzard fullness (aka. gut fullness) is the terminology we used to describe the 

nutritional state of the individuals (where empty= fasted, full= fed) rather than experimental treatment 

because during the course of the experiment, some individuals managed to escape from their cages and feed.
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Table 1: Minimum Information for Publication of Quantitative Real-Time PCR Experiments (MIQE) for full state blue tits 

listing the extracted tissues, mean RNA concentration for each tissue and mean 260/280 ratio.

Table 2: Minimum Information for Publication of Quantitative Real-Time PCR Experiments (MIQE) for empty state blue 

tits listing the extracted tissues, mean RNA concentration for each tissue and mean 260/280 ratio.

Tissue
Sample size:  

full

Mean RNA concentration 

(ng/l)

Mean 260/280 

ratio

Hindbrain 7 375.6 1.97

Hypothalamus 9 207.3 1.99

Proventriculus             7 1730.4 1.96

Gizzard 7 1085.4 1.95

Antrum 7 1668.3 1.96

Duodenum 7 1599 1.95

Pancreas 7 1284.4 1.87

Proximal Jejunum 7 1700 1.93

Distal jejunum 7 1543.2 1.97

Ileum 7 1145.6 1.99

Caecum 7 443.4 1.89

Rectum 7 498.7 1.96

Tissue
Sample size: 

empty

Mean RNA concentration 

(ng/l)
Mean 260/280 ratio

Hindbrain 4 288.2 1.98

Hypothalamus 4 241.7 2

Proventriculus             9 1340.1 1.97
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Table 3: Minimum Information for Publication of Quantitative Real-Time PCR Experiments (MIQE) for full state coal tits 

listing the extracted tissues, mean RNA concentration for each tissue and mean 260/280 ratio.

Tissue
Sample size: 

full

Mean RNA concentration 

(ng/l)

Mean 260/280 

ratio

Hindbrain 10 403.1 1.96

Hypothalamus 10 184.5 2.01

Proventriculus             10 1534.5 1.92

Gizzard 10 1263.4 1.97

Antrum 10 1309.4 1.99

Duodenum 10 1580.5 1.96

Pancreas 10 1412.3 1.8

Proximal Jejunum 10 1552.7 1.96

Distal jejunum 10 1171 1.99

Ileum 10 629.8 1.95

Caecum 10 310.3 1.94

Rectum 10 451.3 1.93

Gizzard 9 918.9 1.98

Antrum 9 1525.6 1.96

Duodenum 9 1274 1.98

Pancreas 9 1376.8 1.82

Proximal Jejunum 9 1543.2 1.94

Distal jejunum 9 1512 1.98

Ileum 9 937.1 2

Caecum 9 424.7 1.91

Rectum 9 608 1.95
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Table 4: Minimum Information for Publication of Quantitative Real-Time PCR Experiments (MIQE) for empty state coal 

tits listing the extracted tissues, mean RNA concentration for each tissue and mean 260/280 ratio.

Tissue
Sample size: 

empty 

Mean RNA concentration 

(ng/l)

Mean 260/280 

ratio

Hindbrain 6 343 1.96

Hypothalamus 6 191 2.02

Proventriculus             6 1656 1.96

Gizzard 6 1073.3 1.94

Antrum 6 1418 1.97

Duodenum 6 1553.1 1.95

Pancreas 6 1442.6 1.83

Proximal Jejunum 6 1412.9 1.85

Distal jejunum 6 1446.8 1.98

Ileum 6 795.7 1.99

Caecum 6 341.8 1.79

Rectum 6 456.7 1.93
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3.3 Results

3.3.1 Body mass

On average, blue tits were heavier in comparison to coal tits (BT, mean= 10.12g ±0.11, CT, mean= 8.73g±0. 

11, χ2 (1) = 72.02, p<0.001). Gizzard fullness had a significant effect on body mass with full gut individuals 

being slightly heavier than the empty gut ones (empty, mean= 9.20 ±0.12, full, mean= 9.65±0.10, χ2 (1) = 

7.69, p=0.006). However, no significant interaction was seen between species and gizzard fullness (χ2 (1) = 

0.932, p=0.334) (Figure 2).

Figure 2: Pairwise comparison illustrating body mass difference between blue tits (BT) and coal tits (CT) using gizzard 

fullness as a variable where empty (black) and full (white). Each bar shows mean ± SEM.

3.3.2 Fat score 

Fat score did not significantly differ between the two species (BT, mean= 3.40 ±0.14, CT, mean= 3.28±0. 11, 

χ2 (1) = 0.332, p=0.564). Gizzard fullness had a significant effect on fat scores with full gut individuals 

showing higher scores than empty gut individuals (empty, mean= 2.83 ±0.16, full, mean= 3.85±0.12, χ2 (1) = 

25.22, p<0.001). However, no significant interaction was observed between species and gizzard fullness (χ2 

(1) = 1.14, p=0.284).
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3.3.3 Housekeeping gene testing

Hypothalamus LBR 

Hypothalamic LBR was not significantly different between blue and coal tits (BT, mean= 4.38E-015± 3.45E-

16, CT, mean= 4.80E-015± 3.53E-16, �2(1) =0.718, p=0.397). There was no difference in LBR levels 

between males and females (females, mean= 4.65E-015 ± 3.74E-015, males, mean= 4.53E-015± 3.23E-16, 

�2(1) =0.059, p= 0.808). The treatment has no effect on LBR expression (empty, mean= 4.48E-015 ± 3.90E-

16, full, mean= 4.69E-015± 3.03E-16, �2(1) =0.184, p= 0.668). Additionally, there was neither significant 

interaction between species*sex (�2(1) =0.038, p= 0.846), species*gizzard fullness (�2(1) =1.14, p= 0.285), 

sex*gizzard fullness (�2(1) =1.26, p= 0.261), nor a significant 3-way interaction (�2(1) =3.02, p= 0.082).

Hindbrain LBR 

The gene expression of LBR in the hindbrain was neither different between the two species (BT, mean= 

9.63E-015± 6.36E-16, CT, mean= 8.63E-015± 6.04E-16, �2(1) =1.39, p=0.238), nor between males and 

females (females, mean= 9.60E-015 ± 7.03E-015, males, mean= 8.67E-015± 5.46E-16, �2(1) =1.13, p= 

0.287). LBR levels was not affected by treatment (empty, mean= 8.66E-015 ± 7.25E-16, full, mean= 9.60E-

015± 5.26E-16, �2(1) =1.12, p= 0.288).

Gut peptide YWHAZ 

Main effect 

The expression of YWHAZ was neither different between the two species (BT, mean= 12.86± 0.08, CT, 

mean= 12.77± 0.10, �2(1) =0.388, p=0.534), nor between males and females (females, mean= 12.76 ± 0.09, 

males, mean= 12.87± 0.09, �2(1) =0.663, p= 0.416). Similarly, YWHAZ levels was not affected by the 

treatment (empty, mean= 12.86 ± 0.10, full, mean= 12.77± 0.08, �2(1) =0.436, p=0.509). However, gut 

tissues differ significantly in YWHAZ expression levels (�2(9) =597.44, p<0.001) (Figure 3).

Interactions 

Tissue interacted significantly with species (�2(1) =40.99, p<0.001), however Bonferroni-corrected pairwise 

comparison analysis did not indicate any species difference for any tissue. Species also interacted 

significantly with gizzard fullness (�2(1) =4.55, p= 0.033) but Bonferroni-corrected post-hoc test did not 

indicate a gizzard fullness effect on both species. There was also a several significant 3-way interactions 

between: tissue*species*sex (�2(1) =22.41, p= 0.008). However, Bonferroni-corrected pairwise comparison 

indicated that there were no tissues in either species that showed a significant sex difference. There was also 

a significant tissue*species*gizzard fullness interaction (�2(1) =42.86, p<0.001), but Bonferroni-corrected 
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test indicated that there were no tissues in either species showed a significant effect of gizzard fullness. 

Tissue also interacted significantly with both sex and gizzard fullness (�2(1) =19.39, p= 0.022). However, 

Bonferroni-corrected pairwise comparison indicated that there were no tissues in either sex that showed a 

significant treatment effect. In addition, there was a significant 4-way interaction (�2(1) =18.15, p= 0.033). 

However, Bonferroni-corrected pairwise comparison showed that gizzard fullness did not have a significant 

effect on any interaction combination of sex/species, sex/ tissue, and species/tissue. 

Figure 3: Pairwise comparison of YWHAZ housekeeping gene across different gut tissues. Refer to the glossary for 

abbreviation. Each bar represents mean ±SEM.

Tissue

Prov Gizz Ant
Duo Pan

Prox
.Je

j

Dist
.Je

j

Dist
.IL Cae Rec

t

YW
H

AZ

0

2

4

6

8

10

12

14



98

Table 3: Pairwise comparison of YWHAZ gene expression across different gut tissues. Refer to glossary for abbreviation. 

Green colour rectangles illustrate non- significant p-values. 

 Look at the appendix page 228 to look at the stepwise deletion for each 

neuropeptide and gut peptide. 

3.3.4 Neuropeptides 

Hypothalamus 

In the hypothalamus, we quantified the expression of the ARC neuropeptides NPY, AGRP and POMC. 

There was no significant difference in NPY gene expression between males and females (females, mean= 

3.07 ± 0.12, males, mean= 3.29± 0.10, �2(1) =0.197, p= 0.160). However, NPY gene expression was 

significantly affected by species, blue tits had higher NPY levels in comparison to coal tits (Blue tits (BT), 

mean= 3.37 ± 0.11, coal tits (CT), mean= 2.99± 0.10, �2(1) =5.68, p=0.017). No effect of gizzard fullness 

was detected on NPY expression (empty, mean= 3.20 ± 0.13, full, mean= 3.16± 0.09, �2(1) =0.056, p= 

0.813). There was no significant interaction between species and gizzard fullness (�2(1) =0.482, p=0.488) 

(Figure 4-A). 

AGRP levels were significantly higher in BT than CT (BT, mean= 3.42± 0.18, CT, mean= 2.86± 0.18, �2(1) 

=4.65, p=0.031). Empty gut individuals had higher AGRP in comparison to full ones (empty, mean= 3.42± 

0.20, full, mean= 2.86± 0.15, �2(1) =4.57, p= 0.032). There was a significant species* gizzard fullness 

 Prov Gizz Ant Duo Pan Prox.Jej Dist.Jej IL Cae Rect

Prov  p=1.000 p=1.000 p=1.000 p=0.021 p=1.000 p=1.000 p=1.000 p=1.000 p=0.158

Gizz p=1.000  p=1.000 p=1.000 p<0.001 p=1.000 p=1.000 p=1.000 p=1.000 p=1.000

Ant p=1.000 p=1.000  p=1.000 p<0.001 p=1.000 p=0.005 p=1.000 p=1.000 p<0.001

Duo p=1.000 p=1.000 p=1.000  p<0.001 p=1.000 p=1.000 p=1.000 p=1.000 p=1.000

Pan p=0.021 p=0.008 p<0.001 p<0.001  p<0.001 p<0.001 p<0.001 p<0.001 p<0.001

Prox.Jej p=1.000 p=1.000 p=1.000 p=1.000 p<0.001  p=0.079 p=1.000 p=1.000 p=0.719

Dist.Jej p=1.000 p=1.000 p=0.005 p=1.000 p<0.001 p=0.079  p=0.068 p=0.481 p=1.000

IL p=1.000 p=1.000 p=1.000 p=1.000 p<0.001 p=1.000 p=0.068  p=1.000 p=0.732

Cae p=1.000 p=1.000 p=1.000 p=1.000 p<0.001 p=1.000 p=0.481 p=1.000  p=0.410

Rect p=0.158 p=0.732 p<0.001 p=1.000 p<0.001 p=0.719 p=1.000 p=1.000 p=0.410  
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interaction (�2(1) =5.12, p=0.024) mostly clear in coal tits where empty gut individuals had higher AGRP 

gene expression than full ones (empty, mean= 3.43± 0.29, full, mean= 2.29± 0.22), while no difference was 

detected in blue tits (empty, mean= 3.41± 0.29, full, mean= 3.44± 0.21) (Figure 4-B). On the other hand, no 

significant difference in AGRP levels were observed between males and females (females, mean= 3.29 ± 

0.20, males, mean= 2.99± 0.16, �2(1) =1.43, p= 0.231).

POMC expression was higher in BT than CT (BT, mean= 4.39± 0.12, CT, mean= 2.03± 0.11, �2(1) 

=184.481, p<0.001). Males had higher POMC levels in comparison to females (females, mean= 3.01 ± 0.13 

males, mean= 3.40± 0.11, �2(1) =4.95, p= 0.026). Additionally, species interacted significantly with sex 

(�2(1) =5.39, p=0.020): where male coal tits had higher POMC in comparison to females (females, mean= 

1.63 ± 0.17, males, mean= 2.43± 0.16, p=0.006), but no sex difference was seen in blue tit (females, mean= 

4.40 ± 0.19, males, mean= 4.39± 0.16, p=1.000). Gizzard fullness did not affect POMC gene expression 

(empty, mean= 3.15± 0.14, full, mean= 3.27± 0.10, �2(1) =0.497, p= 0.488). No significant interaction was 

seen between species and gizzard fullness (�2(1) =0.031, p=0.859) (Figure 4-C).

Finally, we looked at the AGRP/POMC ratio in the hypothalamus. Coal tits had significantly higher 

AGRP/POMC ratio in comparison to blue tits (BT, mean= 3.05± 0.31, CT, mean= 4.70± 0.32, �2(1) =13.31, 

p<0.001) (Figure 4-E). Empty gut individuals had higher AGRP/POMC gene expression in the hypothalamus 

in comparison to full ones (empty, mean= 4.42± 0.36, full, mean= 3.32± 0.26, �2(1) =6.09, p= 0.014) 

(Figure 1-D). However, the ratio was not significantly different between males and females (females, mean= 

4.17 ± 0.34 males, mean= 3.57± 0.28, �2(1) =1.84, p= 0.174).
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Figure 4: Comparison between the expressions of neuropeptide Y (NPY) (A), agouti-related protein (AgRP) (B) and pro-

opiomelanocortin (POMC) (C) and the ratio between (AGRP/HYP POMC) (D) in the hypothalamus. Values are presented as 

log10 ratio to lamin B receptor (LBR). All graphs represent the interaction between species and gizzard fullness: blue tits 

(BT) (solid bars) and coal tits (CT) (dotted bars). Empty (black bars), full (white bars). Each bar shows mean ± SEM. The 

asterisk represents significant differences ((*) p<0.05, (**) p<0.01 (***) p<0.001).

Hindbrain 

The second brain area investigated was the hindbrain, where we quantified CCK, GCG and POMC.

There was no significant difference in CCK gene expression between BT and CT (BT, mean= 1.25± 0.05, 

CT, mean= 1.30± 0.04, �2(1) =638, p=0.424). Neither sex (females, mean= 1.27 ± 0.05 males, mean= 1.28± 

0.04, �2(1) =0.05, p= 0.815) nor gizzard fullness (empty, mean= 1.34± 0.05, full, mean= 1.21± 0.04, �2(1) 

=3.68, p= 0.055) had any significant effect on CCK levels. Additionally, no significant interaction was 

observed between species and gizzard fullness (�2(1) =1.85 p= 0.173) (Figure 5-A).

As for GCG, there was a strong difference in the gene expression between the two species with CT showing 

higher levels in comparison to BT (BT, mean= 2.96± 0.16, CT, mean= 3.88± 0.15, �2 (1) =16.26, p<0.001). 

On the other hand, neither sex (females, mean= 3.28 ± 0.17, males, mean= 3.56± 0.14, �2(1) =1.51, p= 

0.218) nor gizzard fullness (empty, mean= 3.29± 0.18, full, mean= 3.55± 0.13, �2(1) =1.32, p= 0.251) had 

any significant effect on GCG levels. However, even though there was a significant interaction between 

species and gizzard fullness (�2(1) =4.87, p= 0.027) (Figure 5-B), Bonferroni post-hoc test indicated that 

neither species showed a significant effect of gizzard fullness.
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Hindbrain POMC was significantly higher in BT in comparison to CT (BT, mean= 3.35± 0.09, CT, mean= 

2.04± 0.08, �2 (1) =111.94, p<0.001). Neither sex (females, mean= 2.64 ± 0.09 males, mean= 2.76± 0.07, 

�2(1) =0.877, p= 0.349) nor gizzard fullness (empty, mean= 2.68± 0.09, full, mean= 2.71± 0.07, �2(1) 

=0.072, p= 0.788) had any significant effect on POMC levels. There was no significant interaction between 

species and gizzard fullness (�2(1) =0.519, p= 0.471) (Figure 5-C).

Figure 5: Comparison between the expressions cholecystokinin (CCK) (A), glucagon (GCG) (B) and pro-opiomelanocortin 

(POMC) (C) in the hindbrain. Values are presented as log10 ratio to lamin B receptor (LBR). All graphs illustrate the 

species* gizzard fullness interaction. Blue tits (BT) (solid bar) and coal tits (CT) (dotted bar). Empty (black bars), full (white 

bar). Each bar shows mean ± SEM. 

3.3.5 Gut peptides 

3.3.5.1 CCK 
Main effect 

The expression levels of CCK did not differ between males and females (females, mean= 3.24 ± 0.08 males, 

mean= 3.31± 0.12, �2(1) =0.188, p= 0.665). Similarly, neither species (BT, mean= 3.22± 0.09, CT, mean= 

3.33± 0.11, �2 (1) =0.606, p=0.436) nor gizzard fullness (empty, mean= 3.20± 0.11, full, mean= 3.35± 0.09, 

�2(1) =0.899, p= 0.343) had a significant effect on CCK levels. The different gut tissues showed significant 

differences in CCK expression, with the highest levels in the proximal and distal jejunum, duodenum and 

ileum (�2(9) =1518.83, p<0.001). 

Interactions: 

Although a significant interaction between sex and tissue (�2(1) =21.90, p= 0.009) was found, Bonferroni-

corrected pairwise comparison analysis did not indicate any sex differences for any tissue. Additionally, 

despite a significant interaction between species and tissue (�2(9) =25.29, p=0.003), post-hoc Bonferroni- 

corrected analyses did not indicate any species difference among any tissue. Tissue interacted significantly 

with gizzard fullness (�2(9) =19.38, p=0.022), however, upon looking to the pairwise comparison we could 
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not detect any gut tissue that showed a clear difference in CCK levels in response to gizzard fullness (Figure 

6). There was also a significant 3-way interaction between sex*species* tissue (�2(9) =22.24, p=0.008) 

where female coal tits had slightly higher CCK in their caecum in comparison to female blue tits (BT, mean= 

2.98± 0.12, CT, mean= 3.81± 0.11, p=0.001) but there was no species difference for the males (BT, mean= 

3.61± 0.19, CT, mean= 3.471± 0.27, p=1.000). There was also a significant species* tissue*gizzard fullness 

(�2(9) =18.50, p=0.030), however, Bonferroni- corrected pairwise comparison indicated that there were no 

tissues in either species showed a significant effect of gizzard fullness. There was a significant 4-way 

interaction (�2(9) =18.60, p=0.029). Empty state female coal tits had higher CCK in the gizzard than full 

state ones (empty, mean= 2.75± 0.00, full, mean= 1.72± 0.18, p<0.001). On the other hand, no such 

difference in CCK expression was seen in the gizzards of male coal tits (empty, mean= 1.85± 0.33, full, 

mean= 1.70± 0.15, p= 1.000), nor male (empty, mean= 1.92± 0.15, full, mean= 2.05± 0.16, p=1.000) or 

female (empty, mean= 1.99± 0.14, full, mean= 2.36± 0.17, p= 1.000) blue tits gizzards. 

Figure 6: Pairwise comparison of cholecystokinin (CCK) gene expression across different gut tissues in as log10 ratio to 

tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein zeta (YWHAZ) using Gizzard fullness as a 

variable. Refer to glossary to see the abbreviation. Black bars represent empty gizzard while white ones show full gizzard 

state. Each bar represent mean ± SEM.
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Table 2: Pairwise comparison of cholecystokinin (CCK) gene expression in the different tissues. Refer to glossary to see the 

abbreviation. Green colour rectangles show non-significant p value.

3.3.5.2 PYY
Main effect 

The expression levels of PYY were not significantly different between males and females (females, mean= 

4.22 ± 0.15, males, mean= 3.97± 0.13, �2(1) =1.52, p= 0.217). The levels of PYY were not different 

between BT and CT (BT, mean= 4.14± 0.08, CT, mean= 4.05± 0.18, �2 (1) =0.187, p=0.666)                                                                   

The individual’s gizzard fullness did not affect PYY levels (empty, mean= 4.16± 0.16, full, mean= 4.04± 

0.12, �2(1) =0.334, p= 0.564). However, different gut tissue expressed PYY differently (�2(9) =247.003, 

p<0.001) with the antrum, duodenum, pancreas and the proximal jejunum having higher levels in comparison 

to the other tissues. Despite the presence of a strong interaction between species and tissue (�2(9) =26.666, 

p=0.002), the Bonferroni-corrected pairwise comparison showed no significant species differences for any of 

the tissues (Figure 7).

 Prov Gizz Ant Duo Pan Prox.Jej Dist.Jej IL Cae Rect

Prov  p=1.000 p<0.001 p<0.001 p=0.002 p<0.001 p<0.001 p<0.001 p<0.001 p=0.005

Gizz p=1.000  p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p=0.003

Ant p<0.001 p<0.001  p=1.000 p<0.001 p=1.000 p=0.890 p=1.000 p=0.009 p<0.001

Duo p<0.001 p<0.001 p=1.000  p<0.001 p=1.000 p=1.000 p=1.000 p<0.001 p<0.001

Pan p=0.002 p<0.001 p<0.001 p<0.001  p<0.001 p<0.001 p<0.001 p<0.001 p=1.000

Prox.Jej p<0.001 p<0.001 p=1.000 p=1.000 p<0.001  p=1.000 p=1.000 p<0.001 p<0.001

Dist.Jej p<0.001 p<0.001 p=0.890 p=1.000 p<0.001 p=1.000  p=1.000 p<0.001 p<0.001

IL p<0.001 p<0.001 p=1.000 p=1.000 p<0.001 p=1.000 p=1.000  p<0.001 p<0.001

Cae p<0.001 p<0.001 p=0.009 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001  p<0.001

Rect p=0.005 p=0.003 p<0.001 p<0.001 p=1.000 p<0.001 p<0.001 p<0.001 p<0.001  
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Figure 7: Pairwise comparison of peptide YY (PYY) gene expression between blue tits (solid bar) and coal tits (dashed bar) as 

log10 ratio to tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein zeta (YWHAZ) using species as a 

variable. Refer to glossary to see the abbreviation. Each bar represent mean ± SEM.

 Table 3: Pairwise comparison of peptide YY (PYY) gene expression in the different tissues. Refer to glossary to see the 

abbreviation. Green colour rectangles show non-significant p value.

 Prov Gizz Ant Duo Pan Prox.Jej Dist.Jej IL Cae Rect

Prov  p=0.712 p=0.034 p=0.003 p=0.075 p=0.010 p=1.000 p=1.000 p=1.000 p=1.000

Gizz p=0.712  p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p=1.000 p=1.000 p=1.000

Ant p=0.034 p<0.001  p=1.000 p=1.000 p=1.000 p<0.001 p<0.001 p=0.059 p<0.001

Duo p=0.003 p<0.001 p=1.000  p=0.219 p=1.000 p<0.001 p<0.001 p=0.005 p<0.001

Pan p=0.075 p<0.001 p=1.000 p=0.219  p=0.460 p<0.001 p=<0.001 p=0.157 p<0.001

Prox.Jej p=0.010 p<0.001 p=1.000 p=1.000 p=0.460  p<0.001 p<0.001 p=0.011 p<0.001

Dist.Jej p=1.000 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001  p<0.001 p=1.000 p=0.001

IL p=1.000 p=1.000 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001  p=1.000 p=1.000

Cae p=1.000 p=1.000 p=0.059 p=0.005 p=0.157 p=0.011 p=1.000 p=1.000  p=1.000

Rect p=1.000 p=1.000 p<0.001 p<0.001 p<0.001 p<0.001 p=0.001 p=1.000 p=1.000  
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3.3.5.3 GCG
Main effect 

The expression of GCG was not different between males and females (females, mean= 4.01 ± 0.09, males, 

mean= 4.03± 0.10, �2(1) =0.023, p= 0.880). BT and CT did not differ in GCG levels (BT, mean= 3.92± 

0.09, CT, mean= 4.11± 0.11, �2 (1) =1.77, p=0.183). Individual’s nutritional state did not affect GCG gene 

expression (empty, mean= 4.00± 0.11, full, mean= 4.04± 0.08, �2(1) =0.096, p= 0.757). On the other hand, 

different gut tissues expressed GCG differently (�2(9) =2100.13, p<0.001) with the pancreas expressing the 

highest levels of GCG among the other tissues (mean= 5.57± 0.09).

Interactions:  

There was a significant species* tissue interaction (�2(9) =105.12, p<0.001) (Figure 8), however, 

Bonferroni- corrected pairwise comparison did not show any significant species differences for any of the 

tissues. 

There was also a significant tissue* gizzard fullness interaction (�2(9) =46.54, p<0.001). But again, post-

hoc Bonferroni- corrected analysis did not detect a nutritional state difference for any of the tissues. There 

was a significant 3-way interaction between sex*species*gizzard fullness (�2(9) =4.98, p=0.026), 

sex*tissue*gizzard fullness (�2(9) =43.79, p<0.001), species*tissue*gizzard fullness (�2(9) =35.61, 

p<0.001). However, Bonferroni-corrected pairwise comparison showed that gizzard fullness did not have a 

significant effect on any interaction combination of sex/species, sex/ tissue, and species/tissue. Finally, there 

was a significant 4-way interaction between sex*species*tissue*gizzard fullness (�2(9) =27.28, p=0.001) 

mostly due to the females of the two species. Empty gut female BT had higher GCG in their antrum in 

comparison to full ones (empty, mean= 4.98± 0.26, full, mean= 3.57± 0.10, p= 0.002). On the other hand, 

empty gut female CT had higher GCG in their gizzards in comparison to fed ones (empty, mean= 1.23± 0.00, 

full, mean= 2.35± 0.13, p<0.001). Having said that, no such difference in GCG expression was found in the 

antrum of male BT (empty, mean= 3.80± 0.29, full, mean= 4.15± 0.09, p= 1.000) nor in the gizzards of male 

CT (empty, mean= 2.22± 0.38, full, mean= 2.31± 0.23, p= 1.000).
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 Figure 8: Pairwise comparison of preproglucagon (GCG) gene expression across different gut tissues as log10 ratio to 

tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein zeta (YWHAZ) using Gizzard fullness as a 

variable. Black bars represent empty gizzard while white ones show full gizzard state. Refer to glossary to see the 

abbreviation. Each bar represent mean ± SEM.

Table 4: Pairwise comparison of preproglucagon (GCG) gene expression in the different tissues. Refer to glossary to see the 

abbreviation. Green colour rectangles show non-significant p value.

 Prov Gizz Ant Duo Pan Prox.Jej Dist.Jej IL Cae Rect

Prov  p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001

Gizz p<0.001  p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001

Ant p<0.001 p<0.001  p=1.000 p<0.001 p=1.000 p=0.065 p=1.000 p=1.000 p=0.423

Duo p<0.001 p<0.001 p=1.000  p<0.001 p=0.185 p<0.001 p<0.001 p=1.000 p=0.616

Pan p<0.001 p<0.001 p<0.001 p<0.001  p<0.001 p<0.001 p<0.001 p<0.001 p<0.001

Prox.Jej p<0.001 p<0.001 p=1.000 p=0.185 p<0.001  p<0.001 p=1.000 p=0.981 p=0.001

Dist.Jej p<0.001 p<0.001 p=0.065 p<0.001 p<0.001 p<0.001  p<0.001 p<0.001 p<0.001

IL p<0.001 p<0.001 p=1.000 p<0.001 p<0.001 p=1.000 p<0.001  p=0.004 p<0.001

Cae p<0.001 p<0.001 p=1.000 p=1.000 p<0.001 P=0.981 p<0.001 p=0.004  p<0.001

Rect p<0.001 p<0.001 p=0.423 p=0.616 p<0.001 p=0.001 p<0.001 p<0.001 p=0.046  
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3.3.5.4 INS

Main effect 

Insulin gene expression was not different between males and females (females, mean= 4.00 ± 0.16, males, 

mean= 3.64± 0.15, �2(1) =2.34, p= 0.126). Coal tits had higher INS levels in comparison to blue tits (BT, 

mean= 3.57± 0.14, CT, mean= 4.07± 0.18, �2 (1) =4.55, p=0.033). The nutritional state of the individuals 

significantly affected INS gene expression with empty gut birds having higher levels in comparison to full 

ones (empty, mean= 4.11± 0.20, full, mean= 3.53± 0.10, �2(1) =6.16, p= 0.013). Gut tissues significantly 

differ in how much INS they express (�2(9) =2323.16, p<0.001) with the pancreas having the highest levels 

(mean= 7.59± 0.16).

Interactions: 

There was a significant sex*tissue interaction (�2(9) =38.91, p<0.001), however, post-hoc Bonferroni- 

corrected pairwise comparisons did not indicate any sex differences for any of the tissues. There was also a 

significant tissue*gizzard fullness interaction (�2(9) =48.56, p<0.001) with a difference in INS expression in 

the antrum, where empty state antrum had higher INS levels than full state antrum (empty, mean= 5.18± 

0.36, full, mean= 2.69± 0.32, p<0.001) (Figure 9). However, no other tissue showed INS levels differences in 

response to gizzard fullness. We detected several significant 3-way interactions. There was an interaction 

between:  sex*species*tissue (�2(9) =33.80, p<0.001), however, Bonferroni-corrected pairwise comparison 

did not show a significant difference between sexes and species for any tissue. Additionally, there was a 

significant interaction between sex*tissue*gizzard fullness (�2(9) =29.70, p<0.001) mostly clear in the 

antrum of females where empty state antrum had higher INS gene expression in comparison to full state 

antrum (empty, mean= 6.79± 0.18, full, mean= 2.80± 0.60, p<0.001). On the other hand, no such difference 

in INS levels was detected in the antrum of males (empty, mean= 3.58± 0.70, full, mean= 2.59± 0.22, 

p=1.000). A significant 3-way interaction was also found between species*tissue*gizzard fullness (�2(9) 

=22.81, p=0.007) especially in the antrum of blue tits where empty gut antrum had higher INS than when its 

full (empty, mean= 5.48± 0.62, full, mean= 2.04± 0.12, p<0.001). However, that was not the case for coal 

tits. Coal tits antrum did not show different INS expression levels in response to gizzard fullness (empty, 

mean= 4.89± 0.37, full, mean= 3.35± 0.63, p=1.000).

 Finally, there was a significant 4- way interaction between sex*tissue*species*gizzard fullness (�2(9) 

=31.26, p<0.001) where empty gut female blue tit’s antrum had higher INS in comparison to full state ones 

(empty, mean= 6.65± 0.00, full, mean= 1.58± 0.00, p<0.001) but female coal tits antrum did not show a 

difference in INS levels in response to gizzard fullness (empty, mean= 63.93± 0.37, full, mean= 4.02± 1.20, 

p=1.000). Similarly, neither male BT antrum nor CT showed a significant difference in INS gene expression 
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in the different state (BT; empty, mean= 4.31± 1.25, full, mean= 2.50± 0.25, p=1.000; CT; empty, mean= 

2.85± 64, full, mean= 2.68± 0.36, p=1.000).

Figure 9: Pairwise comparison of insulin (INS) gene expression across different gut tissues as log10 ratio to YWHAZ using 

gizzard fullness as a variable. Black bars represent empty gizzard while white ones show full gizzard state. Refer to glossary 

to see the abbreviation. The asterisk represents significant difference between the two species ((*) p<0.05, (**) p<0.01 (***) 

p<0.001). Each bar represent mean ± SEM.

Table 5: Pairwise comparison of insulin (INS) gene expression in the different tissues. Tissues are arranged in order of 

dissection. Refer to glossary to see the abbreviation. Green colour rectangles show non-significant p value.

 Prov Gizz Ant Duo Pan Prox.Jej Dist.Jej IL Cae Rect

Prov  p=1.000 p=1.000 p=1.000 p<0.001 p=1.000 p=1.000 p=1.000 p=1.000 p=1.000

Gizz p=1.000  p=0.006 p=1.000 p<0.001 p=0.141 p=1.000 p=1.000 p=1.000 p=1.000

Ant p=1.000 p=0.006  p<0.001 p<0.001 p=1.000 p=1.000 p=0.267 p=0.962 p=0.295

Duo p=1.000 p=1.000 p<0.001  p<0.001 p<0.001 p=0.599 p=1.000 p=1.000 p=1.000

Pan p<0.001 p<0.001 p<0.001 p<0.001  p<0.001 p<0.001 p<0.001 p<0.001 p<0.001

Prox.Jej p=1.000 p=0.141 p=1.000 p<0.001 p<0.001  p=0.111 p=0.047 p=0.005 p=0.023

Dist.Jej p=1.000 p=1.000 p=1.000 p=0.599 p<0.001 p=0.111  p=1.000 p=1.000 p=1.000

IL p=1.000 p=1.000 p=0.267 p=1.000 p<0.001 p=0.047 p=1.000  p=1.000 p=1.000

Cae p=1.000 p=1.000 p=0.262 p=1.000 p<0.001 P=0.005 p=1.000 p=1.000  p=1.000

Rect p=1.000 p=1.000 p=0.295 p=1.000 p<0.001 p=0.023 p=1.000 p=1.000 p=1.000  
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3.3.5.5 GCG/INS ratio in the pancreas only

Main effect 

Coal tits had higher GCG/INS ratio in their pancreas in comparison to blue tits (BT, mean= 2.11± 0.22, CT, 

mean= 3.91± 0.22, �2 (1) =32.11, p<0.001). GCG/INS ratio was higher in the pancreas of empty state coal 

tits in comparison to full state ones (empty, mean= 3.38± 0.25, full, mean= 2.65± 0.18, �2(1) =5.38, p= 

0.020). On the other hand, GCG/INS ratio was not different between males and females (females, mean= 

3.08 ± 0.23, males, mean= 2.94± 0.20, �2(1) =0.200, p= 0.654).

Interactions: 

There was a significant species*gizzard fullness interaction (�2(9) =4.88, p=0.027) (Figure 8) mostly seen in 

coal tits where empty state individuals had slightly higher GCG/INS in their pancreas in comparison to full 

state ones (empty, mean= 4.63± 0.35, full, mean= 3.20± 0.28, p=0.011). However, no such difference was 

seen in blue tits (empty, mean= 2.13± 0.35, full, mean= 2.10± 0.25, p=1.000)

Figure 10: Pairwise comparison showing the glucagon: insulin ratio (GCG/INS) in the pancreas. Blue tit (solid bar), coal tit 

(dotted bar); empty state (black bar), full state (white bar). The asterisk represents significant difference between the two 

species ((*) p<0.05, (**) p<0.01 (***) p<0.001). Each bar represent mean ± SEM.
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3.4 Discussion 

For this part of the study, we aimed to investigate the same group of gut and neuropeptides that were 

discussed in Chapter 2 but putting an emphasis on the difference in the mode of expression of those 

hormones between two behaviourally different songbirds, blue tits and coal tits. We aim to gain an insight 

into specific differences in the way peptide gene expression changes after energetic challenge in a hoarding 

vs. non-hoarding species as well as the differences in overall expression between species. We hypothesised 

that the signals gut peptides transduce to the brain are responsible for reporting the nutritional state and the 

energy expenditure in an individual to the brain leading it to express specific behaviours.  

On average, blue tits were heavier than coal tits. However, we did not observe any statistical differences in 

the fat score. Inboth species full gut individuals had both higher body mass and fat score in comparison to 

empty individuals. This indicates that our experimental fasting and re-feeding was successful in making a 

detectable change in the birds’ energy stores so that the difference in body mass was not due just to the 

presence or absence of food in the gizzard.

Several gut and neuropeptides have been found to play major roles in the appetite regulatory system 

signalling satiety. Here we are interested in comparing the expression pattern of selected peptides between 

hoarding and non-hoarding species. In the hypothalamus, NPY, AGRP and POMC mRNAs were higher in 

the blue tits. And even though, neither NPY nor hypothalamic POMC gene expression was affected by the 

individual nutritional state, AgRP mRNA was significantly higher in empty stomach coal tits in comparison 

to full ones. Furthermore, the AgRP/POMC ratio in coal tits changed with the nutritional state of the 

individual where empty state birds had higher levels in comparison to full ones. As for the hindbrain 

neuropeptides, while coal tits showed higher GCG mRNA in the hindbrain, blue tits had higher POMC 

levels. As for gut peptides, the only peptide that showed a difference between the two species and the two 

treatments was insulin, with empty gut female blue tits showing higher insulin mRNA in their antrum. 

However, for female coal tits the antrum did not show any difference in insulin mRNA levels in either state. 

 

3.4.1 Neuropeptides

Hypothalamus

In our study, the expression of NPY, AGRP and POMC was generally higher in the blue tits in comparison 

to the coal tits. In particular, POMC gene expression was 2.1× higher compared to only 1.2× for both NPY 

and AGRP. The AGRP/POMC ratio was also different between the two species. The fact that we did find 

differences in neuropeptide gene expression between the blue and coal tits might be related to the differences 

in feeding and hoarding behaviour (which is explored in more details in chapter 4). 
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As for gizzard fullness, no changes were found in the expression of either NPY or POMC. Our speculation 

for not detecting changes in gene expression is that 1.5hrs of re-feeding might not be enough to stimulate 

changes in gene expression levels. Even though we did observe a significant difference in fat score, the 

difference between the fed and fasted body mass was only about 5%. This difference is less than that 

observed in other studies (Boswell et al. 2002) where changes in NPY expression were seen after more 

extended, 24h food deprivation with a 12% loss of body mass compared to the fed state.  Having said that, 

we only detected a significant change in the expression of both AgRP and the AgRP/POMC ratio. For AgRP, 

empty gut birds showed significantly higher AgRP mRNA in comparison to full individuals which is what 

we would expect. Studies have shown that AgRP mRNA levels were increased by food deprivation in 

several bird species. Fang et al. (2014) demonstrated that 48h significantly increased AgRP mRNA in male 

broiler chickens. Similar results were consistently found in adult Japanese quail fasted for 24h (Phillips-

Singh et al. 2003). In both cases, AgRP expression returned to baseline after 24h of re-feeding (Phillips-

Singh et al. 2003). 

As mentioned, in chapter 2, both AgRP and hypothalamic POMC containing neurons have neural projections 

to the same brain regions. Those two peptides not only have an antagonising effect on each other, and 

compete to bind to the same receptor (Boswell and Dunn 2017), but was also shown in rats to be a crucial 

stimulator for the central melanocortin signalling pathways regulating and controlling the appetite system 

(Korner et al. 2003). Thus, we examined the AgRP/POMC ratio in relation to the individual nutritional state. 

We demonstrated that in coal tits, empty state birds had a higher AgRP/POMC ratio in comparison to full 

ones. This suggests that there may be a species difference in the regulation of melanocortin system signalling 

and the significance of this in relation to hoarding is explored further in Chapter 4. Korner el al. (2003) found 

that in both ad lib and pair -fed (rats fed only the mean amount of food/ day that the same rat consumed per 

day as calculated over the 2 days before injection) AgRP injected rats showed a significant elevation in 

AgRP/POMC ratio that was consistent with the increased stimulation of the central melanocortin signalling 

pathway. Since AgRP signals for hunger, and POMC terminates a meal (signals satiety), one would expect 

that a higher ratio would lead the animal to forage more and the decision after finding the food is related to 

its energetic status at that moment (explored more in chapter 4).

In relation to sex differences, unlike Caughey et al. (2018)’s study in chickens where they were not able to 

find sex difference in POMC mRNA gene expression, we detected a significant difference between the two 

sexes in the expression of POMC only specifically in coal tits. Males had higher POMC mRNA in 

comparison to females. However, no such difference was observed in blue tits. Rancourt et al. (2018) 

showed that 3-week-old female chickens had higher methylation levels at two CpG sites in the POMC 

promoter regions than males. DNA methylation is an epigenetic mechanism used by cells to control gene 

expression. Applying this information to the Rancourt et al. (2018) study, females that had higher 

methylation in the CpG sites in the POMC promoter had more POMC mRNA expressed. We did not conduct 

an epigenetic study in our case, so we could not attribute the difference in POMC mRNA between the sexes 
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to DNA methylation. Having said that, overall, POMC mRNA has always shown contradictory effects in 

birds. Some studies report no change, while others like our case and Rancourt et al. (2018) observed changes 

but in the opposite sex. This variability in POMC mRNA results might suggest a very curtailed and 

fundamental role of POMC in the regulation of appetite in relation to energy homeostasis in animals. 

Hindbrain 

When it comes to the hindbrain, we only observed species differences in the level of GCG and POMC. 

While coal tits showed higher GCG mRNA in the hindbrain, blue tits showed higher POMC gene 

expression. Those differences could be due to behavioural differences between the two species (will be 

explored in Chapter 4) 

For GCG, Larsen et al. (1997) demonstrated that the posttranslational product of the proglucagon in the 

hindbrain is glucagon like peptide-1 (GLP-1), hence that is likely to be the peptide product of the GCG gene 

expression we measured. The function of GLP-1 is conserved between mammals and birds (Honda 2016). 

Thus, we speculate that higher GLP-1 synthesis in coal tits might be linked to satiety and maybe to hoarding 

too. A study by Williams et al. (2016) demonstrated that in rats, GLP-1 functioned to reduce meal size and 

prolonged the inter-meal intervals. Thus, we assume that higher levels of GLP-1 in non-hoarding birds are 

strategically important for individuals to stay satiated for longer periods and reduce the foraging trips in 

fluctuating conditions.

The higher GCG mRNA levels observed in the coal tits combined with the well-established role of GLP-1 in 

suppressing food intake made us speculate about the possibility of its involvement in hoarding motivation. 

Studies have shown that in rats, hindbrain GLP-1 signals the reduction of food intake and the motivation to 

feed (Alhadeff and Grill 2014). Therefore, it is possible that an elevation of GLP-1 in coal tits while 

supressing the motivation to eat, might stimulate food hoarding behaviour. On the other hand, we speculate 

that the higher levels of POMC mRNA gene expression observed in blue tits aid in increasing their foraging 

tendencies thus increasing food foraging motivation while keeping them satiated. This is explored further by 

the video analysis in Chapter 4.  

The nutritional state of the individual did not cause any changes in the expression of the genes. It is possible 

that 1.5h re-feeding was not long enough to cause a change in the expression of the neuropeptides. Gelegen 

et al. (2012) demonstrated that rats fasted for 24h showed a significant reduction of hindbrain neuropeptides 

gene expression. However, because our birds are very small and fragile, we cannot expose them to a very 

prolonged fasting period.  Additionally, we speculate that since those birds a very metabolically active, they 

might need a longer re-feeding time frame for satiety peptides to exert their effect on their appetite.     
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3.4.2 Gut peptides 

Pancreatic peptides (Glucagon (GCG), and insulin (INS)) 

The results presented here demonstrate that both blue and coal tits showed higher GCG mRNA levels in the 

pancreatic tissues, which is similar to the distribution pattern seen in great tits. GCG expression did not 

change according to the nutritional state of both blue and coal tits. However, previous studies in chickens 

fasted for 24-48h demonstrate a strong increase in plasma glucagon peptide which declines with 24h re-

feeding (Richards and McMurtry 2008). The contradiction seen between our study and the other study could 

be related to the differences in body size between our birds and the chicken alongside the differences in their 

metabolic demands and energetic needs. 

Insulin mRNA levels were the highest in the pancreas of both blue and coal tits which again follows the 

same pattern we observed in great tits. Those observations were also found in ducks (Samols et al. 1969) and 

chickens (Langslow et al. 1970).

Insulin levels were significantly affected by the nutritional status of the individuals, with empty gut birds 

having higher insulin mRNA in comparison to fed ones. This result is not what one might expect for insulin 

to behave if an individual is food deprived. Studies in chickens show that plasma levels of insulin are 

decreased in fasted individuals (Simon et al. 2011). Studies in healthy humans estimated that within a time 

frame of 30 min-1h of ingesting a meal, insulin levels rapidly peak, returning to basal levels within 2-4h 

(Galloway and Chance 1994). On the other hand, in our study we did not measure the peptide, so it is 

difficult to make conclusions about how insulin transcription is related to the circulating peptide. Especially, 

since INS mRNA was also found in other gut tissues but in lower magnitude when compared to the pancreas. 

Therefore, behavioural analysis (Chapter 4) becomes more necessary to pinpoint if the behaviour has any 

correlation with insulin expression.  

The pancreatic GCG/INS ratio was significantly higher in coal tits in comparison to blue tits. Additionally, 

empty state coal tits expressed more GCG/INS ratio mRNA than fed ones with no difference observed in 

blue tits in either state. There is very little information about the role of glucagon/insulin ratios and appetite 

system but given the fact that both hormones had an opposing function to one another, one might expect the 

regulation of the ratio might have something to do with the original function of those genes separately. 

However, what we know is that higher GCG/INS would stimulate the mobilization of the nutrient. On the 

other hand, lower GCG/INS would promote the biosynthesis of proteins and the reduction of blood glucose 

rise (Kalra and Gupta 2016). 

Glucagon related peptides and insulin gene expression outside the pancreas

In the present study, we found higher GCG mRNA gene expression in the rest of the digestive tract in both 

blue and coal tits. A similar pattern was also found in great tits (Chapter 2) where GCG mRNA levels were 

the second highest in the rest of the gastrointestinal tract. That tissue distribution in the three tit species is 
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aligned to what is found in the literature. According to Hiramatsu (2020), the number of GCG producing 

cells in the small intestine of chicken seems to be higher in more proximal regions, reaching a maximum in 

the distal ileum. 

GCG expression did not seem to respond to the nutritional state of individuals. However, different tissues 

demonstrated different trends of gene expression in the opposite directions which is typical as each tissue 

expresses GCG in a unique way. Having said that, overall, the empty state females of the two species 

expressed more GCG mRNA in comparison to males. While empty state blue tit female showed higher GCG 

mRNA in their antrum, empty state female coal tits had higher GCG mRNA in their gizzards. Therefore, we 

speculated the presence of other forms of GCG outside the pancreas. This fact was confirmed because tissue 

specific action of the enzyme prohormone convertase directs the synthesis of GLP-1 in the L-cells of the 

gastrointestinal tract which are known to be abundant in the intestine of rodents (Lim and Brubaker 2006). 

So, in our case we could speculate that what we detected in our study is GLP-1 since we did not measure the 

actual peptide. 

The higher GCG expression we observed in the antrum, may be linked to findings by Rotondo et al. (2011) 

of a role for GLP-1 into slowing of the gastric emptying process in the mouse antrum, thus indirectly 

reducing food intake which is in agreement with its anorexigenic action. 

Kenan Diler (2008) was able to detect GCG immunoreactive cells in the gizzards of 9-day-old chicks, while 

Yamaguchi et al. (1987) were able to detect GCG immunoreactive cells in the gizzard of 13-day old quail. 

However, both studies were also able to detect GCG immunoreactive cells in the adults. Thus, our finding of 

GCG in the gizzards of adult coal tits is not surprising and agrees with what others have found in other avian 

species. According to Kokas et al. (1971) the administration of glucagon inhibited the volume of 

spontaneous gastric juice secretion (in the gizzard) and decreased pepsin output in chickens. Thus, we think 

that the presence of GCG mRNA in the gizzard might slow/inhibit the gastric emptying process and 

participate in ileal breakdown by inhibiting small intestine transit. This would prolong the satiation effect. 

The inhibition function of GCG caused an overall reduction in the absorption of nutrients from the 

gastrointestinal tract (Perfetti and Merkel 2000). We speculate that higher in the coal tit gizzard might 

function to maximise the gastric emptying process, thus keeping individuals constantly motivated to forage 

and store food.

We found higher insulin gene expression in the antrum of empty state male blue tits in comparison to full 

state ones. Studies have shown that the inhibitory action of insulin might be in part independent of its effect 

on glucagon secretion (Eisenberg et al. 1963) or its hypoglycaemic effect (Hirschowitz and Robbins 1966). 

Kemp et al. (1968) showed that in dog’s antrum, the presence of insulin causes a re-distribution of potassium 

within cells (very crucial to the secretory function). Thus, the inhibitory action of insulin on food intake 

might be in part regulated via the hyperpolarization of the cell, thus decreasing the motility of the antrum, 

which in turn inhibits the secretion of the hormone gastrin, thus slowing the gastric phase. Why we observed 
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high insulin mRNA in the empty state of both blue and coal tits rather than the full state might suggest the 

possibility that insulin have other physiological significance in those tissues. 

PYY

In our study PYY gene expression was not different between the blue and coal tits. However, PYY was 

higher in the duodenum, proximal jejunum, pancreas and the antrum of both species. Similar PYY mRNA 

distribution was found in the great tits, with higher PYY levels in the antrum, duodenum, pancreas, and 

proximal jejunum Our results fit the distribution pattern found by Gao et al. (2017). In their study, they 

showed that chicken PYY is highly expressed in the proventriculus, duodenum, jejunum, ileum and 

pancreas. Moreover, Reid at al. (2017) using in situ hybridization, found that the major source of gut PYY 

mRNA is around the distal jejunum, however the duodenum had a relatively lower PYY expression.

On the other hand, although PYY is a known satiety signal, no significant effect of gut fullness was observed 

in the current study. Moreover, we obtained similar findings in great tits (chapter 2). We were not able to 

detect any effect of the nutritional state on PYY levels in the great tit experiment. Having said that, studies in 

chickens have shown a significant elevation of PYY mRNA under ad lib conditions in comparison to under 

12h fasting (Aoki et al. 2016). Why we were not able to observe an effect of the nutritional state on the 

expression of PYY mRNA in both studies is still not clear. However, considering how active those small 

songbirds are, and given that after meal PYY peptide levels increase within 15min and stay elevated 1-2h 

(Adrian et al. 1985), we speculate that PYY mRNA levels might rapidly return to baseline after the peptide 

has been secreted because of the high metabolism of titmice.   

CCK

In the present study, although both blue and coal tits did not differ in CCK expression, overall, CCK mRNA 

was higher in the duodenum, proximal and distal jejunum and ileum. In the previous chapter, we also found 

that great tits showed a wider range of CCK expression in different gut tissues. Studies in chickens have 

demonstrated that CCK expression levels were highest around the proximal half of the ileum (Reid and Dunn 

2018). However, CCK mRNA was lower but detectable in the proventriculus and the boundaries within the 

antro-duodenal regions in chickens (Reid and Dunn 2018). These observations simply suggest that different 

species use gut peptides differently according to their physiology, and that usage might largely depend on the 

way peptide synthesis is distributed within a certain tissue.  

Upon investigating the effect of the nutritional state of the individual on CCK expression, we found that 

CCK was not affected by gizzard fullness. Similar findings were also obtained in the great tit study (chapter 

2), where CCK expression was not significantly affected by an individual’s nutritional state. Most of the 

studies in birds looking at CCK and nutritional state have not looked at the CCK expression profile across 

different gut tissues in response to energetic challenges. For instance, Reid and Dunn (2018) looked at the 

CCK expression in chickens either fasted for an hour or reintroduced to food after 3h from removing it and 

given 2.5h to feed to investigate how CCK expression responded to short-term feed restriction. Although 
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they were not able to detect any significant difference between the two treatments (fasted vs. fed), CCK 

hybridisation signals between the two groups showed that CCK anticipatory expression might be different if 

the two groups were under longer nutritional challenges. For that reason, we could speculate that the 1.5h re-

feeding time frame in our study might not be long enough to observe a nutritional state effect and that is 

consistent with the Reid and Dunn (2018) study. CCK is known to stimulate gall bladder contraction and 

pancreatic exocrine secretion to signal satiety by activating the vagal afferents (Owyang 1996), and those 

functions are mostly associated with CCK being primarily secreted from tissues of the lower intestine 

(Fakhry et al. 2017).

Even though the nutritional state of the individuals did not cause any difference in CCK mRNA, gizzard 

fullness interacted significantly with species, sex and tissue. Empty state female coal tits had higher CCK 

mRNA in their gizzards in comparison to full ones, while no state difference was seen in blue tits. Having 

said that, in the great tit study, it was the empty state caecum and the full state proventriculus of males that 

showed higher CCK mRNA expression. There are not many studies in the literature that have explored the 

sex differences in songbirds in relation to the nutritional state, however, one study in rats showed that old 

and young female rats did show higher CCK levels compared to those in males, but they did not do any 

manipulation with food (Miyasaka et al. 1995). However, we cannot rule out the possibility that CCK 

peptide levels did not change in either circulation or the gut tissue. It might simply mean that we need to 

measure circulating CCK peptide levels to have a clear indication in regard to whether CCK gene expression 

changes in accordance with both the nutritional state as well energy expenditure. 

We also observed a significant interaction between sex, species and tissue, but this time, female coal tits 

showed slightly higher CCK mRNA in their caecum in comparison to female blue tits. But again, since this 

study is the first to look at CCK expression in different passerine species, we might need to investigate the 

behavioural videos in order to understand the action of CCK further. 

Reasons for a lack in the differences in gut peptides gene expression between fasted and 

fed birds 

 Although we found some effects of fasting and refeeding in the neuropeptides, we did not detect several 

expected changes in gut peptides. This could be due to several factors. One possible factor is stress due to 

captivity. Housing wild animals in captivity is often very necessary for experimental studies (Dickens and 

Bentley 2014). And it is well established that captivity induces stress (Owen et al. 2004) which could 

potentially lead to the dysregulation of behaviour (Wingfield et al. 1998). Song et al. (2012) demonstrated 

that in laying hens that were exposed to heat and high temperature (stressed), their hypothalamic and 

peripheral (duodenum and jejunum) CCK mRNA was downregulated causing a reduced intestine mobility.  

It is therefore possible that stress also prevented the changes in gut peptides that might have happened under 

non-stressed conditions. That being said, it should be noted that for those small song birds being stressed is a 

part of their life history since they live in a fluctuating environment where they constantly need to mobilise 
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their energy sources to meet their high energetic demand. Also, in our case, birds were placed in aviaries for 

two weeks before moved into cages for our experiment. The aviaries were very well equipped with branches 

and soft substrate that resembles what the individuals were used to in the wild and they were able to socialize 

and interact. Pots of both water and food were scattered everywhere so each bird had the opportunity to feed, 

as well as distributing food on the ground where birds were given a chance to land on the substrate and eat. 

When moved to the cages, they were given a chance to interact with their cage mate for certain amount of 

time during the day. Having said all that, till this day, our information regarding the complicated 

physiological implications of stress and its effect on the appetite system in birds is scarce and not very clear. 

Moreover, we need to measure corticosterone levels (both baseline and during different time points and 

before humanely sacrificing the birds) to either rule out or become certain regarding whether not seeing an 

effect is due to stress or simply because our treatment was not drastic enough.

There are other potential factors as well that could account for our lack of effect of food treatment. First, in 

the present study the number of individuals was not large enough to pick up subtle statistical differences due 

to the short nature of the fasting and refeeding (i.e., the statistical power was not large enough). Second, we 

used Bonferroni- corrections in our statistical model which was so conservative when dealing with our data 

that it might miss significant effects. Lastly, one important point that should be emphasised here is the fact 

that in our experiment we did only ever measure the mRNA of the gut peptide which is not a precise 

representative of the protein that is circulating in the individuals, so we were not able to detect any 

significant differences in the gene expression given the short re-feeding time frame. 

At the end, among the other recognized issues (listed above), comparing only two species might not be 

enough to make us able to assign the differences to hoarding vs. non-hoarding. To be able to do so, we need 

more hoarding and more non-hoarding species to have a broader spectrum to look at other factors that might 

contribute to allocating certain behaviour to a certain individual. 
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3.5 Conclusion

In conclusion, in the present study we observed few differences between the empty vs full state.  The reason 

might be due to the experimental design, particularly the short period of re-feeding. However, most of the 

species’ differences in peptide expression were observed for neuropeptides rather than gut peptides. Coal tits 

had higher expression of: AgRP and AgRP/HYP POMC ratio than blue tits. Blue tits did not show any 

differences in the expression of the neuropeptide as a response to fasting, however, coal tit did. As for 

hindbrain peptides, while coal tits showed high levels in GCG gene expression, blue tits showed higher 

POMC levels. Having said that, the hindbrain neuropeptides in neither species responded to fasting. The only 

gut peptide gene that showed a response to the nutritional state and species difference was insulin in the 

antrum: the antrum of empty state blue tits showed higher insulin levels in comparison to the full state blue 

tits, while no such effect was found in the coal tit antrum. Overall, this suggests a possible species difference 

in the regulation of neurons that may be linked to hoarding behaviour and that possibility is further explored 

in Chapter 4. 
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Chapter 4. Different ingestive behaviours are correlated with the 

expression of both neuro and gut peptides

In the previous chapter, we focused mainly on how gene expression changes according to the nutritional state 

of coal and blue tits. However, in the current chapter we will mainly highlight how these species respond 

behaviourally to energetic challenges (e.g., food restriction) and whether there is a correlation between 

behaviour and changes in gene expression.

The central and peripheral control of both hunger and satiety ensure that the metabolic needs of an individual 

are met over a wide spectrum of temporal states faced in either the nature or a laboratory set up (Lees et al. 

2017). Having said that, it is worth mentioning that a clear distinction between food unpredictability and 

deprivation/fasting should be made. While the former detailed the likelihood of food sources to change 

suddenly, uncontrollably and unforeseeably, the latter is more to do with abstaining the individual from all 

food sources but water for experimental reasons in this case.      Avian species commonly experience food 

deprivation on a normal basis, for example in periods of migration, overwintering and overnight (King 

1973). Under those conditions, birds need to exhibit plasticity in feed intake regulation to meet all those 

challenges. Despite this plasticity, our understanding of avian appetite and hoarding behaviour is poor in 

comparison to mammals. 

 As mentioned previously, the typical response of an animal to fasting is to eat more, and birds are not an 

exception (King 1963). However, birds differ in how motivated they are to eat depending on their metabolic 

need and their need to engage in other essential survival behaviours. Studies in Japanese quail showed that a 

24h fast resulted in a marked increase in food intake when compared to fed individuals (Boswell et al. 2002). 

Similarly, broiler chickens, although known to have high body weight and limited physical activity, were 

still motivated to peck and eat when subjected to food restriction despite the well-known notion of them not 

to be sensitive to food restriction (Bokkers et al. 2004). 

Siberian hamsters exhibit physiological and behavioural responses to extreme food deprivation (Wood and 

Bartness 1996) but not in a manner that we might predict. Developed by 21 days of age, food hoarding in 

hamsters is considered as an integral part of an innate ingestive behaviour (Etienne et al. 1982). Studies have 

shown that, unlike rats that increase food intake after a fast (Lawrence and Mason 1955), when food 

deprived, hamsters do not increase their feed intake, rather they over-hoard (Silverman and Zucker 1976). 

This is not surprising, since hamsters seem to increase food hoarding when facing any sort of energetically 

challenging situations such as: pregnancy (Bartness 1997) lactation (Bartness 1997) and food restriction 

(Bartness and Clein 1994). However, female hamsters shift their behaviour according to the current situation. 

For instance, females will spend more time with mates if the food is freely available. On the other hand, they 

will focus on foraging and hoarding following a period of food deprivation (Scheider et al. 2007).
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Hoarding in hamsters is a stark contrast to the well-known feeding strategies in several species that seem to 

compensate for the loss in body mass by increasing food intake when food is available. However, hamsters 

never increase food intake during the re-feeding period, thus might die due to their failure to compensate for 

the longer fasting period (Silverman and Zucker 1976). In fact, Syrian hamsters, that are known to hoard the 

most, eat the least during a re-feeding time frame (Buuckley and Schneider 2003). Therefore, despite never 

over-eating, hamsters manage to slowly regain the lost body weight seemingly by decreasing their energy 

expenditure (Bartness and Clein 1994). 

Woods et al. (1998) suggested that neuropeptides that stimulate food intake could also stimulate food 

hoarding. Food deprivation alters the expression of a wide range of central and peripheral peptides including 

neuropeptides in the central nervous system (CNS) that are involved in energy balance (Bartness et al. 2011). 

4.1.1 Hypothalamic NPY/AGRP

As mentioned before, both NPY and AGRP are expressed in the same neural population in the arcuate 

nucleus (ARC) and are considered as a key mediator for appetitive behaviours (Thomas and Xue 2018). 

Studies in mice showed that the optogenetic stimulation of those neurons resulted in a robust stimulation of 

food intake (Krashes et al. 2011). Also, mouse models that allow real-time detection of neural recordings 

demonstrated that both AGRP and POMC neurons rapidly fire in response to the sensory detection of food 

(Chen et al. 2015). According to the authors, when mice were food deprived, AGRP neural activity 

increased, and was then inhibited within a matter of seconds of food being presented. However, when food 

was removed before being consumed, AGRP firing is stimulated. Those results suggest a regulated 

mechanism to inhibit foraging and other appetitive related behaviours once food is found (Chen et al. 2015). 

The activation of AGRP neurons not only induce food consumption but also stimulate other motivational 

behaviours that drive food obtainment processes such as foraging and the willingness to work for food 

(Atasoy et al. 2012). Thus, once food is discovered, the appetitive processes will be blocked as a natural 

transition from foraging mode to feeding (Chen et al. 2015). Having said that, it is in fact the rapid inhibition 

of the AGRP neurons themselves that provides a direct mechanism to inhibit foraging once food is found 

Strikingly, NPY and AGRP appear to mediate ingestive behaviours through discrete mechanisms. Krashes et 

al. (2013) demonstrated that in mice, NPY stimulation promotes rapid but short-lived increase in food intake, 

while the firing of AGRP neurons stimulate food intake but in a delayed long-lasting manner. 

Similarly, the central administration of both NPY and AGRP in Siberian hamsters markedly elevated food 

foraging and food hoarding (Teubner et al. 2012). I.c.v administration of NPY robustly increased food 

intake, food foraging and food hoarding as much as 500%-1000% fold returning to baseline within 24h post 

injection. Exogenous AGRP increased hoarding to 2000%, which is much higher than for food intake and 

foraging, however, that increased effect lasted as much as a week post-injection (Day and Bartness 2004). 

Those results suggested that the long-term increase in ingestive behaviours might be mediated partially by 

the signalling of AGRP. However, the short-term elevation of ingestive behaviours is mediated via NPY. 
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4.1.2 Hypothalamic POMC

The melanocortin system is antagonized by the action of AGRP since both AGRP and POMC-derived 

peptides utilize and compete to bind to the same receptors (Breen et al. 2005). The precursor POMC 

produces many biologically active peptides that yields a variety of hormones with various functions one of 

which is appetite regulation (Millington 2007). When the individual is in a calorie deficit state, hypothalamic 

POMC gene expression declines, and this action is reversed when food is presented to the animal where, in a 

matter of seconds, POMC neuronal activity is increased (Chen et al. 2015). A study by Zhan et al. (2013) 

demonstrated that the direct activation of POMC neurons inhibits food intake. There is less known about the 

action of POMC in relation to food hoarding. However, we could speculate that since POMC and AGRP 

share the same receptors (melanocortin receptor 3-4 MC3R and MC4R), and AGRP is a long-lasting 

stimulator of food hoarding, it is only reasonable for POMC to inhibit food hoarding once it binds to its 

receptor. Having said that, Keen-Rhinehart and Bartness (2007) demonstrated that MTⅡ (a synthetic version 

of α- melanocortin stimulating hormone (MSH)) was less effective in inhibiting food hoarding, even though 

it has the ability to block the ability of ghrelin to increase food hoarding. 

Since little is known about songbirds’ motivation to do certain behaviours when experiencing food 

deprivation and the correlation of peptide gene expression with those behaviours, the aim of this chapter is to 

investigate whether there is a correlation between selected food related behaviours and well-known satiety 

signalling peptides. We predict that when food deprived (fasted), both hoarding (coal tits) and non-hoarding 

(blue tits) birds will increase their food intake, while hoarding birds would increase their hoarding behaviour. 

Any decision taken by individuals (whether to eat or hoard) depends on their energetic demands at that 

moment. 

We explored hypothalamic expression of AGRP, NPY and POMC because they correlate with food related 

behaviours in the mammalian and domestic avian literature. We predict a positive correlation between both 

NPY and AgRP with an increase in food intake, food grabbing behaviour and hoarding. As for hypothalamic 

POMC, it should increase with decreasing food intake (increase satiety signalling), food grabbing and 

hoarding. As for hindbrain neuropeptide, we predict that CCK, GLP-1 and POMC gene expression would 

correlate negatively with food intake, grabbing and hoarding. Of the gut peptides, we only investigate the 

pancreatic GCG/INS ratio, as it was the only measurement we found to be affected by the nutritional state of 

the bird, and we predict it will be higher with increased eating, food grabbing and hoarding.
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4.2 Methodology

4.2.1 Animal capture and housing  
 All details about how the birds were captured and housed, as well as ethical permits under which this was 

performed, are given in chapter 3.  

4.2.2 Sexing the birds.
All details about how blood samples were collected and treated are given in chapter 3. 

4.2.3 Gene expression data 

Information about the primers used and how RNA was treated and extracted from tissue samples are detailed 

in chapters 2 and 3. 

4.2.4 Experimental design  
All the details about how the birds were housed, the type of feed given as well as how they were treated and 

prepared for the experiment is mentioned in chapter 3.

Note: During the course of the experiment, the initial number of birds in the study were 19 birds, however, 

during the video recording behaviour days 4 birds were found dead, so we ended up with 15 birds only.
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Table 4: A list of all the individuals included in the behavioural study. Note: birds highlighted in red were found dead and 

have been excluded from the experiment. 

Ring 

identification 
Species Sex Note

BT61 Blue tit Male  

BT62 Blue tit Male  

BT63 Blue tit Female  

BT64 Blue tit Female  

BT69 Blue tit Female  

BT70 Blue tit Male  

BT71 Blue tit Male  

BT74 Blue tit Male  

BT76 Blue tit Female Dead

BT77 Blue tit Male  

BT78 Blue tit Female  

BT79 Blue tit Male  

BT80 Blue tit Female  

BT82 Blue tit Male  

BT85 Blue tit Male  

BT86 Blue tit Male  

BT87 Blue tit Male  

BT89 Blue tit  Male Dead

CT10 Coal tit Male  

CT11 Coal tit Male  

CT12 Coal tit Male  

CT13 Coal tit Male Dead

CT14 Coal tit Female  

CT15 Coal tit Female  

CT2 Coal tit Male  

CT21 Coal tit Female  

CT25 Coal tit Male  

CT27 Coal tit Male Returned to aviary 
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4.2.5 Behavioural observation

Videos were recorded for each individual starting from day 4 (the day after having acclimated to the cages) 

till day 7 (the day before they were humanely sacrificed). Each bird was recorded twice for an hour: when it 

was fasted and when it was fed. So, for instance, if a bird was recorded fasted in day 4, in day 6 it would be 

videoed as fed. The treatment was counterbalanced across birds, and the period of fasting/ or re-feeding was 

either 2h of fasting after lights on, or 1h of fasting after lights on, followed by 1.5h of ad lib access to food 

before being filmed. Water was always accessible throughout the study. 

The behavioural data were quantified separately for the two half hours following introduction of fresh food. 

We used Behavioral Observation Research Interactive Software (BORIS) to quantify eleven selected 

behaviours: 

a. Eating: duration data measured in seconds and was defined when the bird was observed nibbling on 

a food item picked from the bowl. The event was considered ended when the individual was seen 

either dropping the food or doing something else. 

b. Flying with food: A duration event identified when the bird was seen picking up food and flying 

with it. The event ended when the item was dropped. 

c. Flying without food: A duration event identified when the bird was seen flying without food. 

d. Sitting on a perch: A duration event identified when the bird was observed landing on the perch and 

sitting there.

e. Sitting on the floor: A duration event identified when the bird was observed sitting on the floor of 

the cage. 

f. Grabbing food: A countable event identified when the bird was seen either grabbing food from the 

bowl or the floor. 

g. Dropping food: A countable event identified when the bird dropped the food item it was carrying. 

h. Sitting on the bowl: A duration event identified when the bird was observed landing on the bowl and 

staying there.

i. Hoarding: A countable event recorded when the bird wasseen carrying a food item and seen hiding 

it. 

CT28 Coal tit Male  

CT3 Coal tit Male  

CT41 Coal tit Female  

CT44 Coal tit Female  

CT45 Coal tit Female  

CT49 Coal tit Male  

CT50 Coal tit Female  
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j. Retrieving: A countable event recorded when the bird was observed retrieving a previously hoarded 

food item.

Due to time limitations during the study, three behaviours were chosen: eating, hoarding and food 

grabbing. Those behaviours were picked because they are considered as a proxy for food foraging 

behaviour, as well as being the most important variables to test our predictions regarding the 

correlation between peptide gene expression and ingestive behaviours. 

4.2.5 Data analysis 

Behaviour analysis

The analysis that follows only focuses on eating, food grabbing and hoarding using the Generalized Linear 

Models in the SPSS statistical package (IBM 25). Both food grabbing and hoarding (countable events) were 

treated as Poisson distributed, while eating (duration event) was treated as normally distributed. When 

analysing the three behaviours, both the first and second half hour were included in the statistical model as a 

(time of day) variable. 

To investigate whether the three behaviours were different between the two species, we used 2×2×2 mixed-

design analysis (species (between-subject) × state (within-subject) × time of the day (within-subject)), 

including all two- and three-way interactions. 

Gene expression analysis

To investigate the correlation between gene expression and behaviour we used Generalized Linear Models. 

Outliers in the gene expression data were removed before analysis. The outliers were identified as such: after 

doing log (gene/YWHAZ or LBR) for all individuals, values that did not fall within the range of the 95% 

confidence interval (very high or very low) were identified as outliers and were removed from the data set. 

For this part of the analysis, we only used the first half hour. However, for food hoarding, since only two 

coal tits ended up hoarding in the first half hour, both the 1st and 2nd half hour were added up to assess food 

hoarding behaviour. 

When analysing the data to investigate the relationship between neuropeptides and eating and food grabbing 

behaviour, we used 2×2 analysis (species × state) using the peptides as a covariate. Because peptide gene 

expression was only measured in one state for any given bird, the state variable was a between-subject 

variable in this analysis. For gut peptides, selected gut tissues were selected according to both the literature 

and our observations in Chapters 2 and 3.  The only gut peptide that varied its expression according to 

gizzard fullness in our previous observations was the pancreatic glucagon/insulin ratio. However, when 

investigating hoarding behaviour, since coal tits hoard and blue tits do not, we ended up analysing coal tits 

only. So, the food hoarding analysis included the state only as a factor. 

All the interactions (both in behavioural analysis and gene expression analysis) were included initially. Non-

significant interactions were removed from the model in a stepwise fashion, starting with 3-way interaction 
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and working our way down. Interactions were removed if p>0.1. No 2-way interaction were removed if the 

3-way interaction was significant. Therefore, unless mentioned within the results, reader should assume that 

interactions were not included in the model due to their non-significance.
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4.3 Results

4.3.1 Behavioural analysis

Eating

Eating was not significantly different between blue tits (BT) and coal tits (CT) (BT, mean= 193.28s ±13.61, 

CT, mean= 186.58s±14.59, χ2 (1) = 0.113, p=0.737). Individuals ate more during the first half hour in 

comparison to the second half (1st, mean= 228.40s ±14.10, 2nd, mean= 151.46s±14.10, χ2 (1) = 14.89, 

p<0.001). Fasted birds spent more time eating in comparison to fed ones (fast, mean= 236.12s ±14.37, fed, 

mean= 143.75s±13.83, χ2 (1) = 21.42, p<0.001). There was a significant interaction between times of the 

day and state (χ2 (1) = 9.94, p=0.002). While there was no difference in eating duration in fed individuals in 

both the first and second half hour (1st, mean= 150.82s ±19.56, 2nd, mean= 136.67s±19.56, p=0.609), fasted 

animals ate more at the first half hour in comparison to the second half (1st, mean= 305.98s ±20.30, 2nd, 

mean= 166.25s±20.30, p<0.001) (Figure 1).

Figure 3: Pairwise comparison illustrating eating behaviour during first and second half hour between blue tits (A) and coal 

tits (B). Whereas fasted state is represented by black bars and fed state by white bars. Each bar is calculated as mean ± SEM.

Grabbing food

Overall, blue tits grabbed more food items in comparison to coal tits (BT, mean= 11.76 ±0.43, CT, mean= 

8.35±0.38, χ2 (1) = 33.21, p<0.001). Individuals grabbed more food in the first half hour in comparison to 

the second half (1st, mean= 11.51 ±0.44, 2nd, mean= 8.53±0.38, χ2 (1) = 25.49, p<0.001) (Figure 2). On the 

other hand, the nutritional state of the individual did not have a significant effect on the number of food 

items grabbed (fast, mean= 10.24 ±0.42, fed, mean= 9.59±0.39, χ2 (1) = 1.27, p=0.259).
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Figure 2: Pairwise comparison illustrating food grabbing behaviour during first and second half hour between blue tits (A) 

and coal tits (B). Whereas fasted state is represented by black bars and fed state by white bars. Each bar is calculated as 

mean ± SEM.

Food hoarding

In coal tits, food hoarding was neither affected by the individual nutritional state (fast, mean= 0.88 ±0.19, 

fed, mean= 0.94±0.18, χ2 (1) = 0.61, p=0.804), nor the time of the day (1st, mean= 1.06 ±0.19, 2nd, mean= 

0.78±0.17, χ2 (1) = 1.13, p=0.287). State did not interact significantly with time of the day (χ2 (1) = 1.71, 

p=0.190). 

4.3.2 Correlation between the behaviours 

A Spearman rank-order correlation analysis was run to determine the relationship between eating, food 

grabbing and food hoarding in blue and coal tits when fasted versus when fed across both the first and 

second half hour. Note: unless mentioned in the results, the reader should assume that non-significant 

correlations were not included

Blue tits

There was a strong positive correlation between eating and food grabbing behaviour when individuals were 

fed in the first half hour (rs (14) = 0.789, p<0.001). 

Coal tits

There was a strong positive correlation between food grabbing and food hoarding behaviour when 

individuals were fed in the first half hour (rs (13) = 0.624, p=0.013). Additionally, there was a strong 

positive correlation between eating and food grabbing behaviour in fed individuals in the second half hour 

(rs (13) = 0.689, p=0.005).
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4.3.3 Relationship between neuropeptides and behaviour

As mentioned in the methods, it should be noted that for the following analysis, we only used the first half 

hour of the behavioural observation for both eating and food grabbing behaviour, and the first and second 

half hour combined for food hoarding behaviour (because we only had 2 hoarding coal tits in the first half 

hour). The state now is a between subject factor, and we also included a co-variate (the different genes that 

we are interested in). This may change the effect of species and state as previously analysed.

NPY

Eating

There was a significant difference in eating behaviour between the two species with coal tits eating more 

than blue tits (BT, mean= 118.51s±21.92, CT, mean= 184.28s±20.32, χ2 (1) = 8.17, p=0.004). Eating 

behaviour was significantly affected by the state of the individual with fasted birds eating more than fed ones 

(fast, mean= 218.07s ±18.99, fed, mean= 84.72s±20.24, χ2 (1) = 27.45, p<0.001). 

Eating behaviour was not significantly affected by NPY levels (χ2 (1) =1.29, p=0.255). However, there was 

a significant species*NPY interaction (χ2 (1) =5.93, p=0.015) whereby an increase in blue tit NPY gene 

expression was strongly associated with increased eating behaviour, while it did not in coal tits (Figure 3).

Food grabbing

There was neither a significant effect of species (BT, mean= 13.52 ±1.48, CT, mean= 8.30±0.94, χ2 (1) = 

0.188, p=0.664) nor nutritional state (fast, mean= 10.41 ±1.07, fed, mean= 10.78±1.28, χ2 (1) = 1.03, 

p=0.309) effect on food grabbing behaviour

Food grabbing behaviour was not significantly affected by NPY gene expression (χ2 (1) =0.903, p=0.342). 

Hoarding

Food hoarding was significantly affected by the nutritional status of the individual with fed coal tits hoarding 

more than fasted ones (fast, mean= 0.33 ±0.16, fed, mean= 1.59±0.34, χ2 (1) = 8.12, p=0.004).

Food hoarding was not significantly predicted by NPY levels (χ2 (1) =0.048, p=0.826). 
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AGRP 

Eating 

Eating behaviour was not significantly different between the two species (BT, mean= 153.19s ±19.22, CT, 

mean= 188.05s±20.94, χ2 (1) = 1.38, p=0.239). On the other hand, there was a significant effect of the 

nutritional state on eating behaviour with fasted individuals eating more than fed ones (fast, mean= 230.20s 

±20.07, fed, mean= 111.03s±18.53, χ2 (1) = 18.88, p<0.001). 

AGRP gene expression did not predict eating behaviour (χ2 (1) =0.788, p=0.375). 

Grabbing food

Blue tits grabbed more food items in comparison to coal tits (BT, mean= 16.02 ±1.83, CT, mean= 8.56±0.90, 

χ2 (1) = 5.96, p=0.015). The nutritional status of the individual significantly affected food grabbing 

behaviour with fed birds grabbing more food than fasted ones (fast, mean= 10.65 ±1.11, fed, mean= 

12.88±1.48, χ2 (1) 4.25, p=0.039). Although there was a significant interaction between species* state (χ2 

(1) =4.43, p=0.035), pairwise comparison analysis did not detect any significant difference between the 

different nutritional state within the individuals of either species.

AGRP did not significantly predict food grabbing behaviour (χ2 (1) =0.064, p=0.801). However, there was a 

3-way interaction between state* species and AGRP (χ2 (1) =10.17, p=0.001) whereby an increase in fed 

blue tit AGRP was associated with decreased food grabbing behaviour, while an increase in fasted blue tit 

AGRP was associated with increased food grabbing (Figure 4-A a, b). There was no effect in coal tits. 

Figure 3: Relationship between NPY and eating duration for coal tits (red) 
and blue tits (blue).
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Food hoarding

Fed coal tits hoarded significantly more than fasted ones (fast, mean= 0.26 ±0.13, fed, mean= 1.58±0.34, χ2 

(1) = 10.86, p=0.001).

Increased AGRP levels was associated with increased food hoarding (χ2 (1) =5.16, p=0.023) (Figure 4-B).

Hypothalamic POMC (HYP POMC)

Eating 

There was a significant effect of species on eating behaviour with coal tits eating more than blue tits (BT, 

mean= 61.44s ±49.97, CT, mean= 301.72s±58.73, χ2 (1) = 5.27, p=0.022). There was also a significant 

effect of the nutritional state of the bird with fasted individuals eating more than fed ones (fast, mean= 

248.78s ±21.26, fed, mean= 114.39s±17.37, χ2 (1) = 18.88, p<0.001). 

HYP POMC did not predict eating behaviour (χ2 (1) =0.788, p=0.375). 

Figure 4:  Relationship between AGRP and: the number of grabbed food in blue tits (blue) and coal tits (A- a,b) , and food 
hoarding behaviour (B).

A-a
A-b

B
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Grabbing food

There was neither a species (BT, mean= 4.82 ±1.50, CT, mean= 4.10±1.74, χ2 (1) = 0.359, p=0.549) nor a 

state effect (fast, mean= 4.93 ±1.37, fed, mean= 4.01±1.10, χ2 (1) = 2.50, p=0.113) on food grabbing 

behaviour.

Grabbing behaviour was not significantly affected by HYP POMC (χ2 (1) =1.37, p=0.241). However, 

species significantly interacted with HYP POMC (χ2 (1) =13.43, p<0.001) whereby increased expression of 

HYP POMC was associated with increased food grabbing behaviour in blue tits, while in coal tits increased 

levels of HYP POMC was strongly associated with decreased the grabbing behaviour (Figure 5-A).

Food hoarding

The nutritional status of the individuals significantly affected hoarding behaviour with fed coal tits hoarding 

more than fasted ones (fast, mean= 0.24 ±0.12, fed, mean= 1.41±0.33, χ2 (1) = 10.43, p=0.001).

Increased HYP POMC gene expression was significantly associated with decreased food hoarding behaviour 

in coal tits (χ2 (1) =7.55, p=0.006) (Figure 5-B). 
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Figure 5: Relationship between hypothalamic POMC and:  number of grabbed food in blue tits (blue) and coal tits (red) (A), 

and food hoarding in coal tits (B).

AGRP/HYP POMC ratio 

Eating 

There was a significant species difference effect on eating behaviour with coal tits eating more than blue tits 

(BT, mean= 130.93s ±20.30, CT, mean= 217.61s±23.12, χ2 (1) = 6.17, p=0.013). Fasted individuals ate 

more than fed ones (fast, mean= 237.31s ±19.46, fed, mean= 111.23s±17.49, χ2 (1) = 22.79, p<0.001) 

AGRP/HYP POMC ratio did not significantly predict eating behaviour (χ2 (1) =2.81, p=0.093).

Food grabbing

There was a significant species difference in food grabbing behaviour with coal tits grabbing more food than 

blue tits (BT, mean= 7.53 ±1.68, CT, mean= 7.67±1.13, χ2 (1) = 16.81, p<0.001) (Figure 6). There was no 

nutritional state effect observed on food grabbing behaviour (fast, mean= 7.63 ±2.39 fed, mean= 6.80±1.49, 

χ2 (1) = 0.640, p=0.640). 

AGRP/HYP POMC ratio did not predict food grabbing behaviour (χ2 (1) =2.91, p=0.088). However, there 

was a significant species* AGRP/ HYP POMC interaction (χ2 (1) =4.64, p=0.031) whereby in blue tits, 

A

B
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increased AGRP/ HYP POMC gene expression was associated with decreased food grabbing behaviour, 

while there was no obvious effect in coal tits (Figure 6). 

Food hoarding

Food hoarding was significantly affected by the nutritional status of the individual with fed coal tits hoarding 

more than fasted ones (fast, mean= 0.24 ±0.13, fed, mean= 1.52±0.35, χ2 (1) = 10.93, p=0.001).

AGRP/HYP POMC did not predict food hoarding behaviour in coal tits (χ2 (1) =3.30, p=0.069). 

Hindbrain CCK 

Eating 

There was not a significant effect of species on eating behaviour (BT, mean= 151.37s±17.46, CT, 

mean=191.45s±19.02, χ2 (1) = 2.40, p=0.121). However, there was a significant effect of the individual 

nutritional state on eating with fasted birds eating more than fed ones (fast, mean= 228.39s ±19.17, fed, 

mean= 114.42s±17.61, χ2 (1) = 18.91, p<0.001). 

Increased CCK gene expression was associated with decreased eating behaviour (χ2 (1) =5.81, p=0.016) 

(Figure 7-A).

Grabbing food 

There was no species difference in food grabbing behaviour (BT, mean= 13.58 ±1.01, CT, mean= 7.51±0.84, 

χ2 (1) = 2.51, p=0.113). However, there was a significant effect of nutritional state of individuals on 

grabbing behaviour with fasted birds grabbing more food than fed ones (fast, mean= 10.98 ±1.07, fed, mean= 

9.29±0.85, χ2 (1) = 26.39, p<0.001). There was a significant interaction between species and state (χ2 (1) 

Figure 6: Relationship between AGRP/POMC ratio and the number of grabbed 
food items in coal tits (red) and blue tits (blue). 
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=7.31, p=0.007) whereby fasted blue tits grabbed more items than fed ones (fast, mean= 15.99 ±1.57, fed, 

mean= 11.53±1.28, p=0.028), whereas food grabbing behaviour was not significant between fed and fasted 

coal tits (fast, mean= 7.54 ±1.28, fed, mean= 7.48±1.08, p=0.973)

Hindbrain CCK levels did not significantly predict food grabbing behaviour (χ2 (1) =3.09, p=0.078). 

However, CCK interacted significantly with state (χ2 (1) =27.51, p<0.001), with species (χ2 (1) =4.21, 

p=0.040) and 3-way interaction with species*state* HB CCK (χ2 (1) =6.55, p=0.010) whereby an increase in 

fasted HB CCK expression in both blue and coal tits was associated with an increased grabbing behaviour, 

whereas an increase in fed HB CCK expression in both blue and coal tits was associated with decreased 

grabbing behaviour (Figure 7-B). 

Food hoarding

Food hoarding was significantly affected by the nutritional status of the individual with fed birds hoarding 

more than fasted ones (fast, mean= 0.40 ±016, fed, mean= 1.46±0.33, χ2 (1) = 6.81, p=0.009).

Food hoarding was not significantly predicted by hindbrain CCK levels (χ2 (1) =0.494, p=0.482).
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Hindbrain GCG

Eating 

Eating behaviour was not significantly affected by species (BT, mean= 158.67s±24.59, CT, mean= 

193.11±21.94, χ2 (1) = 1.04, p=0.307) On the other hand, eating was significantly affected by an individual’s 

nutritional state with fasted birds eating significantly more (fast, mean= 240.91s ±20.25, fed, mean= 

110.88s±26.0, χ2 (1) = 5.44, p=0.020). There was a significant species*state interaction (χ2 (1) =5.40, 

p=0.020) whereby fasted coal tits ate more than fed ones (fast, mean= 285.87s ±32.18, fed, mean= 

100.35s±29.85, p<0.001), whereas blue tit eating was not different when fasted or fed (fast, mean= 195.95s 

±24.61, fed, mean=121.40 s±42.58, p=0.130). 

Hindbrain GCG did not significantly predict eating behaviour (χ2 (1) =0.017, p=0.897). However, there was 

a significant 3-way interaction between species*state*GCG (χ2 (1) =4.06, p=0.044) whereby an increase in 

fasted coal tits hindbrain GCG was significantly associated with decreased eating duration, while an increase 

Figure 7: Relationship between hindbrain CCK and: eating duration (A), and the number of grabbed food items 
in blue tits (blue) and coal tits (red) (B). 
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in fed coal tit hindbrain GCG gene expression was associated with increased eating behaviour (Figure 8-A a, 

b). On the other hand, there was no strong relationship for blue tits.

Grabbing food

There was a significant difference between the two species in food grabbing behaviour with blue tits 

grabbing more food than coal tit (BT, mean= 16.92 ±1.17, CT, mean= 8.32±0.86, χ2 (1) = 29.74, p<0.001). 

On the other hand, the nutritional state of the individual did not affect food grabbing behaviour (fast, mean= 

12.65 ±1.09, fed, mean= 11.13±0.91, χ2 (1) = 1.14, p=0.285).

Increased hindbrain GCG was associated with increased food grabbing behaviour (χ2 (1) =14.94, p<0.001) 

(Figure 8-B).

Food hoarding

Food hoarding was significantly affected by the nutritional status of the individual with fed birds hoarding 

more than fasted ones (fast, mean= 0.31 ±0.15, fed, mean= 0.85±0.25, χ2 (1) = 4.90, p=0.027).

Increased hindbrain GCG was significantly associated with increased food hoarding behaviour in coal tits 

(χ2 (1) =22.62, p<0.001) (Figure 8-C).
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Figure 8: Relationship between hindbrain GCG and: eating duration in in blue tits (blue) and coal tits (red) (A- a, b), food 

hoarding in coal tits (B).
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Hindbrain POMC (HB POMC) 

Eating 

There was no species difference effect on eating behaviour (BT, mean= 160.30s ±31.04, CT, mean= 

173.24s±35.23, χ2 (1) = 0.047, p=0.829). On the other hand, fasted individuals ate significantly more than 

fed individuals (fast, mean= 217.98s ±21.22, fed, mean= 118.56s±19.25, χ2 (1) = 11.26, p=0.001).

HB POMC did not predict eating behaviour (χ2 (1) =0.070, p=0.792). 

Grabbing food 

There was neither a significant species (BT, mean= 14.33 ±2.27, CT, mean= 6.42±1.42, χ2 (1) = 0.581, 

p=0.446) nor state effect (fast, mean=10.35±1.63, fed, mean= 8.89±1.22, χ2 (1) = 1.65, p=0.199) on food 

grabbing behaviour 

HB POMC gene expression did not predict food grabbing behaviour (χ2 (1) =1.28, p=0.257). 

Food hoarding

The nutritional state of the individual significantly affected hoarding behaviour, with fed coal tits hoarding 

more than fasted ones (fast, mean= 0.42 ±0.17, fed, mean= 1.44±0.30, χ2 (1) = 7.07 p=0.008).

Hindbrain POMC did not predict food hoarding behaviour (χ2 (1) =0.593, p=0.441). However, there was a 

significant interaction between state and POMC (χ2 (1) =5.33, p=0.021) whereby increased in fasted POMC 

levels was significantly associated with increased hoarding behaviour, while increased fed POMC levels was 

associated with decreased hoarding, although neither very strongly (Figure 9). 

Figure 9: Relationship between hindbrain POMC and food hoarding in coal tits fasted (blue) vs fed (red). 
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4.3.4 Relationship between gut peptides and behaviour 

Pancreatic GCG/INS ratio 

Eating

There was no species difference effect on eating behaviour (BT, mean= 150.84s ±18.91, CT, mean= 

184.96s±20.43, χ2 (1) = 1.47, p=0.225). On the other hand, the nutritional status of the individual 

significantly affected eating duration with fasted birds eating more than when fed (fast, mean= 221.36s 

±20.56, fed, mean= 114.44s±19.02, χ2 (1) = 14.13, p<0.001).

Pancreatic GCG/INS ratio did not predict eating behaviour (χ2 (1) =1.55, p=0.213). 

Food grabbing

Neither species (BT, mean= 13.61 ±1.07, CT, mean= 8.22±0.90 χ2 (1) = 0.485, p=0.486) nor the nutritional 

state of individuals (fast, mean= 12.95 ±1.14, fed, mean= 8.64±0.88, χ2 (1) = 2.47, p=0.116) had a 

significant effect on food grabbing behaviour. However, there was a significant interaction between species 

and state (χ2 (1) =12.78, p<0.001) whereby fasted coal tits grabbed more food in comparison to fed ones 

(fast, mean= 10.88 ±1.49, fed, mean= 6.20±1.07, p=0.011), whereas there was no significant difference in 

the number of grabbed food items between fasted and fed blue tits (fast, mean= 15.41 ±1.72, fed, mean= 

12.02±1.37, p=0.120).

Pancreatic GCG/INS ratio did not predict grabbing behaviour (χ2 (1) =0.445, p=0.505). However, there was 

a significant interaction between state and GCG/INS ratio (χ2 (1) =4.42, p=0.035). There was also a 3-way 

interaction between species, state and GCG/INS ratio (χ2 (1) =13.03, p<0.001) whereby increased fed blue 

tits GCG/INS ratio was increased food grabbing behaviour, whereas an increase in fed coal tit GCG/INS 

ratio significantly decreased food grabbing behaviour (Figure 16-A a, b). 

Food hoarding

Food hoarding was not significantly affected by the nutritional status of the individuals (fast, mean= 0.44 

±0.16, fed, mean= 0.90±0.26, χ2 (1) = 3.13, p=0.077).

Pancreatic GCG/INS ratio did not predict food hoarding in coal tits (χ2 (1) =0.552, p=0.118).
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Figure 16: Relationship between pancreatic GCG/INS ratio and food grabbing behaviour in coal tits (red) and blue tits 

(blue).

A-a A-b
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4.4 Discussion 
This present study aimed to investigate how hoarding (coal tits) vs. non-hoarding (blue tits) titmice behave 

when subjected to either 18h fasting or 17h fasting followed by 1.5h refeeding and whether there was a 

relationship between peptide gene expression and different food related behaviours. In this chapter, we are 

putting more emphasis on the behavioural aspects and whether the gene expression could be explained by 

those behaviours. Our hypothesis is that the difference in gene expression between the two species that were 

found in the previous chapter could relate to the behavioural outcomes that were recorded. For simplicity, we 

divided our analysis into behavioural analysis, correlation between behaviour and neuropeptides and 

correlation between gut peptides and behaviour. 

4.4.1 Behavioural analysis

Overall, we could not detect any difference in eating duration between the two species although we did 

observe that blue tits were heavier than coal tits. Having said that, fasted individuals spent more time eating 

in comparison to fed ones, which is expected, because the main outcome of fasting/food restriction is 

typically increasing the food intake to replenish the energy stores that were depleted. 

Why we were not able to detect any difference in eating duration between blue tits and coal tits is not clear. 

However, blue tits were observed grabbing more food items in comparison to coal tits. This observation 

indicates that since blue tits are bigger, they might eat faster than the smaller coal tits.  

In our study, hoarding behaviour in coal tits was not affected by the nutritional state, even though McNamara 

et al. (1990) proposed that when the risk of starvation is increased, caching birds tend to increase hoarding 

behaviour and fat reserves. We could not presume that the 17-18h fasting is not enough, because for those 

small passerines with a high metabolic rate that period should elicit the behaviour. However, when the state 

was included as a between-subject variable, we observed that mostly fed individuals hoarded more than 

fasted ones which could be due to individual differences in motivation rather than a state effect. One of the 

predictions as to why those coal tits did not hoard might be related to the positioning of the hoarding 

substrate. In our study, we placed the blocks on the floor, however, field studies have shown that titmice in 

general prefer to place one item per site scattered over trees (Suhonen and Alatalo 1991). Therefore, we 

could speculate that if the blocks were hung high in the cage instead of being on the floor, coal tits might 

hoard. It is logical for songbirds not to consider substrate placed close to the floor as a safe place to store 

food. That being said, coal tits have been observed storing food items in moss in the ground in the wild. 

However, in our study, there were not many caching places to store food. 

4.4.2 Correlation between neuropeptides and behaviour

For the next two parts, we included different genes as co-variates and changing the effect of species and state 

as previously analysed. It is worth noting that the peptides were measured on a day when the behaviour did 

not occur, and individuals were killed at a time when food would have been given. 
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NPY

We predicted that an increase in NPY gene expression is associated with an increase in food intake and food 

grabbing behaviour in blue tits. While in coal tits we expected an increase in food intake, grabbing and 

hoarding behaviour. An increase in blue tit NPY mRNA was associated with an increase in their eating 

behaviour but this did not apply to the coal tits. We hypothesised that even though coal tits are more active 

hence needing more energy which can be obtained by eating more, blue tits have bigger brains and thus 

potentially more neurons to synthesise NPY. Previous studies have demonstrated that food restriction 

enhances NPY mRNA gene expression in chickens (Boswell et al. 1999) and also stimulates food intake in 

neonatal chicks (Furuse et al. 1997). Those findings are similar to ours, confirming the orexigenic action of 

NPY. 

As for food hoarding, fasted coal tits hoard more than fed ones, even though NPY gene expression did not 

predict food hoarding behaviour. In Siberian hamsters, NPY was found to stimulate food hoarding 

behaviour. The fact that we did not see an effect of NPY on hoarding behaviour, might simply means that 

NPY might not be involved in food caching behaviour. 

AGRP 

We predict that an increase in AgRP gene expression is associated with an increase in food intake and food 

grabbing behaviour in blue tits. While in coal tits we expect an increase in food intake, grabbing and 

hoarding behaviour.

Both blue and coal tits spent the same duration eating, but fasted birds ate more than fed ones. Moreover, 

fasted blue tits had higher AGRP mRNA levels (similar to the finding in the previous chapter even though 

gut fill had no effect on the gene levels) and grabbed more food, while in the fed blue tits, an increase in 

AGRP levels was associated with a decrease in grabbing behaviour. Experiments in chickens showed that 

food intake is stimulated by central injection of AGRP, and when subjected to food restriction, hypothalamic 

AGRP mRNA levels increase, and then decrease by 75% upon 2 days of re-feeding (Lees et al. 2017). Why 

we only detected an increase in food grabbing behaviour and not eating might be related to the fact that when 

fasted, the increase in AGRP mRNA signals increased foraging attempts to search for food to eat, and in our 

case blue tits did have several trips to the feeding bowl to eat but tended to drop food items. 

Even though fed coal tits hoarded more than fasted ones, an increase in AGRP gene expression was 

associated with an increase in food hoarding behaviour. This result might be due to the antagonistic effect of 

AGRP with hypothalamic POMC. Since an increased hypothalamic POMC decreased hoarding (discussed 

below). We expect that the ratio between the two genes controls the motivation to hoard.  
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Hypothalamic POMC

We predicted that an increase in hypothalamic POMC gene expression is associated with a decrease in food 

intake and food grabbing behaviour in blue tits. While in coal tits we expected a decrease in food intake, 

grabbing and hoarding behaviour.

An increase in HYP POMC mRNA in blue tits (similar to the molecular finding in the previous chapter) was 

associated with an increase in grabbing behaviour. While in the case of coal tits, higher HYP POMC gene 

expression was associated with a decrease in grabbing behaviour. Although the POMC gene product -MSH 

is known to decrease food intake in chickens, it also increased energy expenditure (Shojaei et al. 2020) 

possibly explaining the increase in blue tits activity (grabbing more) keeping them motivated to search for 

food even if they are satiated. 

On the other hand, fed coal tits hoarded more than fasted ones, and the increase in hypothalamic POMC 

decreased food hoarding behaviour. Given the antagonistic actions of AGRP and POMC, it makes sense that 

while the increase of AGRP (discussed above) increases food hoarding, the binding of POMC induces the 

opposite action and decreases food hoarding.

AGRP/HYP POMC ratio 

Since both peptides have opposite functions and compete for the same receptor, we predicted that an increase 

in the ratio is associated with an increase in foraging effort and thus, an increase in food intake and grabbing 

in blue tits, while coal tits would increase their hoarding efforts on top of increased food intake and grabbing. 

However, a lower ratio would have an opposite effect (i.e., decreasing food intake, grabbing and hoarding 

behaviour).

An increase in AGRP/POMC ratio in blue tits was associated with a decrease in grabbing behaviour. It 

seems that the increase by AGRP and HYP POMC individually increased food grabbing, why the ratio 

decreased the behaviour might be due to the stronger effect of hypothalamic POMC that might increase the 

grabbing behaviour.  

Fed coal tits hoarded more than fasted ones, however, AGRP/POMC ratio seems not to play a role in the 

hoarding behaviour. On the other hand, in the previous chapter, the molecular analysis showed that fasted 

coal tits expressed higher ratios than fed ones. So, it seems generally that when the ratio is increased in the 

fasted state the bird is more motivated to eat, whereas when fed coal tits are more likely to hoard food even 

though they are not hungry, they are motivated to forage.

Hindbrain CCK 

We predicted that an increase in CCK gene expression is associated with a decrease in food intake and food 

grabbing behaviour in blue tits. While in coal tits we expected an decrease in food intake, grabbing and 

hoarding behaviour.
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Hindbrain CCK correlated with eating behaviour whereby an increase in CCK gene expression was 

associated with a decrease in eating behaviour. It has been shown that CCK is more abundant in the brain 

than the periphery and the most abundant neuropeptide in the CNS. Studies in rats showed a higher CCK 

immunoreactivity in the cerebral cortex (Innis et al. 1979). The satiation action of CCK is mediated via its 

receptor CCK-1R which is principally found in the gastrointestinal tract and very restricted brain areas one 

of which is the brainstem (Zarbin et al. 1983). Another route for the suppressing effect of CCK is through its 

release into the plasma, where it is transferred into the CCK-1R at the area postrema (AP) in the brainstem. 

AP has a leaky blood brain barrier (BBB) and monosynaptic connection to NTS where CCK binds to its 

receptor reducing meal size (Chen et al. 1993). Moreover, studies have shown that hindbrain CCK is 

intimately involved in mediation of pain stimuli and the opoid system. Thus, we speculate that the actions of 

CCK might be mediated via the melanocortin system. 

Additionally, CCK correlated with food grabbing behaviour. Whereas an increase in fasted CCK levels in the 

two species was associated with an increase in food grabbing. While an increase in fed CCK expression was 

associated with a decrease in grabbing behaviour which make sense. Since CCK is mainly involved with 

reporting satiety, one would expect that when an individual is fed and CCK levels are high, the urge to 

search for food and eat is depressed because they are satiated, whereas when they are hungry, CCK levels are 

lower they might be more motivated to forage. However, this is just a speculation, and in is not clear why 

fasted CCK increased grabbing behaviour. Studies in laboratory mice showed that giving them doses of CCK 

that can inhibit food intake decreases their exploratory behaviour (Crawley et al. 1981). 

Hindbrain CCK did not correlate with food hoarding behaviour in coal tits. Our knowledge regarding the 

involvement of central CCK in hoarding behaviour is not very clear. 

Hindbrain GCG

We predicted that an increase in GCG gene expression is associated with a decrease in food intake and food 

grabbing behaviour in blue tits. While in coal tits we expected a decrease in food intake, grabbing and 

hoarding behaviour.

GCG correlated with eating behaviour, whereas an increase in fasted coal tit GCG was associated with a 

decrease in eating duration, while an increase in fed GCG levels in coal tits was associated with an increase 

in eating behaviour. Studies in rats showed that the satiation effect of GLP-1 in the hindbrain occurs via its 

binding to its receptor GLP-1R that is present in both AP and the NTS (Punjabi et al. 2014).  However, why 

increased GCG in fed coal tits caused increased eating is unclear giving the satiation effect of GCG. 

Additionally, GCG not only correlated with food grabbing behaviour whereby an increase in GCG was 

associated with an increased grabbing, but it also correlated with food hoarding whereby an increase in GCG 

levels was associated with increased food hoarding in coal tits. We speculated that the increase in fed GCG 

gene expression not only made coal tits grab more but also hoard more. 
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Hindbrain POMC

Similar to hypothalamic POMC, we predicted that an increase in hindbrain POMC gene expression is 

associated with a decrease in food intake and food grabbing behaviour in blue tits. While in coal tits we 

expected an decrease in food intake, grabbing and hoarding behaviour

Hindbrain POMC gene expression only correlated with food hoarding behaviour, whereby an increased 

fasted POMC mRNA was associated with increased food hoarding in coal tits, while increased fed POMC 

mRNA was associated with decreased hoarding. In the previous chapter, molecular analysis showed that 

hindbrain POMC gene expression was higher in blue tits and we could not detect an effect of gizzard fullness 

on the expression of POMC. Moreover, when we compared POMC levels across the three titmice species, it 

showed a very clear difference in expression specifically in coal tits. Although we have little information 

regarding the contribution of hindbrain POMC mRNA to food hoarding, what we know is that POMC gene 

products generally have an anorectic action on appetite, thus we speculate that on one hand higher POMC 

expression is linked to suppression of food intake, while on the other hand it motivates coal tits to forage and 

hoard. However, this statement is purely a speculation because the correlation cannot be due to backword 

causation because we measured the peptides when the birds were sacrificed, and no behaviour was recorded. 

So, we assume that the peptide expression in the final day is the same if the bird could perform the 

behaviour.

4.4.3 Correlation between gut peptides and behaviour  

Pancreatic peptides

We predicted that an increase in GCG/INS ratio is associated with decreased food intake and grabbing for 

blue tits, and food hoarding additionally in coal tits. GCG/INS ratio correlated with food grabbing behaviour 

whereby an increase in fed GCG/INS ratio was associated with increased food grabbing behaviour in blue 

tits while decreasing it in coal tits. The result observed in coal tits is expected giving that both the increase in 

GCG and insulin gene expression decreased grabbing behaviour and given the inhibitory effect of both 

peptides on food intake, it makes sense that coal tits are less motivated to forage for food. However, the 

increased in grabbing behaviour seen in blue tits is a bit confusing. Given the fact that like coal tits, the 

individual peptides inhibit grabbing behaviour, you would expect the ratio between them to exert similar 

effects, but this was not the case. Weston (1996) proposed that the transmission of satiety signals to the brain 

in response to the digesta is a vital determinant of forage intake regulation. Therefore, it is expected that the 

intensity of those signals will determine the rate of food intake. According to Newman et al. (1994) in 

ruminant animals, there is an inverse relation between rumen fill and hunger. Studies in dairy cows showed 

that insulin concentration increases as rumen fill increases (Gergorini et al. 2009). The authors proposed that 

as the rumen fill increases during the progression of grazing bouts, individuals decrease their feed intake and 

instead increased searching time. In the present study, we think that individuals might not have enough time 
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to re-feed, thus in some cases the report of gut fill might fail to signal to the brain eliciting a certain 

behaviour that is an appropriate response for the expressed peptides. 

We speculated that the transcription processes are not regulated in the short-term rather the long-term. 

However, the short-term regulation of behaviour is related to the activity of the neurons which then leads to 

the release of the peptide, not the amount of peptides being made in the neurons themselves. 
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4.5 Conclusion 

Overall, in the present study we observed a fluctuating behavioural response to both food deprivation and re-

feeding treatment. Individuals of both species responded as expected to food deprivation most of the time by 

increasing eating duration and food grabbing behaviour. The AGRP/HYP POMC ratio stood out among the 

hypothalamic peptide gene expression measurements to correlate with the differences in the behaviour of 

coal tits. Moreover, GCG and POMC mRNAs in the hindbrain also correlated with hoarding behaviour in 

coal tits. Thus, we hypothesise that AGRP, HYP POMC, GCG and hindbrain POMC could be used as 

signals that report the nutritional state of individuals and change according to their motivation to hoard. 

Overall, hoarding behaviour seems to be induced by re-feeding as it was mostly evident in fed coal tits rather 

than fasted ones which might imply that being satiated does not suppress the motivation of individuals to 

hoard food which is expected for those species as they need to be continuously motivated to store food even 

when not hungry to survive harsh winters. 
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Chapter 5. Discussion 

Appetite regulation is composed of a complex network of signals and information flowing between the 

central nervous system and the peripheral system. The interactions between those two systems controls and 

regulate the ingestive behaviours exhibited by individuals. It is the cooperation between the brain and the gut 

that insures keeping the body in state of energetic homeostasis. The major objectives of this PhD were to: 1. 

compare the presence and distribution of gene expression of neuropeptides and gut peptides between 

hoarding and non-hoarding titmice with other avian species. 2. Establish how neuropeptide and gut peptide 

gene expression is influenced by fasting and re-feeding. 3. Investigate whether there is a correlation between 

gene expression and different ingestion behaviour.4. Identify candidate peptide gene that could be 

responsible for regulating hoarding behaviour in hoarding birds.     

5.1 Gut peptide tissue distribution 

Our study is the first to describe the distribution of gene expression for INS, GCG, CCK and PYY in 

passerines. Overall, the distribution pattern was generally similar between the three titmice species and the 

chicken. However, we did also observe some differences.

5.1.1 GCG 

Overall, great, blue, and coal tits showed higher GCG mRNA in the pancreas and in different parts of the 

small intestine.  In the case of great tits, while empty state females showed higher GCG mRNA in their 

duodenum, full state males expressed more GCG in their antrum. As for both blue and coal tits GCG, it 

exhibited different tissue expression trends. Immunoreactive studies in chickens demonstrate that tissue 

specific action of the enzyme prohormone convertase directs the synthesis of GLP-1 in the L-cells of the 

gastrointestinal tract (Monir et al. 2014). Hence, the GCG mRNA we measured in the intestine in our study 

most likely represents synthesis of GLP-1.

5.1.2 INS 

Great, blue, and coal tits all showed higher insulin mRNA gene expression in the pancreas. This observation 

is not unexpected since insulin is a very well-known pancreatic hormone exclusively expressed in the beta 

cells of the islets of Langerhans (Fu et al. 2013) and similar localisation was also found in other avian 

species: ducks (Samols et al. 1969) and chickens (Langslow et al. 1970). According to (Rawdon and Andrew 

1999) insulin immunoreactive cells are rare outside the pancreas in vertebrates. Nonetheless, small numbers 

of insulin positive cells were observed in the proventriculus of rufous collared sparrows (Mendes et al. 

2009). The antrum of great tits showed the next lowest insulin expression after the pancreas. Similar finding 

was also observed in blue tits whereby higher levels of insulin was found in the antrum in comparison to the 

rest of gut tissues except the pancreas. This unusual presence of insulin outside the pancreas might serve a 
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physiological function that is yet to be elucidated. So, there is a possibility that insulin may have a 

physiological significance in those other tissues.

5.1.3 PYY 

All three species showed highest PYY expression levels in the antrum, duodenum proximal jejunum and the 

pancreas. This broad PYY tissue distribution is consistent with that of the chicken. Aoki et al. (2017) found 

that in chickens, PYY is mainly distributed in the small intestine in comparison to the large intestine. 

Additionally, PYY-like immunoreactive cells have also been observed in the duodenum and jejunum of 

chickens (El-Salhy 1982). Moreover, Reid at al. (2017) using in situ hybridization, found that a major site of 

expression of gut PYY in chickens is around the distal jejunum and that the pancreas had the highest PYY 

which we have also observed in our study. However, the duodenum had a relatively lower PYY expression 

which is different than our finding where we were able to detect higher PYY in the duodenum. Wewer 

Albrechtsen et al. (2016) demonstrated that in mouse, PYY mRNA levels increased along the gastrointestinal 

tract with the highest levels in the distal colon. Whereas in pigs, PYY levels shifted towards the small 

intestine. On the other hand, in rats, below detectable levels of PYY were found in the duodenum and 

proximal jejunum, however, the highest levels were found in the distal ileum. Those difference in PYY 

distribution might reflect taxonomic and perhaps body size differences in metabolic regulation by PYY, the 

different energetic demands between different animals and most importantly the variance in feeding modes 

and patterns among different taxa. 

5.1.4 CCK

All three species showed higher CCK gene expression in the proximal and distal jejunum and the ileum. 

Furthermore, great tits also had higher CCK in the antrum and the caecum, while blue and coal tits expressed 

more CCK in the duodenum.  Nonetheless, CCK levels in both the duodenum and the proximal jejunum in 

the blue and coal tit were very close to each other, while in great tits those two tissues, had a big difference 

in CCK expression. Studies in chicken demonstrated that CCK levels were highest around the proximal half 

of the ileum (Reid and Dunn 2018). However, CCK was lower but detectable in the proventriculus and the 

boundaries within the antro-duodenal regions in chickens (Reid and Dunn 2018). Previous distribution 

studies of CCK in mammals showed that CCK was higher in the proximal ileum of rats (Larson and Reheld 

1978), while in humans CCK was higher in the duodenum and jejunum (which is similar to our finding) with 

different forms of CCK localised in certain parts of the gut (Maton et al. 1984). These observations simply 

suggest that different species use peptides differently according to their physiology, and that usage might 

largely depend on the way the peptide is distributed within a certain tissue. But also, the well-established role 

of CCK in digestion is through stimulating gall bladder contraction and pancreatic exocrine secretion to 

signal satiety by activating the vagal afferents (Owyang 1996). Those functions are closely associated with 

the fact that CCK is primarily secreted from tissues of the lower small intestine (Fakhry et al. 2017) hence it 

is expected to see peak expressions within those areas. 
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5.2 Appetite and satiety signalling

Numerous studies have demonstrated the importance of the arcuate nucleus (ARC) in regulating appetite and 

energy balance in both mammals and birds (Boswell 2005). Our study is the first to show that those same 

peptide genes are expressed in the hypothalamus of titmice which provides further evidence of the 

evolutionary conservation of their function. In mammals, both leptin and ghrelin play a key role in regulating 

the expression of ARC neuropeptides (Klok et al. 2006) but their function is unclear in birds. Even though 

leptin genome sequences are available for several passerine species this is not yet the case for our titmice 

species. I attempted to clone leptin using conserved primers and recommended PCR conditions for leptin in 

our three titmice species but was not successful. Similarly, a ghrelin genome sequence is only available for 

one passerine species, the rifleman (Acanthisitta chloris). However, I was not able to clone ghrelin using the 

primer sequences conserved between the rifleman and other birds. The difficulty with working with leptin 

and ghrelin led me to investigate the role of other gut peptides as possible nutritional signals influencing 

ingestive behaviours including hoarding.   Thus, in this PhD, I investigated a wide variety of gut and 

neuropeptides that have been studied in both mammalian and bird literature and were found to be especially 

important to regulate and control appetite. 

5.2.1 Pancreatic peptides

From the great tit study, although we were not able to detect a nutritional state effect on the expression of 

appetite controlling peptide gene, we were able to establish a clear pattern of the gut peptide mRNA tissue 

distribution. Nonetheless, no particular tissue showed a distinct difference in gene expression between the 

two-treatment groups. However, that was not the case in the blue and coal tit experiment whereby insulin 

was the only gut peptide that did differ between the two species and the two-treatment groups. 

Unfortunately, there are not many studies that quantified insulin gene expression in relation to gut fill, 

however, we know from studies in chickens that plasma levels of insulin are decreased in fasted individuals 

(Simon et al. 2011). Studies in healthy humans estimated that within a time frame of 30 min-1h of ingesting 

a meal, insulin levels rapidly peak, returning to basal levels within 2-4h (Galloway and Chance 1994). 

Having established that, it is worth mentioning that in our study we did not measure the peptide, so it is 

difficult to draw conclusions about how insulin transcription is related to the circulating peptide.

Those observations, and the difference in insulin mRNA levels between the 3 titmice species made us 

speculate about the involvement of circadian rhythms (discussed later) in insulin gene expression. Because 

the experimental design of the great tit study gave individuals a 4h time frame to re-feed, while in the blue 

and coal tit study, birds were only given 1.5h to re-feed, the longer refeeding time in great tits might have 

allowed longer processing of insulin satiety signals and reduced mRNA expression in the pancreas. 

Numerous studies have indicated a tight relationship between insulin and glucagon in the regulation of 

appetite and glucose metabolism, althoughwe did not detect such a relationship. It is well-known in birds that 

glucagon can stimulate insulin secretion, thus causing a rise in insulin levels (Song et al. 2017). However, no 
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correlation was found between glucagon and insulin. Therefore, we measured the ratio between the two 

peptide mRNAs (GCG/INS) but only in the pancreas since it is most relevant to investigate it there. The 

GCG/INS mRNA ratio did not change according to the nutritional state of the great tit; however, the ratio 

was higher in empty state coal tits but not the fed ones, with no such difference detected in blue tits. There is 

little information about the role of glucagon/insulin ratios in relation to theappetite system but given the fact 

that both hormones have an opposing function to one another, one might expect the regulation of the ratio 

might have something to do with the original function of those genes separately. However, it is likely that a 

higher GCG/INS mRNA ratio would stimulate the mobilization of glucose. On the other hand, a lower 

GCG/INS mRNA ratio would promote the biosynthesis of proteins and the reduction of blood glucose rise 

(Kalra and Gupta 2016). 

The GCG/INS mRNA ratio correlated to food grabbing behaviour, whereby an increase in the fed state was 

associated with a decrease in food grabbing behaviour in coal tits, while an increase in blue tits was 

conversely associated with  increased food grabbing behaviour. Thus, in blue the increased ratio positively 

correlated with increased foraging behaviour. Since both glucagon and insulin regulate blood glucose, and 

high glucagon low insulin is associated with hunger, it makes sense that the higher the ratio the more 

motivated the individual is to search for food to compensate for low energy levels. Having said that, the 

results seen in coal tits are difficult to interpret. 

5.2.2 Glucagon related peptide gene expression outside the pancreas

While female great tits showed higher GCG mRNA in empty state duodenum, full state males showed higher 

GCG mRNA in their antrum. On the other hand, blue and coal tit GCG mRNA levels did not change 

according to the nutritional state of the individuals. Having said that, empty state blue tit female showed 

higher GCG mRNA in their antrum, while empty state female coal tits had higher GCG mRNA in their 

gizzards. This pattern in GCG tissue distribution reflecting different trends of gene expression is typical as 

each tissue express GLP-1 in slightly unique way. Moreover, the high expression of GCG in the great tits 

with empty gizzards is unlike what is expected. According to the well-established role of GLP-1, it is 

considered as a satiety peptide in chickens (Furuse et al. 1997) and Japanese quail (Shousha et al. 2007). Our 

ability to detect gizzard fullness effect in great tits but not the other two might be once again related to the 

longer re-feeding time. 

It is not yet clear as to why we observed opposite trends in GCG expression between the two fasted species 

Our gene expression data came when individuals were humanely killed, and we do not have a video record 

of that day. Maybe for some reason, on that day individuals ate, grabbed or hoarded more showcasing 

individual differences. Or possibly individuals respond differently to re-feeding. 

5.2.3 PYY

Studies in chickens showed that PYY mRNA levels in the jejunum were significantly higher under ad 

libitum conditions in comparison to when individuals were under 1-2h fasting (Aoki et al. 2017). However, 
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we were not able to detect any significant change in PYY expression in any of the three tit species studied. 

Thus, we speculated the involvement of circadian rhythm in great tits (discussed in the next section). 

5.2.4 CCK 

CCK gene expression was not different between the two-treatment group in either great tit study or the blue 

and coal tit experiment.

Nevertheless, Reid and Dunn (2018) looked at the CCK expression in chickens either fasted for an hour or 

had been reintroduced to food after 3h from removing it and given 2.5h to feed before being humanely killed 

to investigate how CCK expression response to short-term feed restriction. Although they were not able to 

detect any significant difference between the two treatments (fasted vs. fed), CCK mRNA in situ 

hybridisation signals between the two groups showed that CCK anticipatory expression might be different if 

the two groups were under longer nutritional challenges. We speculate that not seeing a nutritional state 

effect in blue and coal tits case might be related to the short re-feeding period. As for the great tits might be 

related to circadian rhythm. 

5.3 Hindbrain neuropeptides

In all the titmice species studied, we did not detect any difference in GCG mRNA gene expression in 

response to the nutritional state. However, we did detect that coal tits had significantly higher levels of GCG 

mRNA in comparison to blue tits. . Larsen et al. (1997) demonstrated that the posttranslational product of the 

proglucagon in the hindbrain is glucagon like peptide-1 (GLP-1), hence that is likely to be the peptide 

product of the GCG gene expression we measured our titmice.

 As for POMC, in great tit its expression was not changed according to individual state. Similarly, in coal tits 

and blue tits POMC did not change with the nutritional state. However, blue tits seemed to have higher 

POMC levels than coal tits. We speculate that the difference we see between the blue and coal tits in 

hindbrain neuropeptides might be related to behavioural differences. 

In the hindbrain, GCG expression was correlated with eating and food grabbing. In fasted coal tits, increased 

GCG mRNA was related to decreased eating duration, but to increased eating duration in fed birds. Increased 

GCG expression strongly increased food grabbing in both species. The increase of GCG that decreased 

eating makes sense, since it is a satiety signal, and this result is consistent with the expression pattern 

between full and empty great tits.  Moreover, this result is consistent with the higher levels of gut GCG 

found in great tits too, since we speculate that both respond to the same external stimuli. 

5.4 Hypothalamic neuropeptides

While no changes in expression were observed in individual peptides in the great, blue and coal tits 

following fasting and re-feeding, blue tits tended to have a higher hypothalamic neuropeptide than coal tits.   

An increase in AGRP/POMC mRNA ratio was observed in fasted coal tits but not blue tits. This suggests 

that there may be species difference in the regulation of melanocortin system signalling and the potential 
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significance of this in relation to hoarding (see below). Moreover, the lack of effect on POMC is not 

unexpected as more contradictory results in the literature were demonstrated. Some studies were not able to 

detect any differences in the POMC mRNA levels even after 24h-48h of food deprivation (Japanese quail, 

Phillips-Singh et al. 2003; and broiler chicken Song et al. 2012), which was in accordance with similar 

studies in mammals where no differences in POMC expression was noted (Adam et al. 2002). Others, 

however, reported significantly decreased POMC expression levels in broiler chicks fasted for either 24-48h 

(Higgins et al. 2010)

Food grabbing and food hoarding correlated with some of the hypothalamic peptide gene expression. Both 

AGRP and POMC mRNA levels correlated with food grabbing and hoarding behaviour. An increase in 

AGRP mRNA in fasted blue tits increased food grabbing behaviour. On the other hand, increased 

hypothalamic POMC mRNA promoted food grabbing in blue tits but decreased it in coal tits. Generally, the 

lack of difference in both NPY and AGRP might be related to the short re-feeding time frame, because we 

have mentioned previously that studies in chicken and Japanese quail found a nutritional state effect on NPY 

expression levels. However, in those species they had longer food deprivation and refeeding. Moreover, a 

similar appetite inducing effect was shown in AGRP which is co-expressed with NPY. On the other hand, 

the decreased AGRP/ POMC ratio response to re-feeding in coal tits might be due to their small size in 

comparison to both blue and great tits, thus the 1.5h of re-feeding is very convenient for their rapid 

metabolism. However, the response of AGRP/POMC ratio to the nutritional state of individuals could have 

potential implications for food hoarding behaviour (discussed in the hoarding section below). 

5.5 Circadian rhythms and peptide gene expression 

Studies have shown the involvement of both neural and hormonal mechanisms in driving circadian rhythms 

in hunger and appetite (Scheer et al. 2013). The circadian pacemaker in both mammals and birds influences 

the hypothalamic nuclei where the neural populations (NPY/AGRP and POMC/CART) reside, and which 

have been implicated in control and regulation of appetite and weight. There were two peptide genes for 

which we were able to detect differences in their pattern of expression liniked to a diurnal rhythm. The most 

important is GCG. In great tits, fasted individuals (sampled at the end of the night) showed higher GCG 

mRNA in the pancreas, while fed ones (sampled during the day) in the hindbrain and proximal jejunum. 

However, we were not able to detect an effect of nutritional state on GCG expression in blue tits. Ruiter et al. 

(2003) demonstrated that in rats,plasma GCG protein concentration was significantly higher in the active 

phase in comparison to the rest phase in ad lib rats. However, rats fasted for either 18h or 30h showed a peak 

in GCG protein before the onset of the active phase. Plasma glucagon decreased in the first half of the rest 

period. However, a steep rise occurred at the end of the light period Thus, it seems that GCG levels are not 

only under the control of glucose but also under the control of circadian levels. Our result is similar to those 

observations in rats. 
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No nutritional state effect was detected in great, blue and coal tits on the expression of CCK mRNA. Xu et 

al. (2017) investigated the effect of reversing the light: dark cycle for 7 days on the expression of CCK in the 

duodenum and the pancreas of male Wistar rats. The authors found that those rats showed peak expression of 

CCK during the light phase (resting phase). This observation is consistent with what we observed in our 

great tit study. We noticed a significant peak of CCK expression levels in the duodenum, distal jejunum, 

distal ileum, gizzard and proventriculus during the dark phase which is equivalent to the light phase in rats. 

Those similar findings suggest that clock genes might be the main driving force behind circadian gene 

expression through the regulation of the promoter activity of a clock-controlled gene leading to the activation 

of downstream genes at specific times of the day (Brown and Schibler 1999).

5.6 Control of food hoarding

One of the main aims of this PhD was to identify neural or hormonal signals that not only report and change 

according to the nutritional status of individuals but could also act as motivators to induce food hoarding 

behaviour. Overall, we could not detect any difference in the expression of gut peptides as a result of the 

change in nutritional state of coal tits which could be a motivator for food hoarding, but that does not mean 

there is no change at all in their encoded peptides as a response to fasting or feeding. 

We noted earlier in this thesis the fact that quantifying the mRNA might not be an indication of the peptide 

expression, and that protein analysis is a more accurate measurement of gene expression as the final product 

of mRNA translation process. Thus, we could not assume that no gut peptide changed and resulted in 

hoarding behaviour (recorded on camera).

In blue and coal tits the expression of NPY, AGRP and POMC was generally higher in the blue tits in 

comparison to the coal tits. In particular, POMC gene expression was 2.1× higher compared to only 1.2× of 

both NPY and AGRP.  As for POMC, we did detect a very clear difference in its expression among the three 

titmice specifically coal tits. And although we do not have enough information regarding hindbrain POMC 

contribution to different ingestive behaviours, given its anorexigenic action we speculate that it might have a 

vital role in inducing food hoarding. 

In both studies, we were not able to detect any significant effect of nutritional status on the expression levels 

of the hypothalamic neuropeptide genes. This made us speculate that the difference in gene expression might 

not be related to gut fill. AGRP mRNA increased food hoarding in coal tits. Moreover, hypothalamic POMC 

was linked to decrease food hoarding in coal tits. Additionally, AGRP/ HYP POMC in fasted coal tits was 

higher than fed birds. Those results indicate that AGRP, POMC and the AGRP/POMC ratio might contribute 

to food hoarding.

Studies in Siberian hamsters showed that administration of AGRP markedly increase food hoarding 

behaviour up to 2000% and that effect persist for up to 7 days (Day and Bartness 2004). According to the 
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authors AGRP induces foraging behaviour not only in Siberian hamster but also in other animals too. And 

since it is known that AGRP expression increases with fasting, and that Siberian hamsters over-hoard rather 

than over-eat, it makes sense that for hamsters at least once food is found they rather store it. As for POMC, 

there is not a lot of information regarding the contribution of POMC to food hoarding behaviour in either 

mammals or birds. However, our results suggest that POMC decreased food hoarding in coal tits.    

In the hindbrain, GCG in coal tits was higher comparison to blue tits and great tits, and increased GCG 

mRNA increased hoarding. POMC mRNA also correlated with hoarding. An increase in fasted POMC 

increased hoarding, while an increase in fed POMC decrease it.  Moreover, blue tits had higher POMC in 

comparison to coal tits. When doing a comparison between the three tits we only included the fed state to 

avoid variation linked to fasting. We found that CCK levels were not different between the three titmice 

species. However, the comparison between coal and blue tits showed that coal tits the highest GCG 

expression among the two species, while blue tits showed the highest hindbrain POMC. Our observations of 

POMC, GCG and CCK gene expression in the hindbrain are the first that we are aware of in birds. This 

suggests that hindbrain POMC signalling might contribute to the regulation of ingestive behaviours and 

hoarding.

Ultimately, it is important to note that in our study we have only quantified mRNA from the collected 

tissues. However, it is generally known that mRNA and protein levels do not always correlate owing to the 

complexity of the levels of control of transcription, translation and protein degradation. Having said that, in 

the avian literature few studies have combined measurements of both mRNA and protein (Buccitelli and 

Selbach 2020). On contrary, studies in mammalian hypothalamic neuropeptide (AgRP and POMC) for 

instance demonstrated that changes in gene expression are linked directly to peptide secretion and neural 

firing rates. However, while this might be the case in birds, studies have not been performed to address this 

(Boswell and Dunn 2017). 

This means that we can only assume that the changes we observed in hypothalamic neuropeptide mRNAs 

were directly correlated with peptide secretion, however this correlation between mRNA and gut peptides is 

less certain. For example, glucagon mRNA was not correlated with circulating blood glucagon 

concentrations after fasting and re-feeding in chickens (Richards and McMurtry 2008).
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5.7 Future work 

For future experimental design, it is necessary to increase the re-feeding time for the titmice. Because those 

species are very small, and highly active we speculate that digestion and gut emptying process is very fast. 

Thus, having longer time to feed will insure detecting more satiety signals. Moreover, we could enhance the 

cage design. We speculated that because coal tits are scatter hoarders, they are more motivated to store food 

if many hoarding substrates are scattered in their home cage rather than having one place. 

Molecularly quantifying leptin and ghrelin would also be informative, since those two peptides are 

considered the backbone of appetite system in mammals as many gut peptides and neuropeptides rely on 

their signalling to regulate their activities. |Work by our laboratory demonstrated that systemic administration 

of mammalian leptin and chicken ghrelin reduced hoarding in coal tits (Henderson et al., 2018).  However, 

the role of these hormones as nutritional feedback signals to the brain in birds has yet to be established 

(Boswell and Dunn, 2017). 

Another important point is that the measurement of mRNA might not relate directly to protein production 

owing to variation in transcription and translation mechanisms between different genes and tissues (Vogel 

and Marcotte 2012). Therefore, in the future there is a need to measure the translated peptides in tissues and 

plasma to help a explain gene expression measurements. There is also limited information on the effect of 

administering peptides such as GLP-1 on feeding behaviour in passerines such as titmice.

Another possibility is to quantify immediate early gene process via using immunohistochemistry techniques 

which is a very useful tool of measuring genes that are activated transiently and rapidly in response to a 

cellular stimulus. This could be particularly useful since we have identified the hindbrain and hypothalamus 

as potential targets of nutritional signals.

In a longer-term manner, it would be very useful to study the ingestive behaviour in a social context: studies 

have shown that hierarchy is a very important factor effecting individual daily behaviour. So, it would be 

interesting to set a study where we could measure the same behaviours and peptides in titmice within social 

group: where dominant/ subordinate relations are established. 
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Chapter 6. General conclusion 

6.1 Conclusions

In conclusion, the present study overall, have helped us to establish the fact that both the nervous system and 

the gastrointestinal system shares signalling information that is considered the backbone route for reporting 

the nutritional state of the individual at different time points contributing in keeping its energy homeostasis 

at bay. By identifying candidate peptides genes that showed response to the individual nutritional state, we 

were able to make some distinctions between hoarding and non-hoarding species (figure 1 and 2). Our study 

suggests that hypothalamic AGRP/POMC primarily could be used as neural signals reporting the nutritional 

state of titmice. Moreover, hypothalamic AGRP and POMC, and hindbrain GCG and POMC seem to be 

involved in food hoarding in coal tits.

Having said that, we have showed that Satiety did not suppress hoarding, at least not in cases when the bird 

has experienced a period of food deprivation, followed by successful foraging. In those conditions, they 

seem to be more motivated to not only forage more but also store extra food for later consumption. It is not 

clear that this would also be the case for birds that have continuous access to food sources and therefor are 

satiated continuously. They might not hoard as much because the food is always there. Thus, those 

observations further confirm observations from the hamster literature that peptides that are known to control 

and regulates food intake are also involved in food hoarding. 

In this study we compared both gene expression and tissue distribution of several neuropeptides and gut 

peptides between hoarding and non-hoarding titmice. We were able to establish associations between brain 

and gut peptide gene expression and ingestive behaviours in response to food deprivation and re-feeding and 

also to circadian rhythms. By identifying candidate peptide genes that respond to an individual’s nutritional 

state, we were able to make some distinctions between hoarding and non-hoarding species (Figure 1 and 2). 

Overall, he signalling system between the gut and the central nervous system is an important route for 

reporting overall nutritional status of the individual. Moreover, we showed that satiety did not suppress 

hoarding, at least not in cases when the bird has experienced a period of food deprivation, followed by 

successful foraging. In those conditions, they seem to be more motivated to not only forage more but also 

store extra food for later consumption. It is not clear that this would also be the case for birds that have a 

continuous access to food sources and therefore be satiated continuously. They might not hoard as much 

because the food is always there.
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Figure 1. Flow chart illustrating the brain-gut axis of blue tits showing both neuropeptides and gut peptides gene expression and their correlation to eating, food grabbing 
behaviours. Green boxes are fed state, red boxes are fasted state and white boxes showing an overall effect. The arrows pointing up showcase increase in expression, and the 
arrows pointing down showcase decrease/ suppression

Cyanistes caeruleus
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Figure 2. Flow chart illustrating the brain-gut axis of coal tits showing both neuropeptides and gut peptides gene expression and their correlation to eating, food grabbing, and 
food hoarding behaviours. Green boxes are fed state, red boxes are fasted state and white boxes shows an overall effect. The arrows pointing up showcase increase in expression, 
and the arrows pointing down showcase decrease/ suppression

Pariparus ater
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Chapter 8. Appendices 

8.1 Great tit stepwise deletion tables of the final model in addition to the terms (factors) 

removed with their p-values and X2 values 

A. Gut cholecystokinin (CCK)

CCK Final model 

Factors Df X2 p-value

Sex 1 0.434 0.510

Gizzard full 1 1.31 0.252

Tissue 9 2.55E+10 <0.001

Sex*Gizzard full 1 1.22 0.269

Sex*Tissue 9 7779371258 <0.001

Gizzard full*Tissue 9 78.24 <0.001

Sex*Gizzard full*Tissue 9 111.04 <0.001

B. Gut glucagon (GCG)

GCG Final model 

Factors Df X2 p-value

Sex 1 0.22 0.639

Gizzard full 1 0.644 0.422

Tissue 9 5.76E+06 0

Sex*Gizzard full 1 <0.0019 0.924

Sex*Tissue 9 11977.55 <0.001

Gizzard full*Tissue 9 3.29E+11 <0.001

Sex*Gizzard full*Tissue 9 2.05E+11 <0.001
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C. Gut peptide YY (PYY) 

D. Gut insulin (INS) 

PYY final model 

Factors Df X2 p-value

Sex 1 49.86 <0.001

Gizzard full 1 0.721 0.396

Tissue 9 1.21E+04 <0.001

Sex*Gizzard full 1 5.12E-01 0.474

Sex*Tissue 9 1.45E+12 <0.001

Gizzard full*Tissue 9 3.86E+12 <0.001

Sex*Gizzard full*Tissue 9 3.47E+01 <0.001

Term removed Order of removal X2 p-value 

Species*Sex*Gizzard full 1 0.07 0.792

Sex*Gizzard full 2 0.344 0.558

Species*Gizzard full 3 0.491 0.483

Species*Sex 4 0.394 0.530

INS final model 

Factors Df X2 p-value

Sex 1 0.077 0.781

Gizzard full 1 0.115 0.735

Tissue 9 2.04E+13 <0.001

Sex*Gizzard full 1 0.02 0.888

Sex*Tissue 9 2.80E+11 <0.001

Gizzard full*Tissue 9 2.72E+11 <0.001

Sex*Gizzard full*Tissue 9 4.49E+12 <0.001
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E. Pancreas glucagon/ insulin ratio (GCG/INS) 

8.2 Blue and coal tit stepwise deletion tables of the final model in addition to the terms 

(factors) removed with their p-values and X2 values 

A. Neuropeptide Y (NPY) 

B. Agouti related peptide (AgRP) 

Term removed Order of removal X2 p-value 

Sex*gizzard fullness 1 0.708 0.4

GCG/ INS final model 

Factors Df X2 p-value

Sex 1 0.066 0.797

Gizzard full 1 0.039 0.834

NPY Final model 

Factors Df p-value X2

Species 1 0.017 5.68

Sex 1 0.16 1.97

Gizzard full 1 0.813 0.056

Term removed Order of removal X2 p-value 

Species*Sex*Gizzard full 1 0.817 0.366

Sex*Gizzard full 2 1.05 0.304
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C. Hypothalamic Proopiomelanocortin (POMC)

D. Hypothalamic agouti related protein/ Proopiomelanocortin ratio (AgRP/POMC) 

AgRP final model 

Factors Df X2 p-value

Species 1 4.65 0.031

Sex 1 1.43 0.231

Gizzard full 1 4.57 0.032

Species*Sex 1 1.93 0.165

Species*Gizzard full 1 5.12 0.024

Term removed Order of removal X2 p-value 

Species*Sex*Gizzard full 1 0.198 0.656

Species*Gizzard full 2 0.023 0.880

Hypothalamic POMC final model 

Factors Df X2 p-value

Species 1 184.48 <0.001

Sex 1 4.95 0.026

Gizzard full 1 0.497 0.481

Species*sex 1 5.39 0.200

Sex*Gizzard full 1 3.69 0.055

Term removed Order of removal X2 p-value 

Species*Sex*Gizzard full 1 1.06 0.301

Sex*Gizzard full 2 1.44 0.229

Species*Sex 3 1.83 0.1752

AgRP. Hypothalamic POMC final model 

Factors Df X2 p-value

Species 1 13.31 <0.001

Sex 1 1.84 0.174

Gizzard full 1 6.09 0.014

Species*Gizzard full 1 3.62 0.057 
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A. Hindbrain cholecystokinin (CCK)

B. Hindbrain glucagon (GCG) 

C. Hindbrain Proopiomelanocortin (POMC) 

Hindbrain CCK final model 

Factors Df X2 p-value

Species 1 1.42 0.233

Sex 1 <0.0012 0.967

Gizzard full 1 3.67 0.055

Species*Gizzard full 1 1.85 0.173

Term removed Order of removal X2 p-value 

Species*Sex*Gizzard full 1 0.316 0.574

Species*Sex 2 0.052 0.819

Sex*Gizzard full 3 1.03 0.309

Hindbrain GCG final model 

Factors Df X2 p-value

Species 1 16.26 <0.001

Sex 1 1.51 0.218

Gizard full 1 1.32 0.251

Species*Gizzard full 1 4.87 0.027

Term removed Order of removal X2 p-value 

Species*Sex*Gizzard full 1 0.288 0.592

Sex*Gizzard full 2 0.011 0.916

Species*Sex*Gizzard full 3 1.08 0.298
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D. Gut cholecystokinin (CCK)

Hindbrain POMC final model 

Factors Df X2 p-value

Species 1 111.94 <0.001

Sex 1 0.877 0.349

Gizzard full 1 0.072 0.788

Species*sex 1 0 0.990

Species*Gizzard full 1 0.114 0.736

Sex*Gizzard full 1 0.834 0.361

Species*Sex*Gizzard full 1 3.05 0.081

Gut CCK final model 

Factors Df X2 p-value

Sex 1 0.188 0.665

Species 1 0.606 0.436

Tissue 9 1518.83 <0.001

Gizzard full 1 0.899 0.343

Species*Sex 1 2.55 0.11

Sex*Tissue 9 21.9 <0.001

Sex*Gizzard full 1 0.016 0.899

Species*Tissue 9 25.29 <0.001

Species*Gizzard full 1 3.19 0.074

Tissue*Gizzard full 9 19.38 0.022

Sex*Species*Tissue 9 22.24 <0.001

Sex*Species*Gizzard full 1 0.102 0.75

Sex*Tissue*Gizzard full 9 11.52 0.242

Species*Tissue*Gizzard full 9 18.5 0.03

Sex*Species*Tissue*Gizzard full 9 18.6 0.029
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E. Gut glucagon (GCG) 

Gut GCG final model 

Factors Df X2 p-value

Sex 1 0.023 0.88

Species 1 1.77 0.183

Tissue 9 2100.13 <0.001

Gizzard full 1 0.096 0.757

Species*Sex 1 1.43 0.23

Sex*Tissue 9 6.56 0.682

Sex*Gizzard full 1 2.33 0.127

Species*Tissue 9 105.12 <0.001

Species*Gizzard full 1 0.731 0.393

Tissue*Gizzard full 9 46.54 <0.001

Sex*Species*Tissue 9 14.62 0.102

Sex*Species*Gizzard full 1 43.98 0.026

Sex*Tissue*Gizzard full 9 43.79 <0.001

Species*Tissue*Gizzard full 9 35.61 <0.001

Sex*Species*Tissue*Gizzard full 9 27.28 <0.001

F. Gut peptide YY (PYY)

Term removed Order of removal X2 p-value 

Species*Sex*Tissue*Gizzard full 1 5.99 0.74

Sex*Species*Tissue 2 6.36 0.703

Sex*Tissue*Gizzard full 3 13.11 0.158

Species*Tissue*Gizzard full 4 12.3 0.197
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G. Gut insulin (INS)

PYY final model 

Factors Df X2 p-value

Sex 1 1.52 0.217

Species 1 0.187 0.666

Tissue 9 247.003 <0.001

Gizzard full 1 0.334 0.564

Species*Sex 1 0.155 0.94

Sex*Tissue 9 9.5 0.392

Sex*Gizzard full 1 1.98 0.159

Species*Tissue 9 26.66 <0.001

Species*Gizzard full 1 0.695 0.404

Tissue*Gizzard full 9 12.07 0.209

Sex*Species*Gizzard full 1 2.9 0.088

INS Final model 

Factors Df X2 p-value

Sex 1 2.34 0.126

Species 1 4.55 0.033

Tissue 9 2323.16 <0.001

Gizzard full 1 6.16 0.013

Species*Sex 1 1.32 0.249

Sex*Tissue 9 38.91 <0.001

Sex*Gizzard full 1 0.874 0.35

Species*Tissue 9 3.52 0.94

Species*Gizzard full 1 0.098 0.755

Tissue*Gizzard full 9 48.56 <0.001

Sex*Species*Tissue 9 33.8 <0.001

Sex*Species*Gizzard full 1 1.64 0.199

Sex*Tissue*Gizzard full 9 29.7 <0.001

Species*Tissue*Gizzard full 9 22.81 <0.001

Sex*Species*Tissue*Gizzard full 9 31.26 <0.001
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H. Pancreatic glucagon/ insulin ratio (GCG/INS)

Term removed Order of removal X2 p-value 

Species*Sex*Gizzard full 1 1.06 0.301

Sex*Gizzard full 2 0.38 0.538

Species*Sex 3 1.65 0.198

GCG.INS ratio final model 

 Df X2 p-value

Species 1 32.11 <0.001

Sex 1 0.2 0.654

Gizzard full 1 5.38 0.02

Species *Gizzard full 1 4.88 0.027
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