THE UNIVERSITY
of EDINBURGH

This thesis has been submitted in fulfiiment of the requirements for a postgraduate degree
(e.g. PhD, MPhil, DClinPsychol) at the University of Edinburgh. Please note the following
terms and conditions of use:

* This work is protected by copyright and other intellectual property rights, which are
retained by the thesis author, unless otherwise stated.

* A copy can be downloaded for personal non-commercial research or study, without
prior permission or charge.

* This thesis cannot be reproduced or quoted extensively from without first obtaining
permission in writing from the author.

* The content must not be changed in any way or sold commercially in any format or
medium without the formal permission of the author.

*  When referring to this work, full bibliographic details including the author, title,
awarding institution and date of the thesis must be given.



Hypothalamic mechanisms mediating inhibition of prolactin
secretion following stressin early pregnant mice

Victoria Joanne Parker

PhD by Research
The University of Edinburgh
2011



Contents Page

Declaration [
Dedication i
Acknowledgements i
Abstract v
List of Figures Vi
List of Tables viii
List of Abbreviations iX
Chapter 1: General Introduction 1
1.1 Background 2
1.2 Introduction to the major physiological systemsinvolved in pregnancy
success and failure 2
1.2.1 The hypothalamo-pituitary-gonadal (HPG) axis 3
1.2.2 The dopamine-prolactin system 3
1.2.3 The immune system 3
1.2.4 The hypothalamo-pituitary-adrenal (HPA) axis 4
1.3 Role and adaptationsin neuroendocrine systemsin pregnancy 4
1.3.1 The hypothalamo-pituitary-gonadal axis 5
1.3.1.1 Regulation of the hypothalamo-pituitary-gdal axis 5
1.3.1.1.1 Activin, follistatin and inhibin 5
1.3.1.1.2 Kisspeptin 6
1.3.1.1.3 Sex steroid feedback 6
1.3.2 Pregnancy establishment 8
1.3.3 The neurogenic reflex 8
1.3.4 Human chorionic gonadotrophin 10
1.3.5 Progesterone 10
1.4 Theprolactin system 11
1.4.1 Pituitary synthesis of prolactin 12
1.4.2 Extrapituitary prolactin synthesis, secretmal roles 12
1.4.2.1 The brain 12
1.4.2.2 The placenta and decidua 13
1.4.2.3 The mammary glands and lactation 14
1.4.2.4 The immune system 15
1.4.3 Prolactin secretion in non-pregnant andgaaganimals 15
1.4.4 Prolactin releasing factors 15
1.4.4.1 The opioids 16
1.4.4.2 Serotonin 16
1.4.4.3 Thyrotrophin-releasing hormone 16
1.4.4.4 Vasointestinal peptide 17
1.4.4.5 Oxytocin 17
1.4.4.6 Oestradiol 18
1.4.4.7 Kisspeptin 18



145
1.4.6
1.4.7
148

Prolactin inhibitory factors

Prolactin receptors and signal transduction
Prolactin negative feedback

The prolactin system in pregnancy

1.4.8.1 Prolactin negative feedback during pregpanc

1.5 Immune system in pregnancy

151
15.2
153
154
155

The cellular T system

Immune balance in pregnancy

Uterine dendritic cells

Progesterone as an immunosteroid
Prolactin regulation of cytokine balance

1.6 Effect of stresson the neuroendocrine system

16.1
1.6.2
1.6.3
1.6.4
1.6.5
1.6.6
1.6.7
1.6.8

1.6.9

Stressors

The stress system and hypothalamo-pituddregnal axis
Glucocorticoid negative feedback

Mode of action of glucocorticoids

The autonomic nervous system

Noradrenaline and the hypothalamo-pituitdyenal axis
Stress-induced behavioural responses

Effect of stress on the hypothalamo-pityHgmnadal axis

19
19
22
24
24

27
27
27
27
28
29

30
30
31
31
32
32
34
34
35

1.6.8.1 Potential mechanisms mediating stressectBippression

of the hypothalamo-pituitary-gonadal axis

1.6.8.2 Stress-induced cytokines and the hypoth@jaitaitary-

gonadal axis
Effect of stress on prolactin secretion

1.7 Effects of stresson the neur oendocrine system during pregnancy

1.7.1
1.7.2
1.7.3

1.7.4

HPA axis

Foetal programming

Early Pregnancy

1.7.3.1 HPA axis basal activity in early pregnancy
1.7.3.2 HPA axis responses to stress in early amegn

1.7.3.3 Reproductive hormones and stress in eaglynancy

1.7.3.3.1 hCG responses to stress in early pregnanc

35

37
37

38
38
39
39
39
40
40
40

1.7.3.3.2 LH and prolactin responses to stresaiily regnancy 41

1.7.3.3.3 Progesterone responses to stress ingagpancy

Late pregnancy
1.7.4.1 HPA axis basal activity in late pregnancy
1.7.4.2 HPA axis responses to stress in late pregna

1.8 Stress and theimmune system in pregnancy

18.1

1.8.2 Effect of immune system and peripheral ayte& on the brain

HPA regulation of the immune system

and pituitary

41
42
42
43

43
43

44

1.8.2.1 Mechanisms of peripheral cytokines gaim@iogess to the

brain

1.8.2.2 Effect of immune system and peripheral kiyigs on the

HPA axis

45

45



1.8.2.3 Effect of immune system and peripheral kiyigs on the

dopamine-prolactin system 45

1.8.3 Expression and roles of central cytokines 46

1.8.4 Effect of stress on central cytokines 46

1.9 Theses aims and hypotheses 49
Chapter 2: General Materials and Methods 50
2.1 Animals 51
2.2 Anaesthesia (non-recovery) 51
2.3 Injections 52
2.3.1 Subcutaneous (s.c) injections 52

2.3.2 Intraperitoneal (i.p) injection 52

2.4 Stressors 52
2.4.1 Immune stress protocol 52

2.4.2 24h fasting protocol 52

2.5 Blood collection 52
2.5.1 Cardiac puncture 52

2.5.2 Trunk blood 53

2.6 Radioimmunoassay (RIA) 53
2.6.1 Progesterone RIA - Kit 1 53
2.6.1.1 General principles 53

2.6.1.2 Method 53

2.6.2 Progesterone RIA - Kit 2 55
2.6.2.1 General principles 55

2.6.2.2 Method 55

2.6.3 Corticosterone RIA 57
2.6.3.1 General Principles 57

2.6.3.2 Method 58

27ELISA 59
2.7.1 General principles 59

2.7.2 Prolactin ELISA 59
2.7.2.1 Development and validation 59

2.7.2.2 Method 64

2.7.3 Interleukin (IL)-6 ELISA 66
2.7.3.1 Development and validation 66

2.7.3.2 Methods 71

2.8 BD Cytometric bead array (CBA) 72
2.8.1 General principles 72

2.8.2 Method

74



2.9 Brain tissue processing 74
2.9.1 Transcardial perfusion for fixation (for pessing by

immunocytochemistry) 74
2.9.2 Flash freezing (for processingihysitu hybridisation) 75
2.9.3 Brain sectioning 75
2.9.3.1 Microtome sectioning 75
2.9.3.2 Cryostat sectioning 75
2.10 Immunocytochemistry 78
2.10.1 General principles 78
2.10.2 Fos immunocytochemistry protocol 82
2.10.3 Fos and tyrosine hydroxylase immunocytocheyni 83
2.10.4 pSTAT5 immunocytochemistry 84
2.10.5 pSTATS5 and tyrosine hydroxylase immunocysmaistry 86
2.10.6 Immuno-labelled cell quantification 86
2.11 HPL C analysis of DOPAC and dopamine content 88
2.11.1 General Principles 88
2.11.2 Method 88
2.12 In situ hybridisation 89
2.12.1 General principles 89
2.12.2 Method 90
2.13 Behavioural testing 99
2.13.1 Elevated plus maze 99
2.13.2 Open field test 100
2.1.4 General statistics 103

Chapter 3: Effect of stress on the HPA axis and the prolactin system in early

pregnancy 104
3.1 Introduction 105
3.1.1 Control of prolactin secretion 105
3.1.2 Effect of stress in early-mid pregnancy ankiPA 106
3.1.3 Effect of stress in early pregnancy on tlwgatin system 106
3.1.4 Aims and hypotheses 108
3.2 Methods 109
3.2.1 Control of prolactin in early pregnancy 109
3.2.1.1 Treatment 109
3.2.1.2 Prolactin ELISA 109

3.2.2 Effect of immune stress on plasma hormore§,dnd neuronal
activation in early pregnancy 109
3.2.2.1 Treatment 109
3.2.2.2 Blood/tissue collection and perfuse fixatio 110
3.2.2.3 Prolactin ELISA 110
3.2.2.4 Progesterone RIA 111
3.2.2.5IL-6 ELISA 111

3.2.2.6 Corticosterone RIA 111



3.2.2.7 Brain sectioning, tyrosine hydroxylase/FoS and
analysis
3.2.2.8 HPLC analysis of DOPAC/dopamine
3.2.3 Effect of immune stress in early and mid-peegy on HPA axis
and proinflammatory cytokine activity
3.2.3.1 Treatment
3.2.3.2 Plasma hormone levels
3.2.3.3 Proinflammatory cytokine levels
3.2.3.4In situ hybridisation and analysis
3.2.4 Effect of immune stress in early pregnancyp@gnancy rate
3.2.4.1 Treatment
3.2.4.2 Pregnancy status analysis
3.2.4.3 Plasma hormone levels
3.2.5 Effect of 24h fast stress on plasma hormdhes,and neuronal
activation in early pregnancy
3.2.5.1 Treatment
3.2.5.2 Blood/tissue collection and perfuse fiati
3.2.5.3 Plasma hormone and IL-6 levels
3.2.5.4 Brain sectioning, tyrosine hydroxylase/FoS and
Analysis
3.2.6 Effect of 24h fast stress in early pregnamtyregnancy rate
3.2.6.1 Treatment
3.2.6.2 Pregnancy status analysis
3.2.6.3 Plasma hormone levels
3.2.7 Statistics

3.3 Results

3.3.1 Control of prolactin secretion in early pragay
3.3.1.1 Effect of metoclopramide on prolactin cemtration
3.3.1.2 Effect of pregnancy on dopamine inhiloitad prolactin

Secretion
3.3.2 Effect of immune stress on plasma hormore§,dnd neuronal
activation in early pregnancy
3.3.2.1 Prolactin concentration
3.3.2.2 Progesterone concentration
3.3.2.3 IL-6 concentration
3.3.2.4 Corticosterone concentration
3.3.2.5 Activation of TIDA neurones
3.3.2.6 Median eminence monoamine content
3.3.2.7 Activation of other hypothalamic cell gpsu
3.3.2.8 Activation of tyrosine hydroxylase-pos#ieell groups
in the brainstem
3.3.3 Effects of stress in early and mid-pregnamtyHPA axis and
proinflammatory cytokine activity

3.3.3.1 Corticosterone concentration
3.3.3.2 Progesterone concentration
3.3.3.3 TNFea and IFNy concentration
3.3.3.4 PVN gene expression

3.3.4 Effect of LPS stress in early pregnancy agpancy rate

111
112

112
112
112
112
112
113
113
113
113

113
113
115
115

115
115
115
115
116
116

117
117
117

117

117
117
117
119
119
119
119
123

130

137
137
137
137
137
146



3.3.4.1 Pregnancy rate analysis on d13.5
3.3.4.2 Prolactin concentration on d13.5
3.3.4.3 Progesterone concentration on d13.5
3.3.5 Effect of 24h fast stress on plasma hormdhes,and neuronal
activation in early pregnancy
3.3.5.1 Prolactin concentration
3.3.5.2 Progesterone concentration
3.3.5.3 IL-6 concentration
3.3.5.4 Corticosterone concentration
3.3.5.5 Activation of TIDA neurones
3.3.5.6 Activation of other hypothalamic cell gpsu
3.3.6 Effect of 24h fast stress in early pregnamtypregnancy rate
3.3.6.1 Pregnancy rate analysis on d13.5
3.3.6.2 Prolactin concentration on d13.5
3.3.6.3 Progesterone concentration on d13.5

3.4 Discussion
3.4.1 Control of prolactin secretion in early pragay
3.4.2 Effects of stress on HPA axis and proinflatory cytokine
responses in early pregnancy
3.4.3 Effect of stress on pregnancy hormones aBd\ Tieuronal
Activation

146
146
146

146
146
146
148
148
148
148
157
157
157
157

159
159

160

163

3.4.4 Effect of stress on neuronal activation imeothypothalamic nuclei66

3.4.5 Effect of stress on tyrosine-hydroxylase-pasicell groups in the

brainstem 169

3.4.6 Effect of stress on pregnancy rate and hoemahdl13.5 171
Chapter 4: M echanisms controlling prolactin secr etion/r esponses following

stressin early pregnancy 176

Section 4a: Effect of stresson prolactin negative feedback in early pregnancy

4.1 Introduction
4.1.1 Prolactin signal transduction
4.1.2 Prolactin negative feedback

177
177
177

4.1.2.1 Prolactin negative feedback in early latel pregnancy 178

4.1.3 Aim and hypothesis

4.2 Methods
4.2.1 Effect of LPS stress on prolactin negativezlfeck
4.2.1.1 Treatment
4.2.1.2 Blood/tissue collection and perfuse fomat
4.2.1.3 Prolactin ELISA

4.2.1.4 Brain sectioning, tyrosine hydroxylas@/a%$5 ICC and

analysis
4.2.2 Effect of 24h fast on prolactin negativediesck
4.2.2.1 Treatment
4.4.2.2 Blood/tissue collection and perfuse fomat

181

182
182
182
182
182

183
183
183
184



4.4.2.3 Prolactin ELISA 184
4.4.2.4 Brain sectioning, tyrosine hydroxylas@/p3$5 ICC and

analysis 184
4.2.3 Statistics 184
4.3 Results 185
4.3.1 Effect of stress on prolactin negative feetba 185
4.3.1.1 Prolactin concentration 185
4.3.1.2 % pSTATS-positive TIDA neurones 185
4.3.1.3 pSTATS5 expression in other hypothalameicgroups 190
4.3.2 Effect of 24h fast on prolactin negativediegck 196
4.3.2.1 Prolactin concentration 196
4.3.2.2 % pSTATS-positive TIDA neurones 196
4.4 Discussion 202
4.4.1 Effect of LPS stress on prolactin negatesdback 202
4.4.2 Effect of 24h fast stress on prolactin negaeedback 203
4.4.3 Relationship between plasma prolactin andTSTactivity 205
4.4.4 Potential pregnancy or stress-related fatcargeting TIDA
neurones 205
4.4.4.1 The CRH system 205
4.4.4.2 Sex steroids and SOCs 206
4.4.4.3 Stress-induced cytokines 206

Section 4b: Effect of IL-6 and TNF-a on the prolactin system in early pregnancy

4.5 Introduction 208
4.5.1 The cellular T system 208
4.5.1.2 The cellular T system in pregnancy 208
4.5.2 Progesterone as an immunosteroid 208
4.5.3 Prolactin and immune regulation 209
4.5.4 Effects of stress on cytokine balance in paegy 209
4.5.5 Effects of IL-6 and TNle-on the HPA axis 210
4.5.6 The role of IL-6 in immune regulation 210
4.5.7 Effects of IL-6 and TNIle-in pregnancy 211
4.5.7.1 Effects of IL-6 on pregnancy 211
4.5.7.2 Effects of TNF-on pregnancy 211
4.5.8 IL-6, TNFe and prolactin 212
4.5.9 Aim and hypotheses 213
4.6 Methods 214
4.6.1 Effects of IL-6 and TNk-on hormones and neuronal activation in
early pregnancy 214
4.6.1.1 Treatment 214
4.6.1.2 Blood/tissue collection and perfuse fixati 214
4.6.1.3 Prolactin ELISA 214
4.6.1.4 Progesterone RIA 215
4.6.1.5 Corticosterone RIA 215

4.6.1.6 Brain sectioning, tyrosine hydroxylase/FoS and
analysis 215



4.6.2 Statistics 215

4.7 Results 216
4.7.1 Effect of IL-6 and TN-on plasma hormones and neuronal
activation in early pregnancy 216
4.7.1.1 Prolactin concentration 216
4.7.1.2 Progesterone concentration 216
4.7.1.3 Corticosterone concentration 216
4.7.1.4 Activation of TIDA neurones 216
4.7.1.5 Activation of other hypothalamic cell gpsu 220
4.8 Discussion 226
4.8.1 Effect of IL-6 and TNFeon plasma hormones and TIDA neuronal
activation in early pregnancy 226
4.8.2 Effect of IL-6 and TNFeon neuronal activation in other
hypothalamic nuclei 227
Chapter 5: Prolactin and anxiety in early pregnancy 229
5.1 Introduction 229
5.1.1 Stress and anxiety during pregnancy 229
5.1.2 Reproductive hormones and anxiety 229
5.1.3 Behavioural assays of anxiety 232
5.1.4 Aim and hypotheses 233
5.2 Methods 234
5.2.1 Effect of LPS stress on anxiety behaviour gladma hormones 234
5.2.1.1 Treatment 234
5.2.1.2 Behavioural tests and blood collection 234
5.2.1.3 Prolactin ELISA 235
5.2.1.4 Corticosterone RIA 235
5.2.2 Effect of 24h fast on anxiety behaviour atasma hormones 236
5.2.2.1 Treatment 236
5.2.2.2 Behavioural tests and blood collection 236
5.2.2.3 Plasma hormone levels 237
5.2.3 Statistics 237
5.3 Results 238
5.3.1 Effects of LPS stress on EPM performancepdasima hormones 238
5.3.1.1 Effect of LPS stress on EPM performance 238
5.3.1.2 Effect of LPS stress on plasma prolaantic
corticosterone (following EPM) 240
5.3.2 Effects of LPS stress on OFT performancepasina hormones 243
5.3.2.1 Effect of LPS stress on OFT performance 243
5.3.2.2 Effect of LPS stress on plasma prolaantic
corticosterone (following OFT) 243

5.3.3 Effect of 24h fast on EPM performance ara$ipla hormones 247
5.3.3.1 Effect of 24h fast on EPM performance 247



5.3.3.2 Effect of 24h fast on plasma prolactin aadicosterone

(following EPM) 249

5.3.4 Effects of 24h fast on OFT performance dadmpa hormones 249

5.3.4.1 Effect of 24h fast on OFT performance 249

5.3.4.2 Effect of 24h fast on plasma prolactid aarticosterone

(following OFT) 253

5.4 Discussion 256

5.4.1 Effect of LPS on EPM and hormone response 256

5.4.2 Effect of LPS on OFT and hormone response 258

5.4.3 Effect of 24h fast on EPM and hormone respon 259

5.4.4 Effect of 24h fast on OFT and hormone respon 261

Chapter 6: General Discussion 263

6.1 Stress effectsin pregnancy hormonesin early pregnancy 264
6.2 Potential mechanisms leading to stress-reduced prolactin in early

pregnancy 264

6.2.1 TIDA activation and dopamine activity 264

6.2.2 Prolactin negative feedback 266

6.2.3 Stress-induced cytokines 267

6.2.4 Sex steroids and TNF- 268

6.2.4.1 Effects of progesterone on prolactin f&tgon 268

6.2.4.2 Progesterone and pro-inflammatory cytekin 269

6.2.4.3 Oestrogen and TNFaction at the lactotrophs 269

6.2.4.4 Oestrogen-dependent TiEBetion on lactotrophs 270

6.2.4.5 TNFe induced activation of hypothalamic nuclei 270

6.2.4.6 Future ideas to investigate stress-indluce 271

6.3 The effect of stressin early pregnancy on the HPA axis 272
6.4 The effect of stressin early pregnancy on the PVN and brainstem

noradr ener gic pathways 274
6.5 The effect of immune stressin early pregnancy on anxiety-related

behaviour 274

6.6 The effect of 24h fast in early pregnancy on anxiety-behaviour 276

6.7 Summary 278

ReferenceList 282

Appendix A: Suppliers/Chemicalsindex 309

Appendix B: General solutions 311

Appendix C: Publications and Abstracts 313




Declaration

This thesis has been composed by the candidaterMicParker, and the
experiments were performed by the author. It iartyestated in the text where
experiments involved collaboration with others.sWwork has not been submitted

for any other degree or professional qualificatscept as specified.

Signed:

Date:



For Dominic



Acknowledgements

This thesis would not have been possible withoaitgiidance and support of my
supervisors, Alison Douglas and Gareth Leng, thinougmy PhD project and also
whilst writing this thesis.

Alison first introduced me to the field of reprodive neuroendocrinology during a
summer placement when | was still an undergradstatient. She subsequently
encouraged me to pursue my interest in this ardaated a PhD project in which
| could do so. | owe a debt of gratitude to Aligonher guidance in experimental
design and for introducing me to a number of sdiertechniques which were used
during my project. In addition, Alison also provitime with ample opportunities to
present my data and taught me how to write in ad@mic fashion.

Gareth provided me with valuable insights into liptetation and analysis of
puzzling data as well as advice on statistics.

I would like to thank all the friends that | havede over the years in Office 166 for
their help, support and for making my PhD experemore enjoyable (especially
‘the girls’ who have now all moved onto bigger dwetter things). In addition, |
would like to thank the other members of the NC&ugrespecially Vicky Tobin and
John Menzies for their advice, stimulating discassiand technical support. John
provided me with data on median eminence monoaoun&nt following stress in
early pregnancy. | am grateful to Simone Meddlehter advice regarding anxiety
behaviour and | would also like to acknowledgedtaf in the BRR animal facility
in Hugh Robson Building who have been helpful tigtwaut. In addition, Petra Arck
provided me with useful advice and her researchgroeasured the cytokine
content of my mouse plasma samples.

My parents, along with the rest of my family, hgrevided extensive support
(emotional and financial) throughout the duratiémy studies. | would like to
thank them for their love and encouragement antid@ing faith in me that | could
achieve what | wanted.

Last but not least, | would like to express my iguae to Dominic who for the past
two years has given me his love, support and reaisse that | was capable of
completing my PhD.



Abstract

In early pregnancy prolonged exposure to streksagvn to have profound adverse
effects on reproduction and is associated with megged progesterone secretion and
consequent disturbance of the pregnancy-protecyiiakine milieu, thus threatening
early pregnancy maintenance. Maternal neuroend®cgsponses to stress in early
pregnancy are poorly understood. Therefore, wegdesli experiments to (1) study
the hypothalamo-pituitary-adrenal (HPA) axis resggmto stress in early pregnant
mice, to discover whether and how responses chamg)€2) to determine the effect
of stress in early gestation on pregnancy hormomis,a particular focus on the
secretion and regulation of prolactin. To estabiisheffects of stress in early
pregnancy (day 5.5) two different ethologicallyenednt stressors were used:
lipopolysaccharide (LPS) or 24h fast stress, to imsituations that may potentially
arise during pregnancy in women: infection or hungiA axis secretory responses
to immune stress in early-mid pregnancy were roandtcomparable to that in
virgins. Vasopressin rather than the usual CRHaomiresponses play a key role in
maintaining this. However, the mode of action afoglcorticoids in mediating
pregnancy complications is not yet establishedlaltin, and its hypothalamic
control mechanisms, is a key candidate to mediati&{bo-body responses to stress.
Prolactin has important roles in progesterone secregoregnancy establishment and
immune regulation. We hypothesised that stressdvoedjatively affect prolactin

and its neuroendocrine control systems. Prolastmainly under the inhibitory
control of dopamine, released predominantly fromttiberoinfundibular dopamine
(TIDA) neurones. Prolactin also negatively feedskiban itself via prolactin
receptors on the TIDA neurones and janus kinasK)J&ignal transducer and
activator of transcription (STAT)5 signalling. Bathmune and fasting stressors
strongly inhibited basal prolactin secretion inlgaregnancy, accompanied by a
mild increase in activation of TIDA as shown bywated Fos expression, compared
to virgins. In addition, pregnancy attenuated LR&udced recruitment of parvo-
cellular paraventricular nucleus neurones and as&d activation of brainstem
noradrenergic nuclei which could potentially comtitie to altered control of the
dopamine-prolactin system. Following either immuondast stress in early
pregnancy ovine prolactin was able to drive enhadmregpression of phosphorylated
(p)STATS. However, stress alone did not alter pSHAMplying it is not exclusively
responsible for the stress-reduced prolactin olesenv early pregnancy and another
stress-induced stimulus must be activating TIDAraeas in these mice. LPS did not
alter dopamine activity the median eminence (DOPddhamine ratio) suggesting
dopamine does not underlie stress-reduced prolaetiretion and other mechanisms
must be considered. Direct effects of LPS, orstoaiated cytokines, on pituitary
lactotrophs to inhibit prolactin secretion is a bk candidate. To investigate the
effect of proinflammatory cytokines on the prolactystem in early pregnancy, d5.5
mice were administered TNF-alpha) (or interleukin (IL)-6. Both cytokines



increased TIDA activation, however, only TNFdecreased plasma prolactin and
progesterone, suggesting additional TNF-alpha a@tdhe pituitary. As prolactin is
anxiolytic we further proposed that stress wouldeha more profound effect on
elevated plus maze performance in pregnant miceieier, early pregnant mice
were generally more anxious vs. virgins regardé4<PS treatment. Taken together
data show that stress in early pregnancy reducdagbin and progesterone
secretion, contributing to pregnancy complicatitmbkire, but the neuroendocrine
stress-related mechanism behind this suppressi@t te be determined.
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Chapter 1. General Introduction

1.1 Background

Successful pregnancy is reliant on the interaciot co-ordination of many
physiological processes. Pregnancy is highly sugiego disruption, with
spontaneous miscarriage occurring in around 15@tirmtally recognised
pregnancies. However, the total percentage of defmtove loss is likely to be much
higher if the losses that occur prior to clinicatognition are included (Brown,
2008). There are many potential causes for pregni@iare with the most common
in early pregnancy being chromosomal abnormaldfdbe foetus. There are also a
number of other factors including endocrine abnditrea and environmental factors
which threaten pregnancy such as maternal straageh and infection/the immune
system response (Arck, 2001, Brown, 2008). Manghe$e encounters or stimuli can
result in disruption of maternal physiological pesses in an attempt to overcome or
compensate for the problem e.g. to maintain horassstconserve energy, etc.

The main physiological systems that may be disdiptel hence threaten pregnancy
success are the hypothalamo-pituitary-gonadal (HE@) the dopamine-prolactin
system, the immune system and the hypothalamatgnyzadrenal (HPA) axis. The
disturbance of any of these can risk pregnancy tea@mce and induce foetal

programming of physiology and behaviour.

1.2 Introduction to the major physiological systemsinvolved in pregnancy success
and failure

Pregnancy establishment and maintenance requiiteblguactivation and responses
from a number of physiological systems for reprdohecsuccess including
endocrine, neuroendocrine, neuronal, paracrinagetponses. Disruption at any of
these levels has adverse reproductive outcomes.chiapter will be limited to
discussion on the HPG axis, the dopamine-prolastitem, the immune system
(cytokine responses/balance) and the HPA axisgahdth their interactions.
Adaptations and responses in human pregnancy #neenli(where possible), along

with key studies utilizing animal models (primaritydents).



1.2.1 The hypothalamo-pituitary-gonadal (HPG) axis

The hormones of the HPG axis are the principle looes responsible for regulating
reproduction and for controlling the female reprctdee cycles in rodents and
humans. Briefly, gonadotrophin releasing hormoneR8) is secreted from the
hypothalamus which stimulates the anterior pityitarsecrete luteinizing hormone
(LH) and follicle stimulating hormone (FSH). LH af&H consequently bind to
receptors in the gonads and stimulate releasexdateeoids (follicular oestrogen and
corpus luteum progesterone in females) (reviewd¥ audakkadath Meethal and
Atwood, 2005)). Disruption of the components of HieG axis at any level can

compromise reproduction and lead to infertilitypoegnancy failure.

1.2.2 The dopamine-prolactin system

Prolactin is an essential reproductive hormoneomen and rodents and facilitates a
number of pregnancy-related processes, includiagng implantation and lactation.
Prolactin is mainly under the inhibitory control@dpamine, originating from
tuberoinfundibular (TIDA) neurones in the hypothmale but it can also regulate its
own secretion through a short loop negative feeklbgstem on the TIDA neurones
(Freeman et al., 2000). Prolactin levels rise tghmut pregnancy in women and
there is a profound change in the secretory rhyghprolactin in rodents during
early pregnancy. As pregnancy progresses the nedwogne control of prolactin
release is altered to allow a state of hyperprolaemia to develop e.g. in late
pregnancy prolactin negative feedback is abserddents (Grattan et al., 2008).

1.2.3 The immune system

The most important components of the cellular imoaystem in pregnancy are the
helper T (Th) cells which produce and secrete abmirof different pro- and anti-
inflammatory cytokines (reviewed in (Guerin et 2009)). Successful pregnancy is
dependent upon procuring an appropriate maternakicye balance, to provide an
immune milieu that is suitable for implantation dndtal development. A number of
endocrine factors influence the immune systemekample progesterone and
prolactin. Progesterone is considered an immunaistand facilitates maternal
tolerance to the foetus, whilst facilitating in piding a pregnancy-protective

immune environment (Arck et al., 2007).



1.2.4 The hypothalamo-pituitary-adrenal (HPA) axis

Activation of the HPA axis by stress exposure teigggneurones in the
paraventricular nucleus (PVN) of the hypothalantsetease corticotrophin-
releasing hormone (CRH) and vasopressin. Thesedénmpeptides synergistically
induce secretion of adrenocorticotrophic hormon€TA) from pituitary
corticotrophs (Lamberts et al., 1984). ACTH subsaly stimulates the release of
the glucocorticoids (cortisol in humans, corticoste in rodents) from the adrenal
cortex. Glucocorticoids support a wide array of gblogical systems and have
important roles in immunity/inflammation, metabatisreproduction and neural
function (Sapolsky et al., 2000). Hormones of th&AHaxis typically suppress the
HPG axis and stress has profound detrimental sffectreproduction, particularly
during pregnancy. Stress is implicated as a caliseegnancy failure in women and
rodents (Nakamura et al., 2008) and adverse pragnagnof the health of the
offspring in later life (Seckl and Meaney, 2004) addition, multiple studies indicate
a stress-induced immune-endocrine disequilibriurth & number of mediators, such
as cytokines, implicated to contribute to streshioed pregnancy loss (Arck et al.,
1995, Nakamura et al., 2008).

1.3 Role and adaptations in neuroendocrine systemsin pregnancy

The maternal brain is a major force for drivingaal physiological changes during
pregnancy, including being responsible for prepanadf the uterine environment
prior to pregnancy establishment. Drive from thaitbto the reproductive organs
comprises a number of key neuroendocrine systenghwigulate vital reproductive
hormones necessary for pregnancy establishmennhamdenance. In addition, they
signal mating and implantation, ensure a suitablenone and immune environment
for foetal development (avoiding foetal rejectiamyd prepare the mother/foetus for
parturition and post-natal life (Douglas, 2010)geat number, possibly all,
neuroendocrine hormones are involved in these aaxnpiocesses and underlie
adaptations of maternal physiological systems wtiolg fertility, appetite and
metabolism, emotion, stress response and behayiRussell et al., 2003, Douglas
et al., 2007, Brunton et al., 2008, Parker et2@l1,1b). Maternal appetite and
metabolism reset to support energy flow to theuseind to store energy as adipose



tissue for milk production and lactation followipgrturition (Douglas et al., 2007).
Immediately following birth the mothers exhibit eathatic change in behaviour and
start feeding, nurturing and defending their offisgr This maternal behaviour is a
consequence of changes in the activity of neuralits in late pregnancy, controlled
by pregnancy hormones which also hold these betes/imtil delivery. These
changes alter emotionality and allow activatiomaiternal behaviours but the
sudden withdrawal of pregnancy hormones can haversé effects such as

depression (Slattery and Neumann, 2008)

1.3.1 Thenypothalamo-pituitary-gonadal axis

The HPG axis is vital for the development and ratioh of many systems in the
body, including reproductive and immune system® Adrmones of the HPG axis in
women and rodents are the principle hormones radplerfor regulating
reproduction and control the female reproductivdey (reviewed in (Vadakkadath
Meethal and Atwood, 2005)). As mentioned previgimsipothalamic GhnRH
stimulates the anterior pituitary to secrete LH &&dH and in turn LH and FSH
induce the release of sex steroids. The HPG axegjidated both at the

hypothalamic and pituitary levels.

1.3.1.1 Regulation of the hypothalamo-pituitary-gdal axis

1.3.1.1.1 Activin, follistatin and inhibin

Activin from the periphery can alter regulationgainadotrophins at different levels.
It selectively exerts effects on FSH at the pityifevel, stimulating FSH synthesis
and secretion from gonadotrophs. It can also upladg gene expression of GnRH
receptors, altering the synthesis and releasetbfl®H and LH in response to
GnRH. Lastly, activin is able to induce GnRH sdorefrom GnRH neurones in the
hypothalamus, again stimulating both FSH and LHedemn. In contrast, inhibin and
follistatin, produced in the gonads, negativelyulate gonadotrophin release by
preventing activin from binding to its receptorgé@ory and Kaiser, 2004) (see
Figure 1.1).



1.3.1.1.2 Kisspeptin

Kisspeptin peptides have been recently identifedssential upstream regulators,
integrating central and peripheral signals with Girigecretion (d'Anglemont de
Tassigny and Colledge, 2010). The distributionis§geptin neurones in the
hypothalamus varies between species and gendézitdtimmunocytochemistry
andin situ hybridisation techniques, the distribution of th@gurones in rodents
have been localised to discrete regions in the tigd@mus. In the adult female
mouse brain they have been found in the arcuatewsicas a periventricular
continuum of cells within the rostral section oéfttiird ventricle, including the
anteroventral periventricular nucleus (AVPV), amgbaa low density of cells in the
dorsomedial nucleus and posterior hypothalamusK&da et al., 2009). Kisspeptin
fibres have been identified in close proximity toR3H neurone cell bodies in the
preoptic area in adult female mice and rats andaggested to modulate the
preovulatory GnRH and LH surges. The AVPV is selyudiimorphic in rodents,
with females displaying a greater number of kis§papeurones than males. In
primates, kisspeptin fibres from the neurones patjng the arcuate nucleus come
into close contact with GnRH neurone axons in tleelian eminence and are
proposed to regulate pulsatile GnRH release (dé&mght de Tassigny and
Colledge, 2010). In humans exogenous kisspeptatrirent (intravenous; i.v)
potently stimulates the HPG axis, increasing plakrian males and females (Dhillo
et al., 2005, Dhillo et al., 2007).

1.3.1.1.3 Sex steroid feedback

Sex steroids provide feedback loops to regulate sréRease from the

hypothalamus (see Figure 1.1). This occurs indiyet GNnRH neurones do not
express receptors for oestrogen {Efor androgens). It is suggested that kisspeptin
neurones are responsible for mediating sex staaidns on GnRH neurones
through sex steroid inhibition of kisspeptin exgies in the hypothalamus. The
majority of kisspeptin neurones express receptmredstrogen receptor alpha in the
female and male mouse brain (Smith et al., 2008)ads0 progesterone receptors, as
shown in the ewe (Smith et al., 2007), consistdtit arole for sex steroid feedback
on the HPG axis. The idea of a simple negativelfaekl model on kisspeptin has

been dissolved by the discovery that sex steroidisae kisspeptin mRNA in some
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brain areas while suppressing it in others. Indlenmodents, sex steroids decrease
expression of kisspeptin in the arcuate nucleus imerease expression in the AVPV
(Gottsch et al., 2006) (see Figure 1.2). The mashaby which this occurs remains
to be fully elucidated (d’Anglemont de Tassigny &udledge, 2010). It has recently
been reported that kisspeptin is vital for the megn feedback-induced full
preovulatory LH surge in sheep (Smith et al., 2CriJ oestrogen induces rhythmic
expression of kisspeptin-1 receptor in GnRH seageatells in the hypothalamus
(Tonsfeldt et al., 2011). In rodents, the surgeila@gn of GnRH is mediated by
oestrogen feedback acting in an inhibitory manmgit the afternoon of proestrous,
at which point it switches to stimulate robust Gnfettase. Tonsfeldt et al. (2011)
propose oscillators in the GnRH neurones are meetlilay oestrogen to cause the
surge, possibly through up-regulation of kisspeptiteptors which was observed

following high oestrogen levels vitro.

1.3.2 Pregnancy establishment

In cycling females (non-pregnant) the HPG axiegponsible for signalling
development of the ovarian follicle by triggerigetsecretion of the sex steroids
from the ovarian follicle and driving oocyte matiima. LH-driven ovulation (release
of the mature egg) then occurs followed by the eosion of the follicle to the
corpus luteum. The corpus luteum secretes progesteunder the control of LH,
and prepares the endometrium for implantation @d\eeloping blastocyst. If a
fertilised oocyte does not implant the corpus latalies after around one week (or
within a day of ovulation in rodents) (Douglas, @8DIRodents, in order to maximise
reproductive efficiency, have a shorter luteal ghasd LH is not solely responsible

for sustaining progesterone secretion for implaomat

1.3.3 The neurogenic reflex

In female rodents, copulation induces a neurogegiiex that triggers the pituitary to
release prolactin in a series of repeated peakshatkground of increasing basal
prolactin secretion in early gestation (Larsen @ndttan, 2010). Both the neurogenic
reflex, which also drives LH secretion, and theuiced prolactin surges are pivotal
for prolonged corpus luteum function and the semnedf progesterone (state known
as pseudopregnancy). In this capacity LH and ptioléake on a similar role to
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human chorionic gonadotrophin (hCG) in humans @, 2011). Prolactin surges
in early pregnancy are associated with alteredadecaucleus dopamine activity
(Andrews et al., 2001). Dopamine normally inhilptslactin secretion in virgins but
it is intermittently inhibited itself by the prolwe releasing factor oxytocin which

increases following copulation (Helena et al., 2(®&tram et al., 2010).

1.3.4 Human chorionic gonadotrophin

Following implantation the conceptus, surroundedrbghoblast layers, produces
and releases high levels of hCG which access thernz circulation and signal to
rescue the corpus luteum and sustain progesteetesese which is essential for
pregnancy establishment (Druckmann and Druckma®d®b,2Arck et al., 2007).
hCG is also able to bind to LH receptors locatedhenrendometrium due to
possessing an identicalsubunit to LH and, thus, can communicate with the
maternal tissues to facilitate the implantationgess Recent evidence suggests that
hCG influences the endometrial milieu, increasieceptivity and implantation
success (Perrier d'Hauterive et al., 2007, Paiah ,€2011) and something similar
has also been observed in mice (Perrier d’Hautepgesonal communication,
unpublished). It has been shown that hCG increthgegroduction by human
endometrial epithelial cells of growth factors aytiokines with known roles in
receptivity and trophoblast function (interleukif)lblastocyst migration and
adhesion (CXCL10) and blastocyst development (domyte macrophage colony-
stimulating factor) (Paiva et al., 2011). Angiogeactivity of hCG has also been
reported through LH receptor activation in the endtvium and hCG promotes
angiogenesis partly by stimulating vascular endommatgrowth factor (VEGF)
(Berndt et al., 2006).

1.3.5 Progesterone

Progesterone is a key pregnancy hormone and isatfacboth the establishment
and maintenance of pregnancy. Progesterone is ktma essential for pregnancy
maintenance as blocking progesterone binding s®&dts in abortion in a number of
mammalian species, including humans (Szekeres-8eaithl., 2001, Arck et al.,
2007). Mice do not suffer from “abortions”, howeytre presence of resorption sites

in the uterine horns indicate areas of foetal loss.
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Progesterone supports a number of processes rédairpregnancy, including
ovulation and development of the uterine and mammgiands. The production of
progesterone increases during gestation and ther s@jirce of progesterone is
initially the corpus luteum in humans and rodehtsyever, progesterone production
in pregnancy is eventually sustained by the placentvomen (Arck et al., 2007). In
addition to its endocrine effects progesterone fsihitates establishment of a
pregnancy protective immune environment for theettqpying foetus (Piccinni et al.,
1995).

Two progesterone receptor isoforms (PR-A and PRy@nbers of the nuclear
receptor superfamily of transcription factors) exressed in various reproduction
tissues. The transcriptional activity of these ptaes controls the uterine immune
milieu, endometrial receptivity and decidualisatiaa revealed from mice lacking
progesterone receptors (Arck et al., 2007). Femmade with a null mutation for the
progesterone receptor gene display a number ottsafeall reproductive tissues.
These include an inability to ovulate, uterine hytesia, extremely limited
mammary gland development and an inability to digglexual behaviours (Lydon et
al., 1995). Studies which target the two PR isofomdividually demonstrate that
they are functionally distinct transcription factoFor example, in mice where PR-B
was ablated, PR-A activation alone was sufficienfgregnancy establishment and
maintenance but mice displayed reduced pregnamoyisted mammary-gland
morphogenesis (Mulac-Jericevic et al., 2003). Mitere PR-A had been ablated
were infertile (associated with defective implama}, demonstrating that PR-B
activation alone is not adequate for pregnancybéshanent (Mulac-Jericevic et al.,
2000). Therefore, the expression of both theseptecésoforms seems to be crucial

for appropriate and sufficient tissue responsgsagesterone in pregnancy.

1.4 The prolactin system

Prolactin is an essential reproductive hormoneomen and rodents and is required
for lactation. However, prolactin is described aglaiotropic’ hormone (it has a
single gene which controls several distinct anchagmqtly unrelated phenotypic
effects (Grattan and Kokay, 2008)) and is now recsegl to have over 300
biological activities including not just reproduatibut also homeostatic roles (Bole-

Feysot et al., 1998). Not only does prolactin hanatiple roles but it also has
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multiple sources from which it is synthesised aacrsted, although this
predominantly takes place in the pituitary (Benatban, 1996, Freeman et al.,
2000). Prolactin has several unusual features artienpituitary hormones. Firstly,
prolactin is mainly inhibited by the hypothalamumslas spontaneously secreted to
high levels if this inhibition is disrupted. This in contrast to normal secretion from
all other pituitary hormones which require stimidatfrom the hypothalamus.
Secondly, the classical hormone-mediated feedbgstkm is absent for prolactin as
the primary target for prolactin is not an endoeramgan. Prolactin is involved in
regulating its own secretion through a short-loegdback system where it feeds
back on the hypothalamus (arcuate nucleus). Thiptylactin acts on many
different cell types over the body and, lastly,lactin can be produced in the brain
and function as a neuropeptide in addition to agendocrine hormone (Freeman et
al., 2000, Torner, 2002, Grattan and Kokay, 2008).

1.4.1 Pituitary synthesis of prolactin

The cells in the anterior pituitary gland that egsponsible for synthesising and
secreting prolactin are termed the lactotrophsi{@mmotrophs). These cells
comprise 20-50% of the cellular population in tinéeaior pituitary gland depending
on the sex status of the animal and have beenifiéenn the mouse, rat and human
using species specific antibodies. In the rat gtolacontaining cells are sparsely
distributed in the lateroventral region of the aiatepituitary lobe and as a band
adjacent to the intermediate lobe (Freeman e2@00). Lactotrophs display
morphological heterogeneity (e.g. they differ img#, secretory granule size, and
prolactin content) (Velkeniers et al., 1988, De|lRdwl., 1997) as well as functional
heterogeneity. For example, depending on regioséiloution, lactotrophs from the
outer zone of the anterior pituitary respond morthyrotrophin releasing hormone
than those in the inner zone. In contrast, thisversed for dopamine-responsive

lactotrophs which are more dense in the inner £breeman et al., 2000).

1.4.2 Extra-pituitary prolactin synthesis, secretiand roles

1.4.2.1 The brain

Prolactin immunoreactivity has been reported in ynamain regions including the
hippocampus, amygdala and brain stem (Ben-Jonaitl®&6, Freeman et al., 2000).
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Multiple studies have been conducted to prove ptimias synthesised locally in the
brain (independent of the pituitary) rather thast gccumulating in neurones from
circulating sources. For example, some well-knowmitary prolactin stimulators
(e.g. oestrogen) have been shown to induce hygothi@lprolactin production (Ben-
Jonathan, 1996). Many putative functions have la¢gilbuted to prolactin in the
brain including control of releasing/inhibiting tacs and regulation of the sleep-
wake cycle (Ben-Jonathan, 1996). Prolactin in ttaénds involved in the regulation
of several neuropeptides and neurotransmittergygeeknown being the TIDA

neurones (Grattan and Kokay, 2008).

1.4.2.2 The placenta and decidua

The placentaThe placenta has a number of endocrine roles itiaddo its bi-
directional foetal-maternal metabolic transpori@w. It has a number of secretory
products including the placental lactogen (PL) fgmihich has been identified in
many animals including rats (Colosi et al., 198@p%& et al., 1997), mice (Shida et
al., 1992, Yamaguchi et al., 1994) and humans (Wanger and Freeman, 2000).
Human placental lactogen (hPL) is known to be imgdlin maternal metabolism
during pregnancy and is also implicated in the l&tpn of foetal growth, along with
placental growth hormone (Freemark, 2006).

As gestation progresses rodents, like women, @&seete PLs and at least two types
have been identified in the rat. The rat placergpldys many prolactin-like
molecules that are structurally similar to pitwtg@rolactin and act by activating
prolactin receptors (Gertler and Djiane, 2002). 9 RlLs are able to mediate similar
effects to prolactin via prolactin receptors inethreas including the decidua and
ovary/corpus luteum. At mid-gestation, when pralapteaks diminish, PLs take over
the role of prolactin in driving the secretion ebgesterone from the corpus luteum.
Simultaneously, PLs suppress prolactin secretiotriggering the prolactin negative
feedback loop and increasing dopamine secretioa éoel Voogt, 1999). PLs
themselves are not subjected to negative feedbatkhais they keep prolactin at
relatively low levels at this time, until levels@ again at the end of gestation. This
increase in prolactin occurs despite PL presenedavweduced dopamine secretion
from TIDA neurones which become hyporesponsivertdagtin, allowing a large

nocturnal surge the night before parturition (Gratet al., 2008).
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The deciduaDecidualisation is a critical step in the initiatiand establishment of
pregnancy in women. The main roles of the decidadlendometrium include
providing a nutritive environment for the develapiioetus throughout gestation and
it also acts as a barrier protecting the foetusfeogh the maternal immune system.
A multitude of growth factors, cytokines and horrasnincluding prolactin, provide
important signals for initiation and maintenancele€idualisation (Jabbour and
Critchley, 2001). The human decidua, unlike the@tda, produces a prolactin-like
molecule that is indistinguishable from pituitamplactin in terms of immunological
and biological criteria (Tomita et al., 1982, Freanet al., 2000), except prolactin
transcription is driven by an alternative promdteerlo et al., 2006, Emera et al.,
2011). The temporal expression pattern of decigrt@hctin and prolactin receptors
indicates a likely role in epithelial cell differgation and implantation in humans
(Jones et al., 1998). Other potential functiondexfidual prolactin in early
pregnancy include a role in trophoblast cell grqwvatigiogenesis and immune
regulation (Jabbour and Critchley, 2001). In mabegidual prolactin has been
reported to silence expression of IL-6 ando2Bydroxysteroid dehydrogenase
(HSD) genes, both of which are known to be detritaleio pregnancy maintenance:
IL-6 for its pro-inflammatory properties and 20-SD for its progesterone

catabolism action (Bao et al., 2007).

1.4.2.3 The mammary glands and milk

Endogenous immunoreactive prolactin is detecteétearepithelial cells of the
lactating mammary gland of the rat and in the mgklf (Freeman et al., 2000).
Although a portion of the prolactin in milk likelyriginates from the pituitary and
travels to the mammary gland through the circukatioilk from both humans and
rats has been found to contain more prolactin aggithan those found in serum
suggesting the mammary gland either modifies thé&aptin sequestered and/or
produces prolactin itself. Indeed, the mammary djiarthe site where the 16-kDa
prolactin variant is formed (prolactin un-cleave®B-kDa) (Ben-Jonathan, 1996).
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1.4.2.4 The immune system

Prolactin is produced by a number of immune cédlsexample, multiple
lymphohemopoietic cells, such as peripheral blgogohocytes (mainly T
lymphocytes/cells) and monocytes. Prolactin playsmortant role in regulating
immune responses in animals and humans. As pnolacitivolved in activating
multiple immune responses it is implicated in a bemof autoimmune diseases e.g.
rheumatoid arthritis, celiac disease (De Bellialet2005). Evidence suggests that
lymphocytes are a source of prolactin in mice (&Gad Shevach, 1994), rats (Di
Carlo et al., 1995) and humans. Immune cells froentthymus and spleen, in
addition to peripheral lymphocytes contain prolactiRNA and release bioactive
prolactin (similar to pituitary prolactin) in rodenand humans (Freeman et al.,
2000).

1.4.3 Prolactin secretion in non-pregnant animals

A circadian rhythm of prolactin secretion is obsshin women (Freeman et al.,
2000, Ben-Jonathan et al., 2008) and in rodente ikea change in rhythm at
proestrous (Freeman et al., 2000). In humans, themum levels of plasma
prolactin are reported to be during sleep anddhest levels during the waking
hours (Sassin et al., 1973, Parker et al., 197dfriea et al., 2009). In rats, a
preovulatory prolactin surge occurs during theratten of proestrous and this
coincides with a surge of LH (Egli et al., 2010).

During pregnancy in women the levels of prolactiorease and this is reported in
early pregnancy by 6 weeks (Ben-Jonathan et @8)2@lthough it is not known
whether the circadian rhythm is maintained. Theetecy profile of rodents differs
from women: as mentioned previously copulation sefuthe neurogenic reflex
which generates a large nocturnal and a smallenaliyprolactin surge on top of a
steadily increasing basal level of prolactin thrioegrly-mid pregnancy (Grattan and
Kokay, 2008, Larsen and Grattan, 2010).

1.4.4 Prolactin releasing factors

The search for a main prolactin-releasing factgulator has spanned decades. It is

now considered that a single releasing factor ao¢exist and in fact multiple
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factors contribute to suppressing the inhibitoriyaacof dopamine on prolactin

release.

1.4.4.1 The opioids

Opioids induce prolactin release by inhibiting dayir@e, and are thus considered a
prolactin releasing factor. The rat hypothalamust@ios the soma of three classes of
opioids: pro-opiomelanocortin, enkephalins and eplios. These regulate TIDA
neurones via kappa)and mu (1) receptors. In rats, during the protesiirges at
proestrous, during pregnancy, and during sucklimgse interactions between
opioids and the opioid receptors on TIDA neuronmesespecially extensive (Ben-
Jonathan et al., 2008). The inhibitory effects opaimine release may be mediated
by dynorphin neurones in the arcuate nucleus whase terminals close to the

TIDA neurones (Grattan et al., 2008).

1.4.4.2 Serotonin

Serotonin also stimulates prolactin secretion (darkKar et al., 1995, Ben-Jonathan
et al., 2008). Serotonergic neurones originatingp@raphe nucleus terminate in the
arcuate nucleus, and lesions of the raphe nuclewvempt both sucking and stress-
induced rise in prolactin in rats (Ben-Jonathaal 22008). However, there is
conflicting data regarding the effect of serotoagonists on the activity of TIDA
neurones, and serotonin does not increase prolattiasen vitro (Freeman et al.,
2000). It is possible serotonin exerts its effectgprolactin by stimulating other
putative prolactin-releasing factors e.g. oxytd@@rotonin or serotonin agonist i.c.v

treatment increases plasma oxytocin levels on(Jatgensen et al., 2003)).

1.4.4.3 Thyrotrophin-releasing hormone

Thyrotrophin-releasing hormone (TRH) is reputedtimulate prolactin release and
is known to increase in human pregnancy (Amind.efl881). TRH neurones are
located in the PVN, have terminals in the mediamente and secrete TRH into the
portal blood system, which is associated with iasesl pituitary prolactin secretion.
TRH induces a rapid rise in cellular calcium, legdio elevated prolactin release, as
well as induction of the prolactin gene (via protkinase C and calcium-dependent

activation of MAPK) (Ben-Jonathan et al., 2008)eTgrolactin-releasing action of
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TRH was thought to take place in the pituitary véh€RH receptors type 1 are
located on the lactotrophs (Pfleger et al., 20Bdyyever, a study in rats reported that
TRH also works at the hypothalamic level, modulatime functional output of TIDA
neurones (altering firing patterns) and consequegtlucing its inhibitory effect on

prolactin (Lyons et al., 2010, van den Pol, 2010).

1.4.4.4 Vasointestinal peptide

Vasointestinal peptide (VIP) is considered a lesteimt prolactin secretagogue than
TRH. VIP neurones originate from the suprachiastrmaticleus (SCN), with its
fibres innervating the dopamine neurones in thaatecnucleus (Egli et al., 2010).
Lactotrophs produce and secrete VIP which maintamslevated basal prolactin
level by increasing intracellular cAMP and PKA aation. Although prolactin
secretion is mildly increased by VIP in primary hammpituitary cells, in humans,
VIP is not considered a potent prolactin secretagotn addition, in VIP receptor
deficient mice no modification in prolactin releasapparent (Ben-Jonathan et al.,
2008).

1.4.4.5 Oxytocin

Oxytocin, produced by neurones in the PVN and Siads,been reported to be a
crucial prolactin-releasing factor, playing a rolehe regulation of prolactin
secretion (McKee et al., 2007). The action of ogyt@n prolactin release is thought
to be partly controlled by VIP. In support of tlitisias been found that fibres of VIP
neurones also innervate oxytocin neurones in thid F&gli et al., 2010). Oxytocin is
released at the times of heightened prolactin Seosee.g. afternoon of proestrous,
following oestradiol administration and also durstgess (immobilization in non-
pregnant animals) (Ben-Jonathan et al., 2008).dddadministration of an oxytocin
antagonist to rats blocks the proestrous prolatiige (Freeman et al., 2000) and
prevents suckling-induced prolactin secretion (Kethat al., 2009).

Oxytocin is transported from the PVN via axonshe neural lobe where it is
released from its terminals in the posterior pétnyit(Freeman et al., 2000) and can
travel to the lactotrophs. Oxytocin receptors hia@en identified on a sub-population
of the lactotrophs (Breton et al., 1995). In ratsytocin is reported to be crucial for
the bi-daily prolactin surges observed followingveal stimulation in
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ovariectomized (OVX) rats. Administration of an ¢agin antagonist (that cannot
cross the BBB) before cervical stimulation in OVa{s abolished prolactin surges
(McKee et al., 2007).

1.4.4.6 Oestradiol

Prolactin release is also modulated by oestrathielcirculating concentration of
which rises between diestrous and proestrous pludses oestrous cycle, and
induces the prolactin surge on the afternoon oégtrous. It has been proposed that
elevated oestrogen levels facilitate the oxytotmwatory actions on lactotrophs
and increase prolactin release. The action/responseytocin at the lactotrophs is
elevated during the afternoon of proestrous whestrogen levels are high compared
to diestrous. This is due to an increase in thmber of oxytocin-responding
lactotrophs and magnitude of their;aesponses. An increase in oestrogen levels
on proestrous may facilitate the action of oxytammlactotrophs, possibly through
oestrogen sensitisizing the lactotrophs to oxyt¢€abak et al., 2010). In addition,
oestrogen also seems to contribute to prolacteasa by inhibiting the activity of
TIDA neurones, as observed by the reduced 3,4-dixyghhenylacetic acid
(DOPAC; dopamine metabolite):dopamine ratio inrtredian eminence of
oestrogen-treated OVX rats (DeMaria et al., 2000).

1.4.4.7 Kisspeptin

It has been recently reported that kisspeptin @galates prolactin release (as well
as LH) by inhibiting the hypothalamic dopamine rengs in female rats (Szawka et
al., 2010). Kisspeptin treatment i.c.v inducedaebn release in a dose-dependent
manner in oestrogen-treated OVX rats (no effedhouit oestrogen). Correlating
with the increase in prolactin, Fos expressioryindine-hydroxylase-
immunoreactive neurones in the arcuate (TIDA neespwas reduced in oestrogen-
treated OVX rats (no effect without oestrogen)was DOPAC concentration and
the DOPAC:dopamine ratio in the median eminenceanterior pituitary cell
cultures kisspeptin, with or without oestrogen, aiad modify prolactin release.
Thus, the data provide evidence for the role ofpaptin in prolactin regulation

through inhibition of dopamine neurones in the higptamus (Szawka et al., 2010).
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1.4.5 Prolactin inhibitory factors

Pituitary derived prolactin is typically under timhibitory control of dopamine

which is released from neurosecretory hypothalarairones. Prolactin is thought to
be regulated by three different dopaminergic systehe TIDA, tuberohypophyseal
(THDA), and the periventricular hypophyseal (PHD#gpamine neurones (Grattan
and Kokay, 2008). TIDA neurones, situated in theaiate nucleus, provide the main
source of dopamine which they release from thawengerminals in the median
eminence. Dopamine then diffuses into capillariethe pituitary portal blood
vessels and is transported to anterior pituitargnahit inhibits the release of
prolactin via activating its receptors on lactotiegDemarest et al., 1985).
Dopamine activates D2 receptors located on thetiagihs and can tonically inhibit
secretion of prolactin (Freeman et al., 2000).

Thus an increase in the activity of TIDA neuroreassociated with reduced
prolactin secretion. Accordingly, the expressiorro$ (neuronal marker of
activation) in TIDA neurones has previously beqgporéed to reflect changes in
prolactin secretion, following an immune challerfgellis et al., 2005). Fos is not
unequivocally considered a reliable predictor asdda’ IDA activation (Hoffman et
al., 1994) and other techniques to measure dopaaeingty at TIDA neurones can
also be employed. For example, the content in tbéiam eminence of the metabolite
of dopamine, DOPAC, is used to indicate TIDA/dopaenactivity and an inverse
relationship between prolactin levels and DOPAIe in the median eminence has
been demonstrated (Shieh and Pan, 2001). In addiie DOPAC:dopamine ratio in
the median eminence is also commonly used to measyramine activity (Andrews
and Grattan, 2003).

1.4.6 Prolactin receptors and signal transduction

Mice express different isoforms of the prolactinagtor, termed the short and long
forms. The long form is predominantly located ie tiypothalamus. While both the
long and short form of the prolactin receptor atpressed in the arcuate nucleus, the
long-form is more highly expressed here (Pi andt@na 1998, Bakowska and
Morrell, 2003). The short and long prolactin receptdisplay identical extracellular
portions (thus both bind prolactin), but they diffie their ability to activate
intracellular pathways (Grattan, 2002).
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The intracellular domain in the long form of th@laictin receptor is constitutively
associated with the tyrosine kinase, janus kingg&AK?2). When prolactin binds the
long form receptor it induces dimerization of teeeptor molecules, followed by
rapid phosphorylation of JAK2 (<1min) (Freemanlet2000) (see Figure 1.3).
JAK?2 then recruits and phosphorylates latent cyspic proteins known as the
signal transducer and activator of transcriptionA®s). Phosphorylated (p) STAT
molecules form homo- and hetero-dimers which ti@eek to the nucleus and bind
to specific promoter sequences of target genedt@ar2002). Prolactin signal
transduction in numerous tissues is reported tolievseveral STATS, including
STAT1, STAT3, STAT5a and STAT5b (Bole-Feysot et 8998).

The short form of the prolactin receptor does mtivate the JAK-STAT pathway
upon ligand binding; however, it mediates soméhefdctions of prolactin through
mitogen-activated protein kinase (MAPK) pathwaylse3e short form receptors are
also expressed in the arcuate nucleus and coutahipaity have a role in regulating
neuronal function (Grattan et al., 2008). In addhifiprolactin is reported to regulate
phosphorylation of tyrosine hydroxylase proteiTIDA neurones with multiple
interacting signal transduction pathways implicatete involved, such as protein
kinases A and C, and the extracellular regulateddes (ERK) 1 and 2 (Ma et al.,
2005b, Grattan and Kokay, 2008).

Expression of prolactin receptors is remarkably iowhe brain, except for in the
choroid plexus which facilitates the active trarmspd prolactin into the brain.
Prolactin receptor mRNA and binding sites are preselow levels in the rat
hypothalamus, medial pre-optic area and in the ameeminence (Ben-Jonathan,
1996). In the PVN, colocalisation of prolactin rpts with oxytocin and
vasopressin neurones has been reported (Grattdn 2001a). Expression of the
long form of the prolactin receptor on magnocellaaytocin neurones in the SON
and PVN is associated with prolactin regulatiomxytocin neurone activity. In
addition, in non-pregnant rats i.c.v prolactin gtjen reduces oxytocin neurone
firing (Kokay et al., 2006). In humans, high-affinprolactin binding sites have also
been reported in the choroid plexus, hypothalamdshgppocampus. As in the rat,
the number of these sites are greater in hypothadahwomen compared to men
(Di Carlo et al., 1992).
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Figure 1.3
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During pregnancy the expression of prolactin remeptRNA in the choroid plexus
increases by gestation day 7 and remains high ghieaut pregnancy and lactation
with basal levels returning following weaning (Gaatt et al., 2001a). This suggests
increased access of prolactin to brain structuvesd gestation and lactation.
Likewise, levels of prolactin receptor protein ethypothalamus appear to increase
during pregnancy and lactation with the most drametanges occurring in the SON
and PVN magnocellular neurones. Expression ofdhg-form prolactin receptor on
oxytocin neurones significantly increase during theriod (Kokay et al., 2006).

The mechanism controlling the increased expressidmain prolactin receptors
during pregnancy and lactation is not clear. Dupnggnancy the high levels of
oestrogen are reported to drive increased producfithe short and predominantly
the long forms of the prolactin receptor in chldrpiexus, aiding the entry of
prolactin to the brain (Augustine et al., 2003ePal., 2003). It may be that prolactin
along with other pregnancy hormones (e.g. progassésroestrogen) all have a role in
mediating the up-regulation of prolactin’s own ngtes during pregnancy (Grattan
et al., 2001a).

1.4.7 Prolactin negative feedback

Prolactin activates a short-loop feedback systeradalate its own secretion by
activating receptors on TIDA neurones (see Figu¢ The long form of the
prolactin receptors are expressed on TIDA neur@lekay and Grattan, 2005) and
ligand-induced activation stimulates expressiotheftyrosine hydroxylase gene.
Tyrosine hydroxylase is the rate-limiting enzymeadived in the biosynthesis of
dopamine. Therefore, prolactin induces dopaminéhggis and indirectly suppresses
its own synthesis(Grattan and Kokay, 2008). Thigimed prolactin negative
feedback (Ma et al., 2005a, Ma et al., 2005b).va&tion of the TIDA neurones via
prolactin receptor binding involves activation b&tJAK2/STATS signalling
transduction pathway (Grattan et al., 2001b, Mal.e005a). pSTAT5b is reported
to specifically mediate prolactin negative feedbankhe TIDA neurones. In rats,
nuclear translocation of pSTATS is induced by ovpnelactin administration
intraperitoneally (i.p) (Lerant et al., 2001). ST deficient mice express elevated
serum prolactin levels, although mRNA levels anchumoreactivity of tyrosine

hydroxylase are low. This suggests signal transolues impaired and demonstrates
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Figure 1.4
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that pSTAT5Sb is crucial for mediating prolactin atige feedback in TIDA neurones
(Grattan et al., 2001b).

1.4.8 The prolactin system in pregnancy

Prolactin is essential to rodents and facilitaiorwwomen to drive the secretion of
progesterone. It acts as a luteotrophic hormon@adiytaining the integrity of the
corpus luteum following mating and is reported éodopotent survival factor for
human granulosa cells. If prolactin levels are distied the formation of the corpus
luteum is compromised (Perks et al., 2003). In nbsl@rolactin drives progesterone
secretion in two ways: it potentiates the sterogdog effects of LH (through
interaction with the LH receptors) and inhibits @B4SD, an enzyme which
inactivates progesterone (Freeman et al., 200@ pfolactin secretion in early
pregnancy in rodents is thought to be essentialfecuing the corpus luteum and
mice lacking prolactin receptors are unable to@ahpregnancy as a result of
implantation failure due to decreased LH recepx@ression in the corpus luteum,
high 20e. HSD levels and inadequate progesterone levelsh@atet al., 2009). At
mid-pregnancy, these prolactin peaks diminish dadegmtal lactogens (PLs) take
over the role of prolactin to drive progesteronersgon from the corpus luteum.
Simultaneously, PLs trigger negative feedback atggtin secretion and thus levels
of prolactin decrease at this time until risingiag# the end of gestation (Lee and
Voogt, 1999). The secretory profile differs in wammmpared to rodents (see
Figure 1.5). In women, increasing prolactin lewaais reported in early pregnancy,
from around gestation week 6, up to term (Ben-Jaratt al., 2008). It has been
reported plasma prolactin levels increase from radang/ml (at week 8) to
210ng/ml near term (Biswas and Rodeck, 1976) andi$iBecreted after gestation
week 6 in maternal and foetal circulations and alsceases as pregnancy proceeds

(Handwerger and Freeman, 2000).

1.4.8.1 Prolactin negative feedback during pregryanc

Prolactin negative feedback is maintained durintygaregnancy prolactin surges
(Demarest et al., 1983, Grattan et al., 2008). Adiogly, TIDA neurones display a
semicircadian pattern of activity, with reduced damine activity during the prolactin
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Figure 1.5
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surges and increased activity between them, thosial initiation and termination
of the surges (McKay et al., 1982). However, dutatg pregnancy and lactation,
there is an absence of short-loop negative feedbaddDA neurones by prolactin
(Grattan and Averill, 1995). TIDA neurones becomsslable to secrete dopamine in
response to prolactin, resulting in a state of hyyactinemia. Several
physiological changes in the regulatory pathwawgs tlontrol prolactin secretion
occur during late pregnancy. The placenta prodptzeental lactogens in rodents
(Lee and Voogt, 1999) and humans (Handwerger aaenfan, 2000). These bind to
and activate prolactin receptors and are not stitgebe normal inhibitory control
by dopamine. Therefore, the short-loop feedbatlypassed in late
pregnancy/lactation. This allows continued actwatf the prolactin receptors,
resulting in elevated progesterone secretion vdiiteultaneously suppressing
prolactin release itself (Grattan, 2002). TIDA rengs have also been shown to have
a weakened capacity to respond to prolactin indeegnancy, with reduced TIDA
activation compared to early gestation (Grattan/awetill, 1995, Andrews et al.,
2001). Prolactin secretion is able to resume attthie despite the continued
presence of placental lactogens. Negative feedisaalko impaired during lactation,
providing the high prolactin levels required fodkmqproduction and maternal
behaviour (Grattan et al., 2008). Suckling alsmstates prolactin release via a
suckling-induced reduction in TIDA neurones actimatSelmanoff and Gregerson,
1985).

During late pregnancy and lactation, prolactin’gigito induce STAT5b
phosphorylation and nuclear translocation is sugg@e. This appears to be
associated with a rise in suppressors of cytokigreadling (SOCS) mRNA which
may underlie the reduced TIDA neurone dopamineudwtpd high prolactin levels
observed during this period (Anderson et al., 2008@CS act as feedback
inhibitors of signalling for a number of cytokingsat utilize the JAK/STAT
pathways and are involved in suppressing STAT phasgation and thus dampen
signal transduction (Starr and Hilton, 1999).
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1.5 Immune system in pregnancy

1.5.1 The cellular T system

The most important components of the cellular imoaystem in pregnancy are the
helper T (Th) cells (reviewed in (Guerin et al.02)). Briefly, these cells can be
differentiated into two polarised forms (Th1l and2J which display different
effector responses. Th 1 cytokines (e.g. T@&ystimulate various cell-mediated
cytotoxic and inflammatory responses. Th 2 cytoki(eeg. IL-10) are involved in B
cell antibody production and are required for teerstion of hPL and hCG
(Druckmann and Druckmann, 2005). The Th1:Th2 pgradias recently been
extended to include Th17 cells (producers of pftaimmatory cytokine IL-17) and
regulatory T (Treg) cells. Th17 cells are involvadnduction of inflammation and
the pathogenesis of rejection, while Treg conteltotimmunoregulation and

peripheral tolerance (Saito et al., 2010).

1.5.2 Immune balance in pregnancy

It has been proposed that normal pregnancy is cteaised by a Th2 bias. High
levels of Th2 cytokine production and release Haa@n reported to be involved
foetal allograft survival and pregnancy maintenafi®iecinni et al., 1995, Piccinni,
2006). Pregnant women with a history of succegsfednancies have significantly
higher concentrations of Th2 cytokines in the firshester compared to women
undergoing unexplained recurrent spontaneous abontho have significantly
higher concentrations of Th1l cytokines comparetthéovomen with successful
pregnancies. Therefore, this study supports theryhtbat there is a Th2 bias in
normal successful pregnancy (Raghupathy et alQR®bwever, evidence exists to
the contrary with a study reporting a Th2 predoma®ain recurrent foetal loss (Saini
et al., 2011). Together these studies indicategady pregnancy maintenance is
dependent upon procuring a suitable cytokine balanih slightly higher levels of
Th2 cytokines and lower levels of pregnancy-thneaig Th1 cytokines.

1.5.3 Uterine dendritic cells

Uterine dendritic cells in humans and mice are psepl to control foetal tolerance
and rejection (Kammerer et al., 2000, Gardner aonéféit, 2003, Blois et al.,
2005a). Dendritic cells are the most potent antigeesenting cells involved in both
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the innate immune response and maintenance oatwer(Arck et al., 2007).
Immature dendritic cells are characterised by loadpction of pro-inflammatory
cytokines, high production of IL-10, and enhanchbiity to induce regulatory T

cells with suppressive actions, which all contrétd promoting pregnancy
maintenance. These immature dendritic cells aredon early pregnancy decidua in

women (Kammerer et al., 2000) and mice (Blois gt24105b).

1.5.4 Progesterone as an immunosteroid

Alongside its endocrine effects progesterone acendimmunosteroid’ facilitating
maternal tolerance to the fetal ‘semi-allograft’ this capacity, progesterone blocks
very early T-cell lymphopoiesis (Tibbetts et aB99) and plays a role in providing a
pregnancy protective immune milieu (Arck et al.02p It has been shown that
progesterone favors development of Th cells whicdpce Th2 cytokines and an
increase in Th2 cytokine production has been inapdd to be involved in fetal
allograft survival (Piccinni et al., 1995). Progasine exerts an anti-abortive effect
by stimulating progesterone-induced blocking fa¢RIBF). It has been shown
treatment with anti-PIBF IgG results in increasptsic natural killer (NK;
lymphocytes which are a major component of thetemmamune system) cell
activity, and the rate of NK activity correlateshwthe rate of resorptions. Therefore,
the antiabortive effect of PIBF in mice appearbeanediated by reducing NK
activity (Szekeres-Bartho et al., 1997a) via irgdrfg with arachidonic acid
metabolism. It has been reported that neutralimatfcendogenous PIBF by a PIBF-
specific antibody terminates pregnancy in mice kBees-Bartho et al., 1997a,
Szekeres-Bartho et al., 1997b). Lymphocytes anitldakCD56 cells synthesize
PIBF and alter cytokine secretion. PIBF changexttekine profile of activated
lymphocytes, favouring production of Th2 cytokire&r Thl cytokines. For
example, PIBF increases interleukin (IL)-10 produtiaind decreases IL-12
production (Szekeres-Bartho and Wegmann, 1996)veder, a study in humans
failed to demonstrate the expression of progeséreceptor mRNA in human
decidual NK cells, thus, in women a direct rolegasterone in attaining a suitable
PIBF and cytokine environment is not clear (Henderst al., 2003).

In addition, progesterone has been found to inhilaiture dendritic cells as well as

dendritic cell-induced proliferation of T cells @nreceptor-mediated manner,
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indicating progesterone directly suppresses thi@yabf mature rat decidual cells to

drive proinflammatory responses (Butts et al., 2007

1.5.5 Prolactin regulation of cytokine balance

Prolactin, along with its wide variety of reprodiect specific actions e.g. initiation
and maintenance of lactation, is known to havdaimimmunomodulation (Yu-
Lee, 2002). Prolactin regulates the cytokine peofind has been demonstrated to
modulate production of IL-10 and IL-12 in a stimsHspecific fashion (Matalka and
Ali, 2005). Prolactin is often referred to as aakyhe itself, with activation of its
receptor driving intracellular JAK/STAT signalinig. addition, some features of cell
responses common to prolactin are also associatbather cytokines, such as
suppressors of cytokine signaling (SOCS) (Andeetal., 2006a). Thus cross-talk
between the responses can occur and have beetecposome tissues such as the
mammary glands. Prolactin has been found to regd&XCS3 expression and
prolactin-induced SOCS3 acts as an anti-prolifeeatigent in breast cancer cells
(Barclay et al., 2009).

In addition, prolactin has been shown to be protecgainst inflammation

following severe trauma (Knoferl et al., 2000) has oestrogen (Jarrar et al., 2000).
Gender appears to play a role in trauma resportbefevnale patients having higher
survival rates than males (Morris et al., 1990pmurting the idea female hormones
may have a provide protection against hemorrhadéoaseptic complications. It has
been reported that male trauma patients have @hsgyisceptibility for infections,
correlated with heightened serum proinflammatonpkyes such as IL-6 compared
to females (Oberholzer et al., 2000). In rodent edrauma-hemorrhage leads to
depressed immune function and increased infeatn@mbidity and mortality.
However, the administration of prolactin, as wellcgestrogen, protected against
trauma-hemorrhage, reducing plasma levels of lind @rticosterone and
subsequently improving survival to septic shocKl{@Zeger et al., 1996, Knoferl et
al., 2000). These studies suggest that under stoegBtions prolactin and oestrogen
protect against inflammation and improve immun@oeses.

Prolactin and oestrogen also suppress IL-6 geneession in female reproductive
tissues (Deb et al., 1999a). During pregnancy dedtiexpression of IL-6 is
suppressed by prolactin and oestrogen and it iskribat elevated IL-6 levels are
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associated with pregnancy failure. These two hoeaaown-regulate the
expression of the gp130 component of the IL-6 resmepmplex (Kurebayashi et al.,
1997, Deb et al., 1999a). Decidual prolactin i® &sown to silence other genes
thought to be detrimental to pregnancy, such ast28D (enzyme responsible for

degrading progesterone) (Bao et al., 2007).

1.6 Effect of stress on the neuroendocrine system
As indicated earlier, environmental conditions atréss can disrupt the
neuroendocrine systems in an attempt to overconserapensate for the adverse

stimuli e.g. to maintain homeostasis, conservegnetc.

1.6.1 Stressors

Stress can be experienced due to acute or susexpedure to adverse conditions
and are generally categorized as either psychabgrgphysical. Different brain
circuitries deliver information about these striggees to the hypothalamo-pituitary-
adrenal (HPA) axis: stressors which pose an imnegiaysiological threat are
primarily relayed directly from the brainstem, whpsychological stressors are
mainly processed through the limbic forebrain (Hamnand Cullinan, 1997).
Psychological stressors can be mild such as a mow@&lonment or sustained noise,
or it can be severe such as physical and mentakalou a repeated high pressure
environment (e.g. high work demands/responsibil@pysical stressors include
immune stress, hunger (including poor diet) or ptalsnsult. Acute stressors appear
abruptly over a relatively short period of time dedd to acute, transient symptoms
(Douglas, 2010). Stress hormones and other mediatgr neurotransmitters,
cytokines, are required for adaptation to stresscgss termed “allostasis”) in order
to maintain homeostasis. When released in resporsteessors they promote
adaptation and are generally beneficial often pramg further damage/effects
(McEwen, 2004). In contrast, during chronic stregssodes which are of a longer
duration and are recurring, these mediators ar¢éunoéd off and are overused. This
results in escalating changes that lead to weatteardon the body/brain (termed
“allostatic load/overload”) which can cause longyiehealth problems (McEwen,
1998). For example, allostatic overload can leadmaired immunity,
atherosclerosis (increasing risk of myocardialictian), obesity and atrophy of
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brain nerve cells. These are often observed inscafsgepressive illnesses and

chronic anxiety disorders (McEwen, 2004).

1.6.2 The stress system and hypothalamo-pituitdregraal axis

The stress system coordinates the adaptive respoh#iee individual to stressors
and its activation results in behavioural and gegipl changes that allow the return
to homeostasis and increase the chance of suriikialstress system encompasses
the HPA axis, and the locus coeruleus—noradrenalib@omic systems (Tsigos and
Chrousos, 2002%5tress is defined as the activation of HPA axisthedconsequent
release of its hormones (Parker and Douglas, 2EXposure to stress triggers the
increased secretion of CRH and vasopressin fromthgtamic PVN. During

periods lacking stress both of these hormoneseareted in a circadian, pulsatile
pattern (2-3 secretory pulses per hour) (Englat.ef989) and the amplitude of the
pulses increases in the early morning (Horrockd.efi990). These two
neuropeptides act synergistically to induce semmati ACTH from the pituitary
corticotrophs (Lamberts et al., 1984). During aaitess, the amplitude and
synchronization of the CRH and AVP pulses intolipophyseal portal system
significantly increases, leading to a rise in AC3é&tretion (Charmandari et al.,
2005). ACTH subsequently stimulates the releagheoflucocorticoids (cortisol in
humans, corticosterone in rodents) from the incels of the zona fasciculata of the
adrenal cortex (see Figure 1.6). Glucocorticoidsthe final effectors of the HPA
axis and they carry out their roles through ubiousty distributed intracellular
glucocorticoids receptors (Charmandari et al., 20@ucocorticoids are known to
support a wide array of physiological systems aaeehimportant roles in
cardiovascular tone, immunity/inflammation, metasml, behaviour, reproduction

and neural function (Sapolsky et al., 2000).

1.6.3 Glucocorticoid negative feedback

Glucocorticoids have an important role in regulgtoasal HPA axis activity and
terminating the stress response and exert nedatdback effects on the HPA axis
via extra-hypothalamic centres, including the higgropus (Jacobson and Sapolsky,
1991, Furay et al., 2008), as well as the hypothataand the pituitary to suppress
the release of CRH and ACTH (de Kloet et al., 1988 Figure 1.6). Negative
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feedback limits the duration of tissue exposurglt@ocorticoids, minimising the
catabolic, immunosuppressive and anti-reprodudffects of these hormones
(Charmandari et al., 2005) and it also prevenessthormone depletion so as to
maintain levels sufficient enough to mount sucaesstress responses (Sapolsky et
al., 2000, Tasker and Herman, 2011). Glucocortitype 1l receptors are
responsible for the negative feedback control oHGRd ACTH release
(Charmandari et al., 2005). Chronic stress att@suthie negative feedback system
by glucocorticoids, reportedly involving alteratgim glucocorticoid receptor
expression in the higher centres of the HPA axisfrpntal cortex and hippocampus
(Mizoguchi et al., 2003).

1.6.4 Mode of action of glucocorticoids

Glucocorticoids bind to and activate cytoplasmigcglcorticoid receptors resulting
in their translocation to the nucleus. Here thegract as homodimers with the
specific glucocorticoid responsive elements (GR&$he promoter regions of
hormone-responsive genes (e.g.lipocortin-1) andlatg the expression of
glucocorticoid-responsive genes positively or negt (Charmandari et al., 2005).
However, the main anti-inflammatory effects of glaorticoids appear to be
predominantly due to interaction between the glodimoid receptor and
transcription factors, such as nuclear fag®r(NF-«B) and activator protein-1 (AP-

1), which mediate the expression of pro-inflammagenes (Hayashi et al., 2004).

1.6.5 The autonomic nervous system

The autonomic nervous system (ANS) rapidly respaadsressors and controls a
wide variety of functions. The sympathetic and/argsympathetic nervous systems
(SNS, PNS) are involved in regulating a numberifiéent areas including the
cardiovascular, respiratory, gastrointestinal, keawvad endocrine systems. The
parasympathetic system is able to aid or inhibwggthetic functions through either
by reducing or increasing its activity, respectw@lsigos and Chrousos, 2002,
Charmandari et al., 2005).

Both the neuroendocrine and the ANS stress respams®/erge on the adrenal

glands, albeit on different timescales and witledihg results. The neuroendocrine
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response takes place over a slower timescale anuypiothalamic-pituitary
hormones induces adrenal glucocorticoid secrefibe.autonomic response is much
faster and is triggered by sympathetic neural astpliasker and Herman, 2011).
Typically, stress rapidly and transiently increasésenaline and noradrenaline
secretion from the adrenal medulla and from syngiatimerve endings (which
innervate the smooth muscle of the vasculaturdettenuscle and many organs
including the heart, kidneys, etc.) (Tsigos anddbkos, 2002). These
catecholaminergic hormones carry out a more rapgs$s response than
glucocorticoids and supply an immediate energy@by mobilising glucose, and
redirecting blood supply to from less essentiabpeses to skeletal muscle. This
allows ‘flight’ if necessary and facilitates stresgping mechanisms. In addition to
peripheral responses, central ANS and SNS resptms@i®ss induce activation of
noradrenergic pathways from the brainstem to theit system and hypothalamus
(Douglas et al., 2005, Douglas, 2010). Central malree serves as an alarm system
that reduces neurovegetative functions (e.g. eaglegping), accompanied by

increases in endocrine/autonomic responses t@egifsgjos and Chrousos, 2002).

1.6.6 Noradrenaline and the hypothalamo-pituitadrenal axis

A reciprocal neural connection exists between CR#ithe LC-noradrenaline
system (see Figure 1.7). CRH and noradrenalineutdisneach other, the latter
principally throughal-adrenergic receptors (Tsigos and Chrousos, 2002).
Noradrenaline from brainstem nuclei (A1, A2 and@fl groups in particular) is a
major excitatory input to the PVN (Pacak et al938) andx1-adrenergic receptor
agonists stimulate HPA axis activity (Itoi et &004). However, noradrenaline has
also been found to have inhibitory as well as skatauy effects on CRH activity and
HPA axis response to stress wfadrenergic receptors. In addition, central
blockade of these receptors does not prevent neisstaess-induced increase in CRH
MRNA expression in the PVN, thus, induction of Heffects via noradrenergic

inputs is stress specific and is utilised by mastriot all stressors (Douglas, 2005a).

1.6.7 Stress-induced behavioural responses
Interactions of noradrenaline with various neuraemihe systems leads to

behavioural responses to stress such as fear aretyarNoradrenaline has been
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shown in humans to mediate amygdala (principlenbragion involved in fear
conditioning) activity in humans when processingp@onal stimuli (van Stegeren et
al., 2005). Studies in rodents suggest that eldvadeadrenaline levels/activity in the
hypothalamus, amygdala and LC are involved in tloeqcation of anxiety and/or
fear following stress exposure (Tanaka et al., 200drilak et al., 2005). Thus, the
central noradrenergic system is thought to be weain a number of anxiety
disorders, especially panic disorders and postedic stress. This is supported by
the finding that am2-adrenergic agonist effectively alleviates anxsynptoms
while ana2-adrenergic antagonist intensifies them in pasievith anxiety disorders,
suggesting the central noradrenergic system igdintk emotional responses
(Charney, 2003, Itoi and Sugimoto, 2010).

1.6.8 Effect of stress on the hypothalamo-pituigopadal axis

Stress is well known to disrupt and suppress repik function in humans
(Nakamura et al., 2008). For example, under-natriind intensive exercise in
adolescents is associated with delayed menarchgo(RRbal., 2000), and a number
of different stressors are known to reduce feyt(iNakamura et al., 2008, Ruder et
al., 2009, Douglas, 2010). Limited studies in noagmant humans and primates
suggest that CRH suppresses gonadotrophin sec(&lister and Ferin, 1987,
Barbarino et al., 1989). In contrast, it has besgorted i.v. administration of human
CRH had no inhibitory effect on gonadotrophin sgorein pre- or post-menopausal
women (Fischer et al., 1992). However, there areymeports in rodents that acute
stress disrupts gonadotrophin secretion, reducepulstility (Li et al., 2003) and
elevates prolactin release (Gala, 1990, Poletial.eR006). Typically stress
increases progesterone secretion in non-pregnaratiéemammals (Nakamura et al.,
1997), which could be partly accounted for by thgogiated increase in prolactin
secretion as prolactin is known to drive progestersecretion.

1.6.8.1 Potential mechanisms mediating stress-ag3own of the HPG axis
Mounting evidence suggests that stress supprdssegtivity of the HPG axis,
particularly its central regulator, the GnRH pulgmerator. It is thought that

inhibition occurs here by stress-induced activatibthe CRH, sympathoadrenal
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systems and the limbic brain (Li et al., 2010) migjections to the LC. The LC
noradrenergic neurones project to the preoptic areae they have been
demonstrated to inhibit GnRH neurones via gammaalbutyric acid (GABA)
secretion/activation (Mitchell et al., 2005).

Hypothalamic mMRNA expression of kisspeptin andetseptor are down-regulated in
the mPOA and arcuate nucleus following a varietgtodssors (e.g. restraint,
immune challenge) in female rats (Kinsey-Jones.e2@09) and CRH
administration i.c.v in female mice. In light ofetinole of kisspeptin signalling in
regulating the HPG axis, this suggests that stresigeed kisspeptin expression may

contribute to stress-related suppression of LHas#gKinsey-Jones et al., 2009).

1.6.8.2 Stress-induced cytokines and the HPG axis

Stress-related cytokines can also affect the kathpituitary, and subsequently the
HPG axis. Cytokines are thought to potentially gatoess to the brain via a number
of different pathways, including the ‘leaky’ blobdain barrier regions (e.g. in the
arcuate nucleus or via the brainstem). It has Beewn that stress-induced cytokines
can inhibit GNRH pulse generator activity. For epéanLPS administration to rats
has been reported to suppress the electrical getithe GnRH pulse generator,
reflected in reduced LH pulsatile secretion, whicht least partially mediated by
TNF-o (Yoo et al., 1997).

1.6.9 Effect of stress on prolactin secretion

Acute stress typically increases prolactin secneitionon-pregnant rodents and
humans (Nicoll et al., 1960, Armario et al., 19B6eman et al., 2000). Chronic
sustained stress (around-the-clock intermittent $hock) to both male and female
(non-pregnant) rats increases anterior pituitaojgotin mRNA levels after 1 day
and more so after 3 days. However, after 14 dayretivas no significant difference
in prolactin mMRNA compared to controls, with levedsurning to pre-stress values
(Dave et al., 2000). Various stressors have beerodstrated to induce prolactin
secretion in rodents, such as immune challengeanesstress and ether exposure
(Freeman et al., 2000). In humans, circulatingamrtoh levels have been shown to
increase following the Trier social stress testdielka and Wust, 2010). However,
in the male hamster social conflict and mild footghdecrease prolactin (Huhman et
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al., 1995). Thus, the effect of different stressmrgrolactin can be species/strain-
specific e.g. restraint stress increases prolact®b7BL/6 mice but not in BALB/cJ
mice (Meerlo et al., 2001). It has been reported the stress effects on prolactin are
dependent on the pre-stress levels of prolactiasstenhances prolactin release if
pre-stress levels are low, and suppresses itsseelepre-stress levels are high, for
example, during the proestrous afternoon surgea(@&90). However, in female

rats it has been reported that the prolactin segreésponse to stress is dependent
upon the plasma levels of ovarian steroids rathem pre-stress levels (Poletini et al.,
2006). Ether stress increased both low (e.g. mgrafmproestrous, OVX rats) and
high (e.g. oestrogen-treated OVX rats) plasma ptivldevels. However, stress
reduced the high prolactin levels observed on ttegreoon of proestrous and also in
OVX rats treated with oestrogen and progesterohas Hata suggest oestrogen and
progesterone modulate stress-induced prolactiaseleegardless of pre-stress
levels. Poletini et al. (2006) also investigateel thle of the LC in the prolactin stress
response but found that lesions to the LC did ffecathe degree of the prolactin
stress response. LC lesions did, however, supgitegzolactin surges on the
afternoon of proestrous, and in oestrogen-treateldbastrogen and progesterone-
treated OVX rats, indicating a specific role in naa steroid-induced prolactin

surges.

1.7 Effects of stress on the neuroendocrine system during pregnancy

1.7.1 HPA axis

Typically human gestation is associated with insegbHPA axis function as
pregnancy progresses, leading to elevated ciragl®CTH and cortisol. Total and
free plasma cortisol levels rise in parallel acqmegnancy, and elevated levels are
observed as early as gestation week 11. The presmise(s) of increased ACTH is
currently unclear but may include placental synthaad release of CRH and

ACTH, pituitary desensitization to cortisol negatifeedback or heightened response
to corticotrophin releasing factors e.g. vasopreasd CRH (Lindsay and Nieman,
2005).
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1.7.2 Foetal programming

The foetus is protected from the effects of matengpercortisolism by the placental
enzyme 113 hydroxysteroid dehydrogenase $1iISD2) in early gestation. Active
glucocorticoids, cortisol and corticosterone, aewerted by 18-HSD?2 in the
placenta into their inactive metabolites (cortisand 11-dehydrocorticosterone,
respectively). This ensures foetal glucocorticenkls are lower than maternal
concentrations, which is critical as exogenous agocticoids have been associated
with foetal growth retardation in both humans arpezimental animals (Seckl et al.,
2000). Epidemiological data suggests that a nomph foetal environmerih

utero has profound effects, permanently and adverselgramming the physiology
of the foetus (so called ‘foetal programming’). Ratal elevated levels of
glucocorticoids, for example due to maternal stressy lead to increased risk of
cardiovascular, metabolic and neuroendocrine degsrith later life (Seckl and
Meaney, 2004).

1.7.3 Early Pregnancy

1.7.3.1 HPA axis basal activity in early pregnancy

In rodents in early pregnancy, the secretion of AGhd corticosterone is similar to
virgins in the early light phase when HPA axisatyiis at the circadian nadir. The
expression of CRH and vasopressin genes in thegpaiular PVN, and
glucocorticoid and mineralocorticoid receptor mRik&he PVN and hippocampus
are also unchanged in early pregnancy (reviewg¢Bmmton et al., 2008)).
However, the circadian pattern of basal HPA dastialters in very early pregnancy
with peak circulating concentrations of ACTH andtmmsterone attenuated in the
late light phase compared to di-oestrous (Atkinsod Waddell, 1995). It has been
reported that the circadian pattern continues tsuppressed as pregnancy
progresses, with corticosterone levels decreagitigraid-pregnancy in the rat,
when levels then begin to rise once more (Atkinsod Waddell, 1995). A similar
reduced basal HPA axis profile is observed in wocheimg early pregnancy.
Typically, salivary cortisol levels are found to imarkedly lower in early gestation
compared to late pregnancy, with the differencevbeh nadir and peak cortisol

levels increasing as pregnancy proceeds (Obel,&Cfl5, Harville et al., 2007).
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1.7.3.2 HPA axis responses to stress in early paegn

Studies into the HPA axis responses to stress memaare limited and
glucocorticoid release in response to stress iy aegnancy is only sparsely
reported. Acute stress tests such as the TrieaB8tiiess Test (public speaking) at
the start of the second trimester of pregnancyalebat cortisol levels robustly
increase (Nierop et al., 2008), however, it isclear what the effects of prolonged
stress are on cortisol secretion in early pregnalimcg study investigating perceived
stress levels in women during early pregnancy,arcetation was apparent between
the degree of perceived stress and salivary cofuel et al., 2005). Unfortunately
this study did not report pregnancy outcome anchftioe literature it is not possible
to categorically conclude that high cortisol leval&ays result in pregnancy loss or
programming (Nakamura et al., 2008). A study it éffects of stressful work on
pregnancy found no correlation with pregnancy laihough cortisol levels were
not measured (Fenster et al., 1995).

In rodents, HPA axis responses to stress exposured pregnancy are robust and
do not differ from virgin animals (Arck et al., 199Brunton et al., 2008). Rodents
that are exposed to stress at the peri-implantgigoiod display increased secretion
of ACTH, despite the risk to pregnancy due inhdntof progesterone. As in virgins,
transient high levels of glucocorticoids prevaikiarly pregnancy following stress,
suggesting this alone may not be acutely detrinhémfaregnancy maintenance and
homeostasis can be restored via rapid negativééetd (Douglas, 2010). However,
in women the peri-implantation window may be paitacly sensitive to stress and
glucocorticoid action as elevated salivary cortisgkls are associated with foetal
loss during this period (Nepomnaschy et al., 20@#jle studies performed during
the later stages of early pregnancy in women daequirt this association (Douglas,
2010).

1.7.3.3 Reproductive hormones and stress in eadgrmancy

1.7.3.3.1 hCG responses to stress in early pregnhanc

The main gonadotrophin in early (first trimestemydan pregnancy is hCG and
reports on the effects of stress on hCG releaseaaired and conflicting. Stressful
situations have been shown to reduce circulating Bw hCG is associated with
miscarriage) (Gagnon et al., 2008), to not alteGHevels at all (Milad et al., 1998),
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or to increase circulating hCG levels (Kharfi Aeisal., 2007). Therefore, hCG is not

considered a reliable first trimester marker odp®r of miscarriage.

1.7.3.3.2 LH and prolactin responses to stressanygregnancy

The effects of stress on LH and prolactin secretigoregnancy have not been
extensively studied in humans and thus are notrtegan the literature to my
knowledge. Although maternal smoking is reporteddorease placental hormone
levels generally (e.g. placental growth hormoneGhBPL) (Coutant et al., 2001,
Varvarigou et al., 2009) it is not known or beepaged what the responses to other
stressors are. Rodent studies provide an insighthe effects of stress on pregnancy
hormones which may alter gonadotrophin responbesodents LH secretion is
typically suppressed by rising levels of exogenmégnancy hormones progesterone
and oestrogen via negative feedback mechanismgamntrally and at the pituitary
(Li et al., 2003, d'Anglemont de Tassigny and Gigke, 2010). Therefore, stress-
disrupted progesterone in early pregnancy (seeseetion) may impact on LH
release due to reduced negative feedback. Thisytihesupported by the finding that
immune stress in early pregnant mice increasesddretion (Erlebacher et al.,

2004), however these mice also displayed atteduatarian expression of LH

receptors which would decrease steroidogenesis.

1.7.3.3.3 Progesterone responses to stress in paglynancy

Increasing evidence for a reduction in progeste(and PIBF) following stress in
early pregnancy is emerging in mice, which is intcast to the elevated stress-
induced progesterone levels in non-pregnant rod&@kamura et al., 1997).
Various stressors, including 24h noise and immuaressors, have been reported to
reduce circulating progesterone in early pregnddogchim et al., 2003, Blois et al.,
2004, Erlebacher et al., 2004, Parker and DougaK), Parker et al., 2011b). Noise
stress on day 5 of pregnancy in an abortion-prooesa model (DBA/2J-mated
CBA/2J female mice) significantly decreases pragreste and PIBF levels and
increases in the percentage of resorptions (Joaehah, 2003). However, injection
of the progesterone derivative Dydrogesterone, idhately prior to stress exposure,
abrogated stress-induced resorptions in a doseadepemanner. In addition, PIBF
levels and the production of the pregnancy proteatytokine IL-4 significantly
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increased with Dydrogesterone treatment (Joachih,2003), highlighting the
importance of progesterone for pregnancy maintemadnovomen, low progesterone
levels in early pregnancy have been shown to bdigiree of later pregnancy failure
(Elson et al., 2003, Arck et al., 2008).

1.7.4 Late pregnancy

1.7.4.1 HPA axis basal activity in late pregnancy

It is difficult to assess the maternal HPA axisate pregnant women due to the fact
that the placenta also produces and secretes HBAegtides/steroids (Chen et al.,
1986, Sasaki et al., 1988). This is not the casedents where very late pregnancy
and birth is associated with attenuated basaligct¥the HPA axis in the rat
(Brunton et al., 2008). For example, expressioG@RH and vasopressin mRNA in
the pPVN are reduced (Johnstone et al., 2000)¢c&ded with decreased CRH
content in the median eminence (Ma et al., 2008d)raduced mRNA expression of
POMC (the ACTH precursor) (Brunton et al., 2008)s Ipossible that heightened
glucocorticoid negative feedback may underlie #duced basal HPA activity,
supported by reports of elevated glucocorticoigptar mRNA levels in the
hippocampus during late pregnancy. However, funefistudies in late pregnant rats
do not confirm an active increase in negative feeltand therefore reduction in the
forward drive, rather than increased negative faekjpmay underlie
hyporesponsiveness of the HPA axis to stress engieggnancy (Johnstone et al.,
2000).

As pregnancy progresses circulating corticostelewes rise from mid-pregnancy
until term in the rat (Atkinson and Waddell, 199%) women plasma cortisol levels
have been reported to increase progressively frestatjon week 12 to week 26, at
which point they stabilise until parturition (Catral., 1981). Throughout gestation
the metabolic clearance of corticosterone is susthat pre-pregnancy levels in
rodents, although free corticosterone levels deddime to an increase in
corticosterone binding globulin (CBG) (Douglas ket 2003, Brunton et al., 2008).
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1.7.4.2 HPA axis responses to stress in late pregyna

Stress-induced HPA axis activity is strongly rediibg late pregnancy in women
(Kammerer et al., 2002) and rodents (Douglas 203, Russell et al., 2008) and
presumably protects the foetus from the adversgranoming effects of
glucocorticoids. In women, exogenously administeZ&H does not evoke an
increased circulating ACTH or cortisol responséte pregnancy (Schulte et al.,
1990) and they also become insensitive to colgstnath suppressed salivary
cortisol levels (Kammerer et al., 2002). In rat®Adaxis responses to various
psychological stressors (e.g. noise stress, faaaéthming (Neumann et al., 1998))
and physical stressors (e.g. immune challenge (Bruand Russell, 2008)) decline
in the last week of pregnancy, reflected as deetA€TH and corticosterone
secretion. HPA axis hyporesponsiveness continuesigh parturition (Neumann et

al., 2003) and lactation until weaning takes plt@dle et al., 1997).

1.8 Stress and the immune system in pregnancy

Mounting evidence indicates an immune-endocrinedligibrium in response to
stress, with a number of mediators (including citek) implicated to contribute to
stress-induced pregnancy loss (Arck et al., 19%kalhura et al., 2008). Reciprocal
regulation exists between the central nervous sy$@&NS) and the immune system,
whereby immune factors/cytokines crosstalk withriearoendocrine-endocrine
systems. The CNS signals to the immune systenheiandocrine stress responses
previously mentioned, and the immune system sigodlse CNS via cytokines.
Cytokines are considered important in alerting@NS to immune challenge and
during inflammation they are produced and reledismd the affected area and
immune cells and signal to the brain, causing fewel sickness symptoms (Webster
et al., 2002). Dysregulation of the delicate comication system threatens

pregnancy maintenance.

1.8.1 HPA regulation of the immune system

The release of stress-induced HPA axis hormonekidimg CRH, ACTH and
glucocorticoids, may strongly influence maternafiome balance and affect
pregnancy outcome (Nepomnaschy et al., 2007). ¥ample, central CRH is
thought to be involved in stress-induced (heass)renmune suppression (e.g.
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reduced splenic NK cell activity) in rats. Admimetion of a CRH receptor
antagonist i.c.v to day 16 pregnant rats antagdrisat-induced
immunosuppression, reversing NK cell activity. Thiggests immunosuppression
produced by heat stress is mediated by the ceddRal system (Nakamura H, 2001).
Circulating glucocorticoids modulate the transaaptof multiple cytokines and
upregulate transcription of anti-inflammatory cyiteés IL-4 and IL-10, while
suppressing pro-inflammatory/pregnancy-disturbiyipkines such as IL-1, IL-2, IL-
6 and TNFe (Arck, 2001, Webster et al., 2002). The anti-inflaatory properties of
glucocorticoid action are primarily due to inhibiti of transcription factors nuclear
factor kappa enhancer of activated B cellsKBFand/or activator protein 1 (AP1)
which typically induce proinflammatory gene expresgDe Bosscher et al., 2000).
Cortisol has also been reported to suppress NKiggtwhich is thought to be
beneficial to pregnancy success since inductiddkofctivity threatens foetal
survival (Arck, 2001), and reduce circulating deticcells (Suda et al., 2003).
Therefore, it seems strange that stress-inducexgtuticoid, in light of its
protective immune effects, does not prevent fdetd. It may be that physiological
levels of glucocorticoids are immunomodudulatory $tvess-induced levels are
immunosuppressive (Webster et al., 2002) and dishgomaternal immune balance
threatening pregnancy.

1.8.2 Effect of immune system and peripheral cygskon the brain and pituitary
Peripheral sources of cytokines are primarily thenune cells which respond to
bacteria or other infections. Other sources inclegls in the reproductive system
such as in the ovary, uterus/decidua, placentathangituitary, which secrete
cytokines in responsive to infective factors andsstors (Parker et al., 2011a).
Cytokine release following infection/inflammatioarcdirectly or indirectly impact
on reproductive organs, as well as the brain. Gytaskare released into the blood
system and can thus travel throughout the bodyekample, LPS administration
induces secretion of a number of pro-inflammatopkines such as TNE; IL-6

and IL-18 into the circulation. TNFe is reported to alter ovarian follicular responses
to gonadotrophins, reducing progesterone secratidn_H receptor mRNA
(Erlebacher et al., 2004). The pituitary corticptte, gonadotrophs and lactotrophs
also express receptors for a number of cytokingdle-6 and TNFe (John and
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Buckingham, 2003, Zaldivar et al., 2011) and magant on secretion of hormones

such as ACTH, LH and prolactin (indirectly reducpm@gesterone).

1.8.2.1 Mechanisms of peripheral cytokines gaimogess to the brain

Circulating peripheral cytokines can profoundlyeatfthe brain. There appears to be
two main communication pathways to do this: (ieamal route via the primary
afferent neurones innervating the site of infecti@sulting in cytokine production
by microglial cells; and (ii) a humeral route inviplg proinflammatory cytokine
production/release by phagocytic cells in the ameantricular organs (CVOs) and
choroid plexus, leading to production of centrab&nes that can diffuse into the
brain parenchyma (Dantzer, 2009). Alternativelytbeuld utilize the specific but
limited active transport system into the cerebnoapiluid to gain direct access to
neurones with cytokine receptors (Ericsson etl@05, John and Buckingham,
2003). In addition, LPS and cytokines may act anlitain by inducing COX2
expression and thus driving local prostaglandirttessis in the cerebral
microvasculature (such as in the brainstem) whiored neuronal activation (Rivest
et al., 2000, Rivest, 2001).

1.8.2.2 Effect of immune system and peripherakoys on the HPA axis

Immune signals from LPS and cytokines (includingFFiNand IL-1) are able to
activate the HPA axis. They drive CRH and vasopmegsne expression in the
hypothalamus, stimulating ACTH secretion from tlteipary and glucocorticoid
release from the adrenals, thus are considered stréssors (Brunton and Russell,
2008). The responses of the brainstem and forebvailNF-o and IL-13 are similar
to LPS, however, IL-6 does not induce activatioivéRt, 2001).

1.8.2.3 Effect of immune system and peripherakayés on the dopamine-prolactin
system

In the brain and pituitary it is not only the HPRisthat is affected by immune
signals. In male mice LPS administration i.p redupelactin secretion, associated
with increased activation of noradrenergic braans{Al, A2 and A6) and TIDA
neurones (Hollis et al., 2005). LPS and Tikave been shown to increase
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dopamine turnover in the hypothalamic-pituitarysacalong with decreasing

prolactin secretion, in male mice (de Laurentii2B02).

1.8.3 Expression and roles of central cytokines

In addition to peripheral cytokines entering thaiby some cytokines are
constitutively expressed in brain itself (e.g. ILH1-6 and TNFe) and can therefore
exert their effects there directly. Cytokines ahneiit receptors are produced in a
number of cell types in the brain including gli@unones and macrophages, and in
several different brain regions including the hy@adamus, hippocampus and
brainstem nuclei (Schiepers et al., 2005). In @sttro the periphery, genes encoding
anti-inflammatory cytokines (e.g.IL-10) are expexsat much lower levels than pro-
inflammatory cytokines (e.g. TN&) (Szelényi, 2001).

The exact role of central cytokines is yet to dé/fdetermined, although it is
thought they have key roles in neuronal cell deatth survival (Webster et al.,
2002), neuronal development and plasticity, leay@nd memory (Schiepers et al.,
2005). High levels of proinflammatory cytokines daave detrimental effects on
brain cell function. For example, following CNS uits IL-1 promotes neuronal
damage and exacerbates inflammatory processes biraim by promoting

production/ release of other proinflammatory cyt@d (Anisman and Merali, 2002).

1.8.4 Effect of stress on central cytokines

In addition to peripheral cytokines, central cytus are also involved in the
interaction of the immune system with the HPA ggie Figure 1.8). Exposure to
acute stressors increases expression of proinflaomyneytokines both peripherally
and centrally. LPS peripheral immune stimulatiotuices expression and
immunoreactivity of IL-B protein in the hypothalamus, hippocampus and qnédit
cortex in rats (Nguyen et al., 1998) and also Higpictreases TNFe levels in the
hypothalamus (Sacoccio C, 1998). In contrast, abhnpsychosocial stress reduces
IL-18 and TNFee mRNA in the hippocampus in mice (Bartolomuccilet2003).
Thus, the effects of stress on central cytokingesgion and activity are dependent
upon the nature of stressor employed. Stress-indcitanges in central cytokines are
also both region and cytokine specific. For exampiady IL-163, and not TNFe, was
induced in the hippocampus, hypothalamus and aruif rats subjected to
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inescapable shock (O'Connor et al., 2003). Howeeggrding pregnancy, it is not
yet established whether pregnancy alters brairkaytoexpression or activity in
response to stress, or whether central cytokingatively impact directly on
pregnancy maintenance.

Consistent with stress-induced alteration in plaminatory cytokine production,
evidence indicates that central pro-inflammatorypkines are involved in stress-
induced physiological and behavioural changes.nesnmatory cytokines
produced in response to a pathogen (mainly IL-114LIL-6 and TNFe) trigger
‘sickness behaviour’ (Dantzer, 2009) which is oftessociated with fever, fatigue,
reduced appetite and depressed mood. The hypothslaediates the majority of
these responses which seem to be due as a reseiftrimiritizing central factors to
cope with the sickness (Schiepers et al., 2005h Bgstemic and centrally
administered cytokines are able to trigger ‘sickngshaviour’ response, indicating
their causal involvement. Mounting evidence alstidates an association between
proinflammatory cytokines and stress-related disy@.g. pro-inflammatory
cytokines administered both centrally and peripletaad to behavioural alterations
similar to depression (Capuron and Dantzer, 2003).

Once again, although cytokines profoundly responstress, and stress is a source of
pregnancy-related anxiety and depression, subatavidence to provide a

physiological link between them is yet to be repdrt
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Figure 1.8
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1.9 Thesisaims and hypotheses

The experiments in this thesis were designed testigate the effects of stress in
early pregnant mice on prolactin regulation/aciahd the maternal HPA axis. Due
to the differing secretory profiles of women versuise we aimed to focus on the
effect of stress on basal prolactin levels in nfaewomen also display steadily
increasing levels of circulating prolactin duringggnancy but do not experience
bidaily prolactin surges). Mice were used as a rhtmdmvestigate the effects of
stress in early pregnancy, in order to build upavious studies in this area (e.g.
(Arck et al., 1995, Joachim et al., 2003). Dayd.pregnancy was selected as a
suitable time to study, as it represents very gaidgnancy but is 1 day after
implantation, therefore, it does not interfere vitiis process. Several
approaches/experiments were conducted in ordevasiigate the effects of stress in

early pregnant mice and the specific aims were:

1. to investigate the effects of stress on prolaauretion, TIDA neurone
activation and dopamine activity in early pregnaite.

2. to measure the maternal HPA axis responses tsstresarly pregnancy.

3. to determine the effect of stress in early pregpamcfoetal loss/survival.

4. to determine the effects of stress in early pregnancy on prolactin negative feedback
to the TIDA neurones.

5. to investigate the impact of pregnancy-threatening pro-inflammatory cytokines
(TNF-a and IL-6) on circulating prolactin and TIDA neurone activation in early
pregnancy.

6. to determine the effect of stress on anxiety itygaregnancy.

Hypotheses:

1. stress negatively impacts on prolactin secretiamdwearly pregnancy and is
associated with increased TIDA neurone activatiwh@pamine activity.
HPA axis responses are heightened in early pregnanwirgins.
stress exposure in early pregnancy increases pregiailure.

stress enhances prolactin negative feedback ip pagfnancy.

o bk~ 0N

TNF-o and IL-6 reduce prolactin secretion during earggmancy and
increase TIDA neurone activation.
6. stress enhances anxiety-related behaviour in paglynancy vs. virgins.
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Chapter 2: General Materialsand Methods

2.1 Animals

Female C57BL/6J mice, weighing between 18-24g (8v&6ks old), were used in all
experiments. Mice were purchased from Harlan (Hatkaboratories UK Ltd.,
Leicestershire, UK) or they were obtained from asit@ colony derived from
Harlan-purchased mice. Mice were housed in grofips6oand maintained under
standard laboratory conditions (temperature, 1% 2humidity, 50-55%) with food
and water availablad libitum The mice were under a 12:12hr light/dark cycle
(lights on from 7am until 7pm). In order to obta@iregnant mice for studies, virgin
female mice were mated overnight with C57BL/6J shades. Female mice were
examined the following morning for evidence of mgtand the appearance of a
vaginal plug was taken as day 0.5 of pregnancyeMientified as being plugged on
the same day were housed together. All experimeats carried out in the early-
mid light phase of the circadian day (9.00-13.0@HR)rder to avoid the prolactin
surge on the afternoon of proestrous in virgins thwedbi-daily prolactin peaks in
early pregnant mice. Virgin, day (d)5.5 pregnanodel of post-implantation early
pregnancy) and d10.5 pregnant (model of mid pregy)amice were age-matched
and selected at random for treatment groups iexgleriments. Following the
experiments and tissue/blood collection, pregnavay confirmed by laparotomy
and inspection of the uterine horns for the evidesfdmplantation sites. Animal
care and experimental procedures were followedrdoupto institutional guidelines
and conformed to current requirements of UK Homic®fregulations. All
procedures were approved by the UK Home Office utiteAnimals (Scientific
Procedures) Act 1986.

2.2 Anaesthesia (non-recovery)

Prior to transcardial perfuse fixation and collestof blood by cardiac puncture,
mice were deeply anaesthetised with an overdosedifim pentobarbitone (short to
intermediate acting barbiturate) i.p (0.3ml, 54.7mig Centravet, 22106 Didan,
France). The needle was carefully inserted intaatsgiominal cavity, taking care to

avoid puncturing any major organs.
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2.3 Injections

2.3.1 Subcutaneous (s.c) injections

Subcutaneous injections were performed on the ftditke mouse. Mice were gently
restrained in a holding bag (disposable icing hadeland, Cumbria, UK) and an

injection (25G needle) made into the fold of loska on the flank.

2.3.2 Intraperitoneal (i.p) injection
Mice were gently restrained in a holding bag arewéntral side exposed. The

needle (25G) was inserted into the lower abdomeheomice.

2.4 Stressors

2.4.1 Immune stress protocol

Virgin and pregnant (d5.5, d10.5) mice were gergbtrained in a holding bag and
injected with lipopolysaccharide (LPS; 10 or 12.B109ul saline, i.pE.coli
E055:B5, Sigma, Poole, Dorset, UK), controls weae vehicle (isotonic saline,
100pl, i.p). Mice were identified using marker mmores on their tail. Mice were
then returned to their home cage until sample ctidle or further behavioural

analysis before sample collection.

2.4.2 24h fasting protocol

Virgin and d5.5 pregnant were fasted for 24h, viagtbd removed from their home
cage at 10am (3h after lights on), controls wel@nadd to feed normally. After 24h
mice were either sacrificed and tissues/blood ctdlk as required or they were used
for further behavioural analysis before sampleemibn.

2.5 Blood collection

2.5.1 Cardiac puncture

Once mice were deeply anaesthetised and showisgns of breathing (no chest
movement) and loss of sensory/reflex responsedaction to toe pinch), the
abdominal cavity was opened up to expose thebgtdting heart. A 25G needle was
inserted into the pointed tip of the heart and r).Blood extracted and added to a
microcentrifuge tube (Greiner Bio-One Ltd, Glouegshire, UK) containing ice-

cold ethylenediaminetetraacetic acid (EDTA; anad#gulant, Sigma-Aldrich Corp.,
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Poole, UK; 5% solution, 15u1/100ul blood) and ajmiot (a protease inhibitor,
Sigma-Aldrich Corp., Poole, UK; 0.04 trypsin inhdxi units in 10ul/tube).

2.5.2 Trunk blood

Mice were gently restrained in a holding bag anidldy decapitated using sharp
surgical scissors. Trunk blood was collected fromgite of decapitation in a 1.5ml
microcentrifuge tube containing ice-cold EDTA (5%éugion, 15ul/200ul blood) and
aprotinin (0.04 trypsin inhibitor units in 5ul/tube

2.6 Radioimmunoassay (RIA)

2.6.1 Progesterone RIA - Kit 1

A commercial progesterone RIA kit was purchasedLd3900, Diagnostic Systems
laboratories, Texas, USA) for measuring progeseimmouse plasma. This kit was
used for the majority of the experiments. Howeug2010 it became unavailable
and therefore another kit had to be sourced andatel (kit 2) for use in the final

experiment that required progesterone analysis.

2.6.1.1 General principles

This assay allows accurate measurement of plasoggegterone concentration (assay
sensitivity 0.12ng/ml) by following the basic priptes of RIA where there is
competition between the radioactively-labelled genti (1-125 progesterone) and the
non-radioactively labelled antigen in the plasnea,antibody binding sites.

Decanting the contents of the anti-progesteron¢edaabes allows separation of the
bound from the free antigens and thus the amoutiteofadioactively-labelled

antigen can be measured using a gamma counterisTihigersely proportional to the

concentration of non-radioactive antigen that espnt in the plasma sample.

2.6.1.2 Method

Prior to starting the assay, the kit contents vireoeight to room temperature and
mixed gently by inversion. Controls and standardsaweconstituted in 0.5ml
deionised water (except Ong/ml standard which regulml deionised water) and
were included in each assay run. Values obtaired tandards were used to create

a standard curve from which the concentrationfi@funknown plasma samples
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could be derived (example of standard curve is shiowigure 2.1). Controls were
included to confirm the validity of the standardvaigenerated.

Two uncoated tubes were labelled for total counts@ogesterone-coated tubes
were labelled for standards, controls and the uwkngamples (in duplicate). To the
appropriate tube, 2% of standards (0-60ng/ml), controls or samplesew@petted to
the base. Immediately after this, 5d0f progesterone 1-125 reagent was added in
the same manner to all tubes and the rack gerdliyeshto mix the tube contents.
Following 70 min incubation in a waterbath at°87 all tubes (except total counts)
were decanted by simultaneous inversion in a faerk. rTubes were struck sharply
on absorbent paper and then left to drain for 2 Mirbes were blotted to remove
droplets and then counted using a gamma countera/iL470 Automatic Gamma

Counter, Perkin Elmer) for one minute.

Figure 2.1: Example of standard curvefor progesterone RIA (kit 1).
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Values used are taken from the data given by theufaaturer (Diagnostics Systems
Laboratories) as typical active progesterone stahdarve data (DSL-3900). The
standard curve was generated by plotting % of hetmd (B/Bo) for each standard

(B/Bo = mean absorbance for standard/mean absa@lianzero standard) against

concentration and a simple spline curve/line wiisdiusing SigmaPlot.
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2.6.2 Progesterone RIA - Kit 2

A second progesterone kit (Progesterone ImmunCheubl® Antibody RIA Kit;

MP Biomedicals, LLC, Orangeburg, USA) was purchaaethe original kit (kit 1)
was discontinued. This kit, therefore, requireddation. In order to do this controls
from the original kit, plasma samples previouslyaswaed with original kit and
‘new’ progesterone controls (Control set |, MP Bexcals, LLC, Orangeburg,
USA) were included in a test assay.

2.6.2.1 General principles
This assay works along the same basic RIA prinsipkekit 1 (see section 2.5.1.1)
and allows accurate measurement of plasma progesteoncentration (assay

sensitivity 0.11ng/ml).

2.6.2.2 Method

Prior to starting the assay, the kit contents viaeoeight to room temperature and
tubes labelled appropriately in duplicate. ‘Kit@ogesterone standards (Control set
I, MP Biomedicals) were reconstituted in 5ml dietll water (aliquoted and frozen at
-20°C) and ‘kit 1’ controls were reconstituted in 0.5ielionised water. Plasma
samples were diluted 1 in 10 with steroid dilugmgvided in the kit. Values
obtained from standards were used to create aathodrve from which the
concentrations of the unknown plasma samples doeilderived (example of
standard curve is shown in Figure 2.2). Controlsevirecluded to confirm the
validity of the standard curve generated.

To two tubes, 50d of steroid diluent and 1Q0 of the Ong/ml standard were
pipetted to the base (to check for non-specificlinig, NSB). 10Ql of standards (O-
50ng/ml), controls and unknown samples were thele@do the appropriate tubes.
To all tubes (excluding ones for total counts argBIN500u | of anti-progesterone
was added. To all tubes 20®f progesterone 1-125 was added and the tubes
vortexed before incubating for 60 min in a watehbatt 37°C. Following incubation
50Qul of precipitant solution was added to all tubesc(eding total counts). Tubes
were vortexed thoroughly and centrifuged at 10@0far 15 min at 4C. Tubes were
then aspirated before precipitate was countedganama counter (Wizard 1470
Automatic Gamma Counter, Perkin Elmer).
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Figure 2.2: Example of standard curvefor progesterone RIA (kit 2).
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Values used are taken from the data given by theufaaturer (MP Biomedicals) as
typical active progesterone standard curve data.sténdard curve was generated by
plotting % of zero bound (B/Bo) for each standd@(B0 = mean absorbance for
standard/mean absorbance for zero standard) agaimstntration and a simple

spline curve/line was fitted using SigmaPlot.

All control measurements from both ‘kit 1’ and ‘@t were within the limits
expected for each control. The previously measplasina samples (measured using

kit 1) were <7% different from the original measuents (see Table 2.1)
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Table 2.1: Comparison of measured progesterone controls and plasma samples
with the expected control ranges and previously measured progester one
concentrations.

control ranges/
measur ed previously measured
Sample [progesterone] ng/ml [progesterone] ng/ml
old kit Control | 0.782 1+/- 0.3
Control Il 9.346 10+/-3
new kit Control A 0.636 0.48-1.(
Control B 11.56 8.0-12.4
Control C 21.637 19.7-28.9
Plasma mouse 1 17.73 16.8
mouse 2 21.3 22.9

Controls from kits 1 and 2 were measured usingqéve assay (kit 2). The values of
all the controls (two from kit 1, three from kit @jere within the expected control
ranges, verifying the kit was accurately measusagples. As an extra check, two
plasma samples that had been measured using fireabkit were also analysed.

The newly read values were <7% different from thevpusly measured values.

2.6.3 Corticosterone RIA

2.6.3.1 General Principles

This assay (Corticosterone ImmunChem Double AntREA kit; MP Biomedicals,
LLC, Orangeburg, USA) allows accurate measuremeplasma corticosterone
concentration (assay sensitivity of 10ng/ml). lis thssay, a limited amount of
antibody is reacted with radioactively-labelledtmmsterone. In the presence of a
sample containing corticosterone a correspondicgedse in radioactively-labelled
corticosterone bound to the antibody is obsenthwing the basic principle of
RIA where there is competition between the radigabt labelled antigen (I-125
corticosterone) and the non-radioactively labedatigen in the plasma, for antibody
binding sites. Decanting the contents of the tuesvs separation of the bound
from the free antigens and thus the amount of eadieely labelled antigen can be
measured using a gamma counter (Wizard 1470 Autoi@aimma Counter, Perkin

Elmer) by reading off the standard curve generéed Figure 2.3 for example
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standard curve). This is inversely proportionalh® concentration of non-

radioactive antigen that is present in the plasamapte.
Fiaure 2.3: Example of standard curvefor corticosterone RIA
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Values used are taken from the data given by theufaaturer (MP Biomedicals) as
typical active corticosterone standard curve dHbt&. standard curve was generated
by plotting % of zero bound (B/Bo) for each stamd@/Bo = mean absorbance for

standard/mean absorbance for zero standard) agaimstntration and a simple

spline curve/line was fitted using SigmaPIot.

2.6.3.2 Method

Prior to starting the assay the kit components Wwesaght to room temperature and
tubes labelled as required. Controls (providedhékit) were reconstituted with 2ml
distilled water and allowed to stand at room terapee for at least 30 min before
use. Plasma samples were diluted 1:200 with stelibiént. 30Q of steroid diluent
was added to two tubes (for NSB) and 1l0éf steroid diluent added to a further two
tubes (for Ong/ml standard). 1A®f corticosterone standards (25-1000ng/ml),
controls and diluted plasma samples were pipettiedthe appropriate labelled
tubes. 200l of corticosterone I-125 was added to all tubesl(eding two tubes for
total counts). 20@ of anti-corticosterone was added to all tube<l{gkng tubes for

total counts and NSB). Tubes were vortexed beforebation at room temperature
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for 2 h. Following incubation, 5@0 of precipitant solution was added to all tubes
(excluding total count tubes), and tubes vortekeah tcentrifuged at 1000 x g for 15
min. Tubes were aspirated and rims blotted, befugrecipitate was counted in a

gamma counter (Wizard 1470 Automatic Gamma CouPRterkin Elmer).

2.7 ELISA

2.7.1 General principles

Enzyme-linked immunosorbent assay (ELISA) is aneple employed to detect the
presence of either an antibody or an antigen emgpge. The basic principle is that
an unknown amount of antigen is fixed to a surfaseially a 96 well plate) and a
specific antibody is then added which binds toahggen. This antibody is linked to
an enzyme so that when a ‘substance’ is addedithgree converts it to a detectable
signal, typically a colour change.

The two ELISAs used for measuring mouse prolaatohiaterleukin (IL)-6 (both
R&D Systems, Inc., Minneapolis, US) were examplesandwich” ELISAs (see

Figure 2.4 for diagram of assay steps).

2.7.2 Prolactin ELISA

2.7.2.1 Development and validation

In order to measure prolactin in mouse plasma aeu&LISA kit was purchased
(DY1445, R&D Systems, Inc., Minneapolis, US). Theuse prolactin ELISA was
originally designed for the analysis of prolactincell culture supernates, thus it had
to be adapted and developed for use with plasmarder to do this a diluent for
plasma was required as the concentrations of gmolecplasma exceed the standard
curve produced from the kit. To find and validateugable diluent standard curves
were generated using phosphate buffered saline)(Bigfplemented with varying
concentrations (10-50%) of heat-inactivated fobtaline serum (FBS; Qualified,
Heat-inactivated FBS; Invitrogen, California, US#g suggested by R&D Systems.
Standard curve samples for each diluent were adlsomed in triplicate on the same
96-well plate(Costar EIA plate, DY990, R&D Systems) and constancof standard
curves (using a 4-parameter logistic curve fiteaed PBS supplemented with 10%
FBS gave the best curve fit:was 0.9950 with 10% FBS, 0.9888 with 25% FBS and
0.9924 with 50% FBS over the range of prolactincamtrations that were expected
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Figure 2.4
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to be encountered experimentally (see Figure 2.2060 FBS standard curve and
Figure 2.6). The 10% FBS diluent generated a stanclave with anvclosest to 1
(i.e. it fits the recommended standard curve b#styefore this dilution was selected
for use with in all subsequent assays for standardes and for diluting

experimental mouse plasma.

Figure 2.5: Example of standard curvefor prolactin ELI1SA
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Standard curve generated using 10% FBS diluenardnpetric curve fitted as
instructed by the manufacturer (R&D Systems) wipkical density (OD) plotted
against the concentration of prolactin.

To determine whether the ELISA reported accuraadirgys for unknown plasma
samples, spike and linearity experiments were padd. Plasma for validating the
kit was obtained by sacrificing virgin female C57Bl mice (by conscious
decapitation) and collecting trunk blood (0.4mipitubes containing ice-cold EDTA
(Sigma-Aldrich Corp., Poole, UK; 5% solution, 15100ul blood) and aprotinin
(Sigma-Aldrich Corp., Poole, UK; 0.04 trypsin intidy units in 10ul/tube).

Blood samples were centrifuged at 1000 x g for B taiseparate the plasma from
the other blood components, and the plasma cotlestd stored at -2Q until use in
the ELISA. Samples were created for the spike asispyspiking” the plasma

61



samples with 100ng/ml prolactin (supplied in k@)tést against the standard curve
generated. In addition, spiked samples were alsallyadiluted (1 in 25, 1 in 50 and
1 in 100) to test for linearity (Figure 2.6, Tall®). ¢ was found to be 0.9925

indicating a linear relationship with dilution.

Table 2.2. Comparison of expected and measured prolactin concentrations at
threedifferent dilutionsusing the adapted prolactin EL1SA

Expected Measured DF x measured

prolactin prolactin Dilution DF x measured prolactin % of
(pg/ml) (pg/ml) Factor (DF) |prolactin (pg/ml) (ng/ml) Expected
4000.00 4185.44 25 104635.92 104.64 104.64
2000.00 1803.08 50 90154.12 90.15 90.15
1000.00 994.06 100 99405.93 99.41 99.41

Mouse plasma was spiked with 100ng/ml prolactin sutasequently diluted by
factors of 25, 50 or 100, in order to confirm tpatallel values are achieved with
serial dilution. Measured values were found to lithiw 10% of the expected

prolactin concentration (100ng/ml).

Plasma samples collected from all subsequent expats were typically diluted 25-
fold; if data provided for samples were not reauhfrthe linear part of the curve
(falling lower on the standard curve) samples weessayed at a dilution of 10-fold.
Sensitivity for this assay was 1.57pg/inter-assay standards were included on
every experimental plate to check assay consiste¢heycoefficient of variation
between assays was 5.2%. For the ‘spiked’ comgtagma from control virgin mice
were spiked with 100ng/ml prolactin, diluted x 2&aaliquoted and frozen (-20°C)
for use in future assays.

As a final check of the ELISA, assay samples wetlected from mice expected to
have high plasma prolactin concentrations, a p@saontrol. Virgin female
C57BL/6J mice were injected i.p. with vehicle (ot saline; 100ul; n=6) or a
dopamine antagonist (metoclopramide, Sigma AldAoble UK; 1pg/g bodyweight;
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Figure 2.6
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n = 6) and were sacrificed by conscious decapita8®min later. Trunk blood was
collected to provide plasma (as described above)pamassay carried out using the
parameters determined previously for the ELISAMietoclopramide significantly
increased plasma prolactin concentration, as pestlicompared to vehicle
(Student’s t-test, p<0.01; Figure 2.7).

2.7.2.2 Method

Prior to carrying out the assay all components veeoeight to room temperature.
Firstly, a 96-well plate was prepared for use malssay by coating it with capture
antibody. The capture antibody (144 pg of goat-arttuse prolactin) was
reconstituted in 1ml PBS to form a stock solutid84mM NaCl, 2.7mM KClI,
8.1mM Na 2HPO4, 1.5mM KH 2P04; pH 7.2 - 7.4; 0.2 filtered) and left for at
least 15 min before use. Stock was then dilutesdvi@rking dilution of 0.8pg/ml in
PBS, or aliquoted and frozen (-20°C) for futureagiss 100ul of diluted capture
antibody was pipetted (using a multichannel pipetit each well of the plate,
plates then sealed (ELISA plate sealers, DY992, FgStems) and left to incubate
at room temperature overnight (~18 h).

The following day, well contents were decantedrmerting the plate abruptly and
each well was then washed 3 times with around Owlash buffer (WA126, Wash
Buffer Concentrate x25; solution of buffered sutdat with preservatives, 0.05%
Tween 20 in PBS; R&D Systems; diluted in deionigeder) using a squirt bottle.
Following the last wash the plate was inverted stnack onto absorbent paper to
remove any remaining wash buffer. The plate was biecked by adding 300l of
Reagent Diluent (DY995, 1% bovine serum albuminAB®B PBS, 0.2ul filtered;
R&D Systems) to each well and the plate incubatedan temperature for
approximately 1 h 15 min. During this time thelpotin standard was reconstituted
with 0.5ml Reagent Diluent (1390 ng/ml prolactindaallowed to stand for a
minimum of 15 min with gentle agitation prior to keadilutions (or aliquoting and
freezing at -70°C). A nine-point standard curve wasated by using a 2-fold serial
dilution (diluted in 10% FBS diluent as describédee) starting with a top high
standard of 20,000pg/ml. Plasma samples were dilyf@cally 25-fold using the
10% FBS diluent also. Following the incubation wRbagent Diluent, the
decanting/washing step was repeated again. 10Gtaoflards, samples and a
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Figure 2.7

65



“spiked” control were pipetted into the appropriatells of the plate in duplicate,
plates were sealed and left to incubate at roonpéeature for 2 h. The
decanting/washing step was then repeated, befoubation for a further 2 h with
100ul/well of Detection Antibody (plates sealedheTdetection antibody (36 ug
biotinylated goat anti-mouse prolactin) was reciuigtd with 1.0 ml of Reagent
Diluent and left for at least 15 min before us@c&twas then diluted to a working
dilution of 200ng/ml in Reagent Diluent, or aligadtand frozen (-20°C) for future
assays. Decanting/wash step was repeated as hEdOge. of streptavidin-
horseradish peroxidase (HRP) was added to eachanglplates covered to avoid
direct light for 20 min at room temperature. Steefdin-HRP was diluted to a
working concentration as instructed on the botylpically a 200-fold dilution, with
Reagent Diluent. The aspiration and wash step ef@esated for a final time before
incubation for a further 20 min with 100ul/well tibstrate Solution (1:1
combination of Colour Reagent A {§8,) and Colour Reagent B
(Tetramethylbenzidine); DY999, R&D Systems), agamiding direct light (colour
change from clear to blue). In order to terminheedssay, 50ul of 2NJA80, was
added to each well (colour change from blue tooy@lland the plate read
immediately to determine the optical density usangicroplate reader (PowerWave
XS, BioTek Instruments, Winooski, Vermont, USA) asadtware (KC junior,
BioTek Instruments, Winooski, Vermont, USA) seatprimary wavelength 450nm

and reference wavelength of 540nm.

2.7.3 Interleukin (IL)-6 ELISA

2.7.3.1 Development and validation

The IL-6 DuoSet ELISA kit (DY406, R&D Systems, IndMinneapolis, US) was
also designed for the analysis in cell culture sogies and thus was developed and
validated in the same manner as the prolactin EL{(&&& section 2.6.2.1). To find
and validate a suitable diluent, standard curva® \generated using phosphate
buffered saline (PBS) supplemented with varyingceotrations (10-50%) of heat-
inactivated fetal bovine serum (FBS; Qualified, Hisactivated FBS; Invitrogen,
California, USA) as suggested by R&D Systems. Sieshdurve samples for each
diluent were all measured in triplicate on the s&®avell platgCostar EIA plate,

DY990, R&D Systems) and construction of standamy&s! (using a 4-parameter

66



logistic curve fit) revealed PBS supplemented Wit FBS gave the best curve fit:
r> was 0.9999 with 10% FBS, 0.9977 with 25% FBS a®@%6 with 50% FBS over
the range of IL-6 concentrations that were expetddze encountered experimentally
(see Figure 2.8 for 10% FBS standard curve andr&igl®). The 10% FBS diluent
generated a standard curve with aolosest to 1, thus, this dilution was selected for
use with in all subsequent assays for standarcesuamd for diluting experimental

mouse plasma.

Figure 2.8: Example of standard curvefor I1L-6 ELISA
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Standard curve generated using 10% FBS diluenardnpetric curve fitted as
instructed by the manufacturer (R&D Systems) wiphiaal density (OD) plotted
against IL-6 concentration.

To determine whether the ELISA reported accuraddirgys for unknown plasma
samples, spike and linearity experiments were parfos with the prolactin ELISA.
Samples were created for the spike assays by tgpikihe plasma samples with
2500pg/ml IL-6 (supplied in kit) to test againse tstandard curve generated. Spiked
samples were also serially diluted (1 in 25, 1Grefd 1 in 100) to test for linearity
(Figure 2.9, Table 2.3)? was found to be 0.9976 indicating a linear retahip

with dilution.
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Table 2.3. Comparison of expected and measured | L-6 concentrations at three
different dilutionsusing the adapted IL-6 ELISA

Expected IL-6 Measured IL-6 | Dilution Factor | DF x measured IL-6 % of
(pg/ml) (pg/ml) (DF) (pg/ml) Expected
100.00 95.57 25 2389.21 95.57
50.00 46.13 50 2306.31 92.25
25.00 26.06 100 2605.50 104.22

Mouse plasma was spiked with 2500pg/ml IL-6 andseghently diluted by factors
of 25, 50 or 100, in order to confirm that parallalues are achieved with serial
dilution. Measured values were found to be withd84lof the expected IL-6

concentration (2500pg/ml).

Plasma samples collected from all subsequent expats were diluted between 10
and 50-fold depending on the treatment group. Pdafsom LPS-treated mice were
typically diluted 50-fold (due to high IL-6 leve|syhile plasma from vehicle and
fasting/control mice were diluted 10-fold (due daver IL-6 levels). Sensitivity for
this assay was 7.81pg/nhhter-assay standards were included on every expetal
plate to check assay consistency; the coefficiemination between assays was
4.2%. For the ‘spiked’ control, plasma from contrmhin mice was mixed with
2500ng/ml IL-6, diluted x 25, aliquoted and froZe20°C) for use in future assays.
As an additional check of the ELISA, assay samplexe collected from mice
expected to have high plasma IL-6 concentrations, @ositive control. Spare
plasma from pseudopregnant mice was used to e&ltiISA. These mice had been
injected with LPS (12.5ug/100ul saline, igaroli EO55:B5, Sigma, Poole, Dorset,
UK; n = 6) or vehicle (isotonic saline; 100ul; r¥¥Fand were sacrificed by conscious
decapitation after 60, 120, or 240 min. Trunk ble$ collected to provide plasma
(as described above) and an assay carried out t@ngarameters determined
previously for the ELISA kit. LPS treatment sigodntly increased plasma IL-6
concentration, as predicted, compared to vehi@el§al time point data; Student’s t-
test, p<0.001; Figure 2.10).
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Figure 2.9
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Figure 2.10
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2.7.3.2 Methods

This assay was carried out in the same manneegsdhactin ELISA. Prior to
carrying out the assay all components were brotggidgom temperature. A 96-well
plate was prepared for use in the assay by codtwigh capture antibody. The
capture antibody (360 ug of rat anti-mouse IL-6%weconstituted in 1ml PBS to
form a stock solution (137mM NacCl, 2.7mM KCI, 8.WhNa ,HPO,, 1.5 mM KH
oPOy; pH 7.2 - 7.4; 0.2 mm filtered) and left for aa$ 15 min before use. Stock was
then diluted to a working dilution of 2ug/ml in PB& aliquoted and frozen (-20°C)
for future assays. 100ul of diluted capture antjowds pipetted (using a
multichannel pipette) into each well of the plaiktes then sealed (ELISA plate
sealers, DY992, R&D Systems) and left to incubat®am temperature overnight
(~18 h).

The following day, well contents were decantedrbserting the plate abruptly and
each well then washed 3 times with around 0.4mhvmsdfer (WA126, R&D
Systems) using a squirt bottle. Following the {aash the plate was inverted and
struck onto absorbent paper to remove any remaimagi buffer. The plate was
then blocked by adding 300ul of Reagent Diluent 9O%, R&D Systems) to each
well and the plate incubated at room temperatur@pproximately 1 h 15 min.
During this time the IL-6 standard was reconstduteth 0.5m| Reagent Diluent
(90ng/ml IL-6) and allowed to stand for a minimufil® min with gentle agitation
prior to make dilutions (or aliquoting and freezig-70°C). A nine-point standard
curve was created by using a 2-fold serial dilu(dituted in 10% FBS diluent as
described above) starting with a top high standdid000pg/ml. Plasma samples
were diluted typically 10 to 50-fold using the 1S diluent also. Following the
incubation with Reagent Diluent, the decanting/hirgistep was repeated again.
100p ! of standards, samples and a “spiked” comissE pipetted into the appropriate
wells of the plate in duplicate, plates were sealed left to incubate at room
temperature for 2 h. The decanting/washing stepthasrepeated, before
incubation for a further 2 h with 100ul/well of [2etion Antibody (plates sealed).
The detection antibody (36 pg biotinylated goat-amduse IL-6) was reconstituted
with 1.0 ml of Reagent Diluent and left for at IeaS min before use. Stock was then

diluted to a working dilution of 200ng/ml in Reag®iluent, or aliquoted and frozen
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(-20°C) for future assays. Decanting/wash steprejsated as before. 100l of
streptavidin-HRP was added to each well and pladgsred to avoid direct light for
20 min at room temperature. Streptavidin-HRP wasdeti to a working
concentration as instructed on the bottle, typycal200-fold dilution, with Reagent
Diluent. The aspiration and wash step was repdateaifinal time before incubation
for a further 20 min with 100ul/well of Substratel@&ion (1:1 combination of
Colour Reagent A (kD) and Colour Reagent B (Tetramethylbenzidine); D¥,99
R&D Systems), again avoiding direct light (colotmaage from clear to blue). In
order to terminate the assay, 50ul of 2pEB, was added to each well (colour
change from blue to yellow) and the plate read ichiately to determine the optical
density using a microplate reader (PowerWave X8T8k Instruments, Winooski,
Vermont, USA) and software (KC junior, BioTek Ingtments) set to a primary
wavelength of 450nm and a reference wavelengttons (according to

manufacturer’s instructions).

2.8 BD Cytometric bead array (CBA)

CBAs were carried out by Evelin Hagen (Charité liBeGermany; Petra Arck lab
group) using a commercial CBA mouse Th1/Th2 cytekiit (Catalogue No.
551287; BD Biosciences, San Jose, CA, USA) for mméag tumour necrosis factor-

alpha (TNFe) and interferon-gamma (IFN-in mouse plasma.

2.8.1 General principles

This assay provides a sensitive and precise meathsidhultaneously detecting
multiple cytokines from a single sample by captgtinem with beads of known
size/fluorescence (assay sensitivity/limit of datectis 4.5pg/ml for TNFe and IFN-
Y, up to a maximum of 5,000pg/ml). This makes itgilole to detect and measure
several cytokines from a sample using flow cytomndfiach individual capture bead
has been previously conjugated to an antibody 8péor each cytokine. In addition,
detection reagents (made up of phycoerythin (PBE)ugated antibodies) are added
to the unknown samples/standards, providing a Bpdiciorescent signal
proportional to the amount of each bound cytoksee(Figure 2.11). Thus, the
sandwich complexes formed (bead+cytokine+dete@rdibody) can be measured
by flow cytometry to reveal particles with fluorest characteristic of the specific
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Figure 2.11
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bead and the detection antibody. The concentrafi@ach cytokine can then be

determined by reading off standard curves generated

2.8.2 Method

Firstly, the cytokine standards were prepared bgnstituting one vial of lyophilised
mouse standards with 2ml assay diluent (providddt)nThis top standard was
allowed to incubate for at least 15min before afpoint standard curve was created
by using a 2-fold serial dilution (diluted in assdijuent). Capture beads were mixed
in equal proportion for each cytokine to be testdidwing enough for 1@ of each

per assay tube (including standards and contraRetcapture beads were then
thoroughly vortexed and transferred to assay tub@d.of standards and unknown
samples were added to the relevant tubes. In addBiqul of assay diluent was
added to one tube as a negative contrqll BOPE detection reagent was applied to
all reaction tubes, which were incubated at roompierature for 2 h, protected from
light. Following incubation, 1ml of wash buffer wadded to each tube and these
were then centrifuged for 5 min at 200 x g. Tubesenaspirated and the supernatant
discarded. The pellets were resuspended ipl308sh buffer. These samples were
then passed through a flow cytometer and analysied) (FCAP Array software

according to manufacturer’s instructions (BD Biesaies).

2.9 Brain tissue processing

2.9.1 Transcardial perfusion for fixation (for pregsing by immunocytochemistry)
Transcardial perfuse fixation is a technique usepréserve tissue and prevent
decay. The mouse was administered a lethal dosediim pentobarbital (0.3ml i.p;
Centravet, 22106 Didan, France). Once the mousalegsly anaesthetised
(exhibited no signs of breathing, non-responsivi@éopinch) the heart was exposed.
The mouse was perfused with heparinised isototilees@l29mg/L; ~100ml) and
then fixed with 4% paraformaldehyde (~100ml) usangeristaltic pump.

The brain was removed carefully from the skull gssargical scissors and
transferred to a bijou vial containing a 4% parafaldehyde and 15 % sucrose
solution. The brain was then stored at 4°C ovetr(ighuntil the brain had sunk to
the base of the vial). The solution was then exgbdrior a 30% sucrose solution in
0.1M phosphate buffer and the brain left overneguin at 4°C (until brain had
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sunk). Following this, the brain was removed, mblile absorbent paper to remove
excess solution, frozen on foil in dry ice and wreg in foil before storage in small
labelled bag at -70°C.

2.9.2 Flash freezing (for processing by in situridibation)

Flash freezing is a technique used to freeze sangpiiekly so as to avoid the
formation of ice crystals that can damage the éisbollowing brain removal, the
brain (or other tissues) was placed onto foil gatrudry ice. The brain was then
quickly covered in powdered dry ice. Once frozemlthain was wrapped in foil,
placed in a small labelled bag and stored at -0 use.

2.9.3 Brain sectioning

2.9.3.1 Microtome sectioning

Brains that had previously been perfused fixed wseioned using a freezing
microtome (Leica CM 1325, Leica; set at -20 °C)rddal brain sections (containing
paraventricular nucleus (PVN), arcuate nucleustreemedial hypothalamic nucleus
(VMH), and supraoptic nucleus (SON); see Figur@pahd brainstem sections
(containing the locus coeruleus (LC), nucleus trablitarius (NTS), and rostral
ventrolateral medulla (RVLM); see Figure 2.13) wene at 48um and divided
equally (with alternate sections) into 2 pots conte 0.1M phosphate buffer. If the
sections were to be used straight away in immumatymistry they remained in
0.1M phosphate buffer, however, if they were fog asa later date they were stored

in cryoprotectant and kept at -70°C until use.

2.9.3.2 Cryostat sectioning

Fresh frozen brains required forsitu hybridisation (ISH) were serially sectioned
using a cryostat (at -16 °C). Coronal brain sestid®um) containing the
hypothalamic PVN (see Figure 2.12 A) were mountedolysine microscope slides
(coated with a permanent adhesive; VWR Internatjdreacestershire, UK) with 4
sections per slide. Once 4 sections had been mibontéhe Polysine slide the slides
were placed into a slide box (VWR) along with &silbag (to reduce condensation
ice damage). When the box was full of slides it eealed with electrical tape and

stored at -70°C until slides were required forinde situ hybridisation. The

75



Figure 2.12

76



Figure 2.13
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locations of areas of interest were confirmed wiirker sections collected on
gelatinised microscope slides (1 marker sectioref@ry 8 sections collected).
Marker slides were dipped in Acetic Alcohol Fixa&i{AAF) for 10 seconds, rinsed
with water, stained with 1% toluidine blue for Icends, and rinsed with water

before examination once dry under a light microgcop

2.10 Immunocytochemistry

2.10.1 General principles

Immunocytochemistry (ICC) was first described byo@® et al. (1941) and is still
used widely in research today. It is a techniqueglus neuro-anatomically identify a
given antigen present in a tissue sample (or cgtoéd preparation) by the binding to
an antibody specific for that antigen. It can bedus identify neuronal phenotype
(e.g. tyrosine hydroxylase ICC identifies dopamgieneurones, see section below)
and can detect activity of neurones (e.g. Fos &IAJ5 ICC, see sections below).
Binding of the antibody to its corresponding antige followed by a labelling
reaction to visualise the antigen-antibody complexexample, by an enzymatic or
fluorescently-labelled detection method (Renshd@®,72. The quality of antibody
reagents used is of fundamental importance foresstal and reproducible staining.
Antibodies are members of the immunoglobulin (eynfly of proteins which play a
central role in the adaptive immune response. Aaytimolecules are fundamentally
Y-shaped in structure, composed of two identicaMyepolypeptide chains and two
identical light polypeptide chains, supported bgudiphide bonds (see Figure 2.14 for
a schematic diagram). Both chain types contairatégiand constant domains with
the variable regions containing most amino acidieage variation and are the site
of antigen binding.

The antibodies may be monoclonal (have an epitadesengle antigen binding site)
or polyclonal (have multiple epitopes and bindiiigs. The advantage of
monoclonal antibodies are that they are highly $jgefor an antigen, however, they
are difficult to generate successfully and low lea labelling often occur due to
low affinity or the fact that the antibody bindsan infrequent epitope on proteins.
The use of polyclonal antibodies has the advantégering high levels of labelling
for a single antigen due to it containing multiplenes of antibodies to different

epitopes on the same antigen. The disadvantagayflpnal though is that they can
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Figure 2.14: Schematic of the immunoglobulin structure
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The basic Y-shaped antibody molecule is made dpwfpolypeptide chains (two
heavy (H) and two light (L)), stabilised by disuigé bonds (indicated by the black

circles joined together). The chains contain a nemab immunoglobulin domains

referred to as constant (C) and variable (V). Tévestant domain is responsible for
dictating the antibody isotype and contains a coeskamino acid sequence. The
variable domain contains sequence variation allgwgimecific antigen recognition
(adapted from Renshaw, 2007).
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be less specific as shared epitopes on differenéeims (not the antigen of interest)
may be labelled (Burry, 2010). Thus, it is impottamhave a suitable antibody that
has sufficient affinity and avidity (to prevent gorady being washed off the sections)

properties.

Visualisation

There are a number of methods for visualisatiothefantigen-antibody complex
such as the avidin-biotin peroxidase complex (AB&hnique (see Figure 2.15).
Following exposure to the primary antibody, tisseetions are incubated with a
biotinylated secondary antibody, followed by andawibiotin complex conjugated to
an enzyme (e.g. horseradish peroxidase). This emtlgen converts the chromogen
(e.g. diaminobenzidine-tetrahydrochloride (DAB)4®@b to a coloured precipitate
(black/dark brown for DAB) at the location of thezgme, and thus, the antibody-
antigen complex, which can be visualised by ligitroscopy (Renshaw, 2007). Any
endogenous peroxidase in the sample needs to bleeklin order to reduce non-
specific background staining (since endogenousxidaiee will also react with the
chromogen). KO; is therefore added to suppress endogenous pesexatdivity,
without damaging the epitopes present in the tissue

When double labelling is required the second prjnaaatibody is visualised using a
DAB reaction minus the nickel ammonium sulphatasThsults in the formation of
a brown precipitate that can be distinguished ftbenoriginal black DAB nickel
ammonium sulphate precipitant (generated for tts¢ firimary antibody).

Fos

c-fos is an immediate early gene and has beensx&dy used to identify activated
neurosecretory neurones. It is generally thoughkitdHfos and its protein product Fos
are good markers for identifying activated neurtbrag respond to a number of
physiological and stress challenges (Kovacs, 2008).

Fos expression in experimental mouse brains anddveans were typically
evaluated 90 min after treatment as this is thented time for peak neuronal Fos
expression after stimulation (Sharp et al., 19BY)double labelling with tyrosine
hydroxylase (see below) activation of tuberoinfumudar dopamine (TIDA) neurones

in the arcuate nucleus could be determined.
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Tyrosine hydroxylase

Tyrosine hydroxylase is the rate-limiting enzymelopamine biosynthesis
(Anderson et al., 2006a). It is responsible fon@ting L-tyrosine to
dihydroxyphenylalanine, which is the precursordopamine. Tyrosine hydroxylase
can be used as a marker for dopaminergic neuramethas for TIDA neurones,
which are located in the dorsomedial and ventrad@tegions of the arcuate nucleus
(Grattan and Kokay, 2008). It can also be usedraar&er of noradrenergic

neurones.

pSTAT5S

Prolactin receptor-mediated signal transductioflDA neurons appears to
exclusively use the transcription factor SignalnB@ucer and Activator of
Transcription Proteins 5b (STAT5b) (Grattan et 2001b), to stimulate transcription
of genes such as tyrosine hydroxylase (Ma et @05a). Prolactin binding to the
long form of its receptor leads to the phosphoigtabf STAT5. Phosphorylated
(p)STATS can be used as a marker for prolactinagioy (negative feedback) in the
TIDA neurons, when double labelled with tyrosin@ltoxylase (Grattan, 2002).

2.10.2 Fos immunocytochemistry protocol

Brains were sectioned using a microtome (as destiibsection 2.9.3.1) at 48um,
typically stored in cryoprotectant at -20°C andgexssed for Fos ICC (as previously
described in our lab (Brunton et al., 2006)). FO€] sections were transferred to
small baskets and placed in petri dishes contaitiagolution required for each
step. These were placed on a shaker at 70 rpmasihes. For incubations (e.g. with
antibodies) sections were transferred to bijousvéadd placed on the shaker at 80-
100 rpm. To start, sections were washed in 0.1Msphate buffer (PB) with 0.3%
Triton X-100 (PBT; 2 x 5 min, 2 x 10 min PBT) andae in 0.1M PB (5 min).
Endogenous peroxidase was blocked with 0.3% id 0.1M PB for 15 min.
Sections were washed in 0.1M PBT (3 x 10 min) ad#/CPB (1 x 5 min) before
blocking for non-specific immunoreactivity with 3@ermal sheep serum (NSS) in
0.1M PBT, for 1 h at room temperature. Sectionsevileen incubated in primary
antibody (anti-Fos Rabbit Polyclonal; 1:1000, Sadwaz Biotechnology, Inc., Santa
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Cruz, CA; sc-52)(Cai et al., 2010) in 3% NSS inN0.BBT (1ml/vial) for 20 h at

4°C.

After ~20 h, sections were washed in 0.1M PBT &min, 2 x 10 min) before
incubation in biotinylated anti-rabbit immunoglolnu{1:100) and normal goat serum
(3:100) in 0.1M PBT (Vectastain ABC Elite Kit PK6IL,OVector Laboratories, UK)
for 1 h at room temperature. Sections were wasn@dliM PBT (3 x 5mins) and
incubated for a further 1 h in an Avidin DH andtimglated horseradish peroxidase
complex (1:50; Vector Laboratories; made up attl88smin before use) in 0.1M
PBT. Sections were washed in 0.1M PBT (2 x 10 raimg 0.1M sodium acetate (5
min) before visualisation using diaminobenzidind@ 0.25mg/ml), nickel Il
sulphate (0.025g/ml) and 0.3%@®4 for approximately 2 min, resulting in black
labelling of the cell nuclei. The reaction was tarated with 0.1M sodium acetate (5
min) and the sections washed with 0.1M PB (4 x B,rhix 10 min) to reduce
background staining. Sections were serially mountad gelatinised microscope
slides and left to dry overnight. Slides were tpassed through a series of ethanols
(70%, 90%, 95%, 100% and 100%; 5 min each) follobedlearing in xylene (2 x 5
min). Slides were covered with the mounting meddAX (Merck-BDH,

Lutterworth, UK) and glass coverslips (25mmx60mniyR).

2.10.3 Fos and tyrosine hydroxylase immunocytocsteyni

Brains were sectioned and processed for Fos imnytmcwemistry as described
above (see section 2.10.2) and tyrosine hydroxyldeeldle et al., 2000). Following
the Fos visualisation step, sections were washédlid PB (6 x 5 min) and 0.1M
PBT (2 x 5 min). Unreacted peroxidase was blockid 3% HO, (15 min) and
sections washed in 0.1M PBT (2 x 10 min) beforeibation with tyrosine
hydroxylase primary antibody (anti-tyrosine hydrtasge Rabbit Polyclonal 1gG,
1:4000; AB152; Millipore, CA, USA) in 3% NSS ihAM PBT (1ml/vial) for 40h
at 4°C.

Following incubation sections were washed in 0.1BTR3 x 10 min) and then
incubated in biotinylated anti-rabbit immunoglolufL:2000; Vector Laboratories,
Bucks, UK) and normal goat serum (3:2000) in 0.1BTRor 2 h at room
temperature. After washes in 0.1M PBT (3 x 10 nse)tions were incubated for a

further 2 h in Avidin DH and biotinylated horsersldliperoxidase complex (1:200;
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Vector Laboratories; made up at least 30 min beaifise) in 0.1M PBT. Sections
were washed in 0.1M PBT (2 x 10 min) and 0.1M PBn{B) before visualisation
using DAB (0.25mg/ml) and 0.3%,8-, for approximately 2 min, resulting in brown
cytoplasmic labelling. The reaction was terminaigith 0.1M PB (5 min) and the
sections washed with 0.1M PB (6 x 5 min) to redo@ekground staining. Sections
were serially mounted onto gelatinised microscdjples, left to dry overnight, and
passed through a series of alcohols and xylengesSWere covered with DPX
mountant (Merck-BDH, Lutterworth, UK) and glass ewslips (25mmx60mm;
VWR).

Positive technical controlspare sections from mice which had previously dtheér
sections processed through the ICC protocol werleded for individual Fos and

tyrosine hydroxylase antibody staining and alscdimuble staining.

Negative technical control®©mission of the primary Fos antibody resultedaon n
nuclear immunolabelling. Likewise, omission of tsiee hydroxylase antibody led to

no detection of cytoplasmic labelling (see Figurksy.

2.10.4 pSTATS immunocytochemistry

A protocol for pSTAT5 (phosphorylated Signal Tramser and Activator of
Transcription 5) ICC was kindly supplied by Roseymarown (Grattan Lab,
University of Otago, NZ)(Brown et al., 2011). Braiwere sectioned using the
microtome (as described in section 2.9.2) at 48pdntgpically stored in
cryoprotectant at -20°C. Sections were washeddbNd.Tris-buffered saline (TBS; 3
x 10 min). Antigen retrieval was carried out byubating the sections in 0.01M
Tris-HCL (pH 10) for 5 min at 90°C (in a waterbat8gctions were left to cool for 5
min at room temperature before washing for 10 mifinicubation solution’ (0.05M
TBS supplemented with 0.3% Triton X and 0.25% bewserum albumin (BSA;
Sigma-Aldrich)). Sections were then washed with TBS 10 min) before blocking
endogenous peroxidase with 40% methanol, 3@lth 0.1M TBS. Sections were
then washed in 0.1M TBS (3 x 10 min) before incidrawvith primary antibody
diluted in ‘incubation solution’ and 2% normal gearum (1:400, Rabbit Polyclonal
phosphor-STATS5 (Tyr 694); Cell Signalling Technofplylassachusetts, USA).
Sections were incubated for 72 h on an orbital shak4°C.
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Figure 2.16
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Following incubation, sections were washed 3 time&1M TBS (10 min) and
incubated in biotinylated anti-rabbit immunoglolufiL:200; Vector Laboratories;
diluted in ‘incubation solution’) for 90 min. Seatis were washed again in 0.1M
TBS (3 x 10 min) and 0.1M sodium acetate (5 mirfpteevisualisation using DAB
(0.25mg/ml), nickel 1l sulphate (0.025g/ml) and%.81,0, for approximately 2 min,
resulting in black labelling in the cell nuclei. &#ion was terminated with 0.1M
sodium acetate (5 min) and sections washed in 0.BS! (3 x 10 min) before
mounting, and drying. Slides were then covered WX mountant (Merck-BDH,

Lutterworth, UK) and glass coverslips (25mmx60mniyR).

2.10.5 pSTATS5 and tyrosine hydroxylase immunocgtoidiry

Brains were sectioned and processed for pSTAT5d€Gescribed above (see
section 2.10.4). Following the visualisation stify@ reaction was terminated with
0.1M sodium acetate (5 min) and sections wash@dlill TBS (3 x 10 min) as
normal. Following this, sections were washed ilMOAB (4 x 5 min, 2 x 60 min)
and 0.1M PBT (2x 5 min). Tyrosine hydroxylase IC@swhen carried out as shown
in section 2.10.3, starting with blocking of uncead peroxidase activity with 0.3%
H20:.

Positive technical controlsections of tissue previously processed throughGiC
protocol were included for individual pSTAT5 anddgine hydroxylase antibody

staining and also for double staining (if possible)

Negative technical control®©mission of the primary pSTATS antibody resulted i
no nuclear immunolabelling. Likewise, omission ybine hydroxylase antibody

led to no detection of cytoplasmic labelling (séguFe 2.17).

2.10.6 Immuno-labelled cell quantification

Slides were coded so the experimenter was blinceedment and examined under a
light microscope (20x or 40x objective). Typicadlysections were analysed per
mouse for each area of interest (defined usingniéfiraK, 1997)). For Fos or
pSTATS single labelling, black or dark grey nuckeire counted as positively
labelled cells. For double ICC with tyrosine hydylase, all cells with brown
cytoplasmic staining (tyrosine hydroxylase-positiwere counted (both those with
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and without a black/dark grey nucleus). The peamgsbf doubled labelled tyrosine
hydroxylase-positive neurons were then calculasee Figures 2.16 and 2.17).

2.11 HPLC analysis of DOPAC and dopamine content

2.11.1 General Principles

High-performance liquid chromatography (HPLC) isaaverful tool for analysis. It
is used to separate compounds e.g. monoaminesaframture to identify, quantify
and purify specific components. This method cantiized to determine dopamine
activity by measuring the DOPAC and dopamine cdndéthe median eminence
(Shieh and Pan, 2001, Andrews and Grattan, 2003).

2.11.2 Method

Tissue preparation

A coronal section (~1mm thick) was cut rostrallgrfr the optic chiasm using a
mouse brain matrix for each mouse. The median emeéwas then extracted from
the section and immersed in 100u! of ice-cold O.pévchloric acid. The tissue
sample was homogenised using a polytetrafluoroetigypestle and a cooled glass
tissue grinder. This was then placed on ice fom@®to denature, followed by
centrifugation at 30,000xg for 15 min &G4 75 pl of supernatant was adjusted to
~pH 3 with 10 pul of 1M sodium acetate and frozét®{C) until the day of analysis.
After centrifugation, pellets were resuspendeddpl®f distilled water and assayed
in duplicate for total protein using a Coomassi@gin assay kit (Thermo Fisher
Scientific Inc, Waltham, MA, USA). (This monoamin@rk was carried out by Dr

John Menzies, Centre for Integrative Physiologye Umiversity of Edinburgh).

HPLC analysis of DOPAC/Dopamine

Samples were thawed and then diluted 1 in 2 wilRN. acetic acid containing
10uM EDTA. 40ng isoproterenol was added to each stahdiad unknown sample
as an internal control. An Eicom HTEC-500 standialblPLC system linked to an
Eicom Insight autosampler (Eicom Europe, Ireland}wsed to measure the
monoamine content of each sample. Dopamine and [DR&e separated using a
reverse-phase Eicompak SC-30DS 3x100mm analyttahm in series with a
3x4mm pre-column packed with AC-ODS (Eicom Eurdpeland) and were eluted
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at a flow rate of 400ul/min in a mobile phase cosgubof 80% 0.1M citrate-acetate
buffer (pH 3.5) and 20% methanol containing 220egdium octane sulphonate
(TCI Europe, Zwijndrecht, Belgium) and 5mg/| EDTAnN electrochemical detector
was used to detect voltage offset by applying é0aM\ potential through a graphite
WE-3G electrode at 268. Dopamine and DOPAC were eluted within 10min of
injection and the eluted peaks separated by usirgdhmonoamine standards
(dopamine, Tocris, UK; DOPAC, Sigma, UK). A fouripbstandard curve was run
daily before and after sample injection as a conBowerChrom chromatography
software (eDAQ, Poland) was used to record andjiate the signal from the
detector, which was manually compared to retertirars for each monoamine
standard and converted to a concentration valuen{pd=inally, DOPAC:dopamine
concentration ratios were also calculated. Intsagsoefficient of variation was
<10%. (The monoamine analysis was carried out bydbn Menzies, Centre for

Integrative Physiology, The University of Edinbuygh

2.12 In situ hybridisation (ISH)

2.12.1 General principles

In situhybridisation (ISH)Xelivers invaluable information concerning the
localisation of gene expression in morphologicaligserved tissue. It is a very
sensitive technique and thus allows maximal udessd@ies that may be in short
supply (Wilcox, 1993). DNA is a double-stranded Ieiccacid chain, with two
complementary strands consisting of four deoxyreatades, linked by
phosphodiester bonds. The four bases in DNA areiaégecytosine, guanine and
thymidine and these are linked via hydrogen boodsrid the two strands together
(adenosine binds to thymidine, cytosine binds tangne). RNA is a single strand
nucleotide with thymidine substituted for uradine.

The principle ofin situhybridisation is specific annealing (hybridisatiaf)a
labelled probe to complementary target DNA or RNsences present in tissue. A
number of different types of probes can be use@fample riboprobes or synthetic
oligonucleotide probes. Riboprobes are prepareadamgcriptionn vitro using
complementary DNA (cDNA) sequences as a templatlciBning is used to insert
the cDNA into a transcription vector and is flank®dtwo different RNA

polymerase initiation sites, enabling either sesantisense-strands to be
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generated. Oligonucleotide probes are single dsraf DNA (20-50 bases) that are
synthesised then labelled. They are less sengitarelonger riboprobes and thus are
typically used for detection of relatively abundgenhe expression e.g. hormone
MRNAs. To detect CRH, nur77 and vasopressin, oligteotide probes were used
that were radioactively labelled (witfS). The stability of an oligonucleotide:RNA
hybrid is dependent on length, composition (% gsarecytosine pairs vs.
adenosine:thymidine pairs), temperature, salt aunagon and the number of base-
pair mismatches. The strength of the hybrid is no@&tabilised with shorter probe
lengths, lower % guanosine:cytosine content (as@giae:cytosine pairs have 3
hydrogen bonds compared to adenosine:thymidinehwiwe 2 hydrogen bonds),
higher temperatures (can dissociate (melt) prokesmding of their stability), and
increased numbers or mismatched base-pairs (Le&is19i85).

Following hybridisation with the probe, sections arashed at a temperature
relevant to the length of the probe (usually 208w the melting temperature of
the probe used). Detection and visualisation ohtingeic acid hybrids is then
carried out (see Figures 2.18 and 2.19). The hgluéh be detected by
autoradiographic emulsion (for radioactively labdlprobes) or by histochemical

chromogen means (for non-isotopically labelled ps){Jin and Lloyd, 1997).

2.12.2 Method

In situ hybridisation was carried out (as described inuU@as et al., 2003, Pincus et
al., 2010)) to visualise and semi quantify mRNA thoe immediate early gene nur77,
corticotrophin releasing hormone (CRH) and vasagned he protocol below was
used for all three of these, with the temperatdiqgost-hybridisation washes and
exposure time to autoradiographic emulsion chandemending on which probe was
being used.
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Figure 2.18:
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Figure 2.19: Outline of oligonucleotide in situ hybridisation steps

Svnthesise oligonucleotide probe Flash freeze tissue
Label probe with TdT and 3°SdATP Cut 15um sections
Purify probe with Spin Columns Tissue fixation

\ /

Hybridize sections with probe

Wash in 1 x SSC
(post-hybridisation washes)

Dehydrate sections in alcohol
Dip slides in autoradioraphic emulsion

Develop slides

|

Haemotoxylin and eosin
Counterstaining

|

Analysis

Outline ofin situhybridisation steps using a labelled oligonuclesfidobe.
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Making stock and working solutions of unlabelleigahucleotide probe
Oligonucleotide probes were synthesised (MWG Bio#®G, Ebersberg, Germany)
corresponding to mouse CRH mRNA, nur77 mRNA andpesssin mRNA. The
probe sequences were complementary to: mouse CR¥AiBases 496-537) 5'-
CCT GTT GCT GTG AGC TTG CTG AGC TAACTG CTC TGC C@GGC -3;
mouse nur77 (bases 201-236) 5’- GTC TCG GGG CTG GGG TCC ATG GTA
GGC TTG CCG -3’; and vasopressin mRNA (bases 466-50 GAC CCG GGG
CTT GGC AGA ATC CAC GGACTC TTG TGT -3'.

The lyophilised oligonucleotide probes was diluted 00pmolpfusing sterile HO
(autoclave ddkD) with stock solution and stored in 10ul aliquats20°C until
required. On the day of labelling, the stock solutivas diluted to give a working
solution of 10pmolit with ddH:0.

3’ end labelling of oligonucleotide probe

The 3' end of oligonucleotide probes (MWG BiotedB,Abersberg, Germany) were
labelled with®*S-dATP (NEN, PerkinElmer Life Sciences (UK) Ltd,r®lridge,

UK) using terminal deoxynucleotidyl transferase TT @romega, Southampton, UK;
25 units per 20pmole of probe). TdT is an enzymgkwhatalyses the addition of
nucleotides to the 3’ terminus of a DNA strand withrequiring a template and was

used to label the oligonucleotide probes with radiwity labelled nucleotides.

The following were put into a sterile microcentg&itube, vortexed and incubated
for 2 h at 37°C (waterbath):

35ul sterile ddHO

10l buffer

2 uI*s dATP

2 ul probe

1ul TdT enzyme (added last to start the reaction)

After 1 h a further 1 uI°S dATP and1pl TdT were added. Once the incubatias w
complete the reaction was stopped by placing theswn ice.

93



Purification Using Spin Columns

A QIAGEN quick nucleotide removal kit was used ¢tean-up’ the radioactive
probe by removing unincorporated nucleotides, saftd other contaminants and
oligonucleotides (>17 nt) and DNA are purified @sabind-wash-elute procedure.
1ul of each labelling reaction was removed befangfipation and put it into a
scintillation tube together with a 3.5ml of scilatlon fluid (Ultima Gold) to be
counted using A-counter (Packard Tri-Carb, 2500 TR liquid sciatibn analyzer).
Buffers provided in the QIAGEN quick nucleotide maval kit was used purify the
probes. 500ul of buffer PN was added to the react@mple (50ul) and the contents
transferred into a spin column. The sample wasitegéd for 1 min at 6000rpm and
the spin column placed into a new collection tulaglipactive flow-through
discarded). 500ul of buffer PE (containing etham@} added to the column and
centrifuged for 1 min at 6000rpm (radioactive fltwough discarded). This wash
was repeated with another 500ul buffer PE andube (empty) centrifuged for an
additional 1 min at13,000 rpm. The spin column piased into a clean 1.5ml
microcentrifuge tube and DNA eluted by adding SByifer EB (elution buffer =
10mM TrisCl, pH 8.5) or sterile dd to the centre of the spin column. This was
left to stand for 1 min before centrifuging for Imat13,000 rpm, which eluted the
labelled probe into the micro-centrifuge tube. #fmew 1l sample was removed and
put it into a scintillation tube together with &Ml of scintillation fluid (Ultima

Gold). Using scintillation fluid as a blank, botietbefore and after purification
samples were counted using flreounter to calculate the percentage incorporation
of the radiation. The tubes containing labelledopsowith the highest percentage

incorporation were used for hybridisation lateofstl at -20°C).

Tissue Fixation (section preparation for hybridisax)

Slides were removed from freezer and allowed tawar room temperature before
slide selection (with the aid of marker slides)d&s were transferred to slide racks
and placed in 4% paraformaldehyde in 0.1M PBS @omin and then washed twice
in 1x PBS for 5 min. Slides were then incubatedniethanolamine (TEA,; Sigma)
and acetic anhydride (Sigma) for a further 10 roihelp reduce background. Slides
were then rinsed in ddi® for 2 min before being dehydrated through a sesfe
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alcohols: 70% ethanol, 95% ethanol, 100% ethar@@%d chloroform, 100% ethanol

and 95% ethanol, all for 3 min. Slides were theaahghly air dried.

RNase predigestion controls

Two RNase-treated slides were included to act gatne controls for the ISH.
RNase (ribonuclease) is an enzyme that catalysdsrdakdown and degradation of
RNA. 2ul of RNase A (Sigma-Aldrich, UK) was added to 2.9RNase buffer

(10mM Tris, 0.5M NaCl, 1mM EDTA). 44 of the solution was spread onto each
section (16Ql/slide) and slides were incubated for 1 h at 3if°P& humid chamber.
Humid incubation chambers were prepared by linipipatic box (labelled RNase
only) with moist (ddHO) filter paper. Slides were arranged on glassqiais.
Following incubation, the solution was tipped dfétslides and they were placed in a

coplin jar filled with ddHO for 5 min, before drying.

No probe controls
As another negative control two slides were inctuttet were not it contact with the
radioactively-labelled probe (no probe controls).

Hybridisation

Hybridisation solution was prepared with 45ul regdifor each slide (based on four
mouse sections/slide). The sections were hybridisety hybridisation solution
(hybridisation buffer + formamide + diothioreitadntaining the labelled
oligonucleotide probe (210,000cpm per slidg;l4fer 4 sections).

The required volume of hybridisation buffer (contag formamide) was added to a
sterile tube. 18l of DTT per 1ml of Hybridisation Solution was adbalong with the
necessary volume of probe. Specific radioactivily:nur77 = 923017cpm/pmole
probe (26.5fmole/ hybridisation buffer); CRH = 983395cpm/pmole peob
(29.7fmolefl hybridisation buffer); and vasopressin = 91441gfgmole probe
(31.6fmolefll hybridisation buffer).
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Probe Calculations:
- Total volume of hybridisation mixture required = @5« no. of slides = Xul
- Hybridisation mixture requires 4615 cprh/therefore,
Total radioactivity (cpm) required = total volume)(x 4615 = Ycpm
- Volume of probe required =/Mabelled probe count = 4 of probe in_Xul of
hybridisation mixture.

Using a pipette 45ul of hybridisation mixture waksled to one end of each slide and
evenly distributed across the sections using a dfiysc’‘coverslip’. Two no probe
slides were coated with hybridisation buffer/DTTyorslides were then placed into
the moist chambers and left to hybridise at 37°€rmmight (20hours).

Post-Hybridisation Washes

Slides were removed from the oven and ‘swept’ awk forth through 1 x SSC to
remove the Nescofilm coverslip, at room temperatline slides were then ran
through 2 more rinses (at room temperature) withSEC before being placed into
slide racks. A water bath was heated to the ap@tepiemperature: 58°C for CRH
probe and 55°C for vasopressin and nur77 probe$S3C was heated and the slides
in racks rinsed for 4 x 15 min. After the warm weslslides were rinsed in room
temperature 1 x SSC for 2 x 30 min washes andlyimaddH,O before slides were

left to dry.

Dipping slides in autoradiographic emulsion

Emulsion (Kodak NTB-3) was removed from the fricged allowed to warm to

room temperature (~2 h). In a dark room (undertiggfe conditions) the emulsion
bottle was placed into a black plastic pot in aesadth (40°C) to melt (~1.5 h). Once
melted, the emulsion was diluted (3 emulsion: tilstddH,O) and transferred to a
coplin jar in the water bath (under safe-light ctinds). Slides were arranged in
plastic grips and dipped in the emulsion (eachhersame length of time). Slides
were allowed to drip on tissue before transfergbtitight drying boxes (left
overnight). Once the emulsion was dry, slides vienesferred into slide boxes
(under safe-light conditions) containing silica baBoxes were then sealed with

electrical tape, wrapped in tin foil and sealed iplastic bag. These were then stored
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either at room temperature (CRH and nur77) or @t(¢asopressin) for the desired
exposure time (CRH about 6 weeks, nur77 about «svaed vasopressin about 7
days).

Developing emulsion dipped slides

Developer (Kodak D19; 157g added to 500ml gldHand fixer (liford Hypam rapid;
diluted 100ml in 400ml ddpD) were prepared. In the dark room under safe-light
conditions slides were transferred to plastic raoks placed in fresh developer for 5
min. Slides were then dipped in dgbifor 2 sec and placed in fixer (2 x 5min),
followed by ddHO (2 x 5 min). Slides were allowed to dry thoroygbéfore

counter-staining

Haematoxylin and eosin counterstaining

Slides were placed in 0.4% haematoxylin (filterimat)2 min and rinsed in water.
They were then dipped in acid alcohol, rinsed imewthen placed in Scott’'s Tap
Water Substitute for 3 min. Slides were washedatewfor 3 min, placed in 1%
Eosin (filtered) for 2.5 min and rinsed again interébefore dipping in potassium
alum for 2 min. Slides were then rinsed in wated passed through graded alcohols
(70%, 80%, 95%, 100%, 100% ethanol) for 5 min dzeflore clearing with xylene

(2 x 5 min). Slides were covered with DPX mount@nerck-BDH, Lutterworth,

UK) and glass coverslips (25mmx60mm; VWR).

Negative Controls
RNase treated and no probe controls (see Figu@ef@ 2xample of vasopressin

controls) showed very little background labellimglano positive cells.

Positive cell counting

Slides were coded so the experimenter was blince&dment group. The number of
positive cells in the area of interest were counteder a light microscope (40x
objective). A positive cell was typically identifleas one that contained more than
three times the number of silver grains than trekpeound (area with low signal
close to the area of interest). The number of p@stells was counted in the area of
interest (e.g. PVN) in each section (~4 sectiomsypause) and mean number of cells

in each section calculated.
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Figure 2.20

98



Grain Area Analysis

The grain area of cells identified as positive@evereasured using a computer image
analysis system Open Lab (Improvision Inc, LeximgtdA, USA). The grain area

of 20 positive cells (or fewer if <20 positive cefiresent) per section was measured,
along with 4 background cells. The average backgtoueasurements were
subtracted from the average positive cell measunésrier each mouse to calculate
the true mean grain density of a positive cell.

2.13 Behavioural testing
In order to test for anxiety behaviour, two comnyamsed behavioural tests were
carried out: the elevated plus maze and the odohtiest. These both exploit the

natural aversion of rodents to open areas.

2.13.1 Elevated plus maze

The elevated plus maze (EPM) is commonly used assay for anxiety-related
behaviour in rodents. The maze is made up of 2 apais and 2 closed arms
(enclosed by a wall). Behaviour in this test reieétie conflict between the
preference for enclosed protected areas (closepardithe motivation to explore
novel environments (open arm). In contrast to oberavioural anxiety tests which
rely on noxious stimuli (e.g. electric shock) armmally produce a conditioned
response, the maze relies on the rodent’s penébradéark and enclosed spaces and
an unconditioned fear of open spaces and heigh&df @id Frye, 2007). Anti-
anxiety behaviour can be observed by increasedactieity in the open arm. Motor
activity can also be determined by recording thealper of entries to open and
closed arms. Discrepancies often arise betweenusions made from studies using
the EPM, likely reflecting differences in analyparameters. Therefore, in an
attempt to better characterise the anxiety behadowmber different criteria can be
used including classic temporal and spatial parareets well as other ethological
parameters, such behaviours aimed at assessipgetbence of danger, risk
assessment behaviours (e.g. stretched attendade)o&arola et al., 2002).

An EPM was constructed for use with mice. It corsgxi of four arms (2 open, 2
closed) coming out from a central area (5x5cm sguam a 1m high cross-stand. The
closed arms were enclosed by walls (15cm high x8@ng x 5cm wide), while the

open arms were completely open (30 cm long x 5cdeiCarola et al., 2002)(see
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Figure 2.21). Mice were placed into the centre sg@@eutral area) of EPM and
allowed to freely move whilst being video recordexin above for 5 min
(experimenter switched on video and left the betwaal room for 5 min). It has
been previously demonstrated by Montgomery (195&0) tats display a more robust
avoidance response in the first 5 min of the tEsé behavioural recording was later
analysed manually for typical anxiety behavioutesra (Carola et al., 2002), the
latency to first open arm entry, number of open antmies, total entries (to open and
closed arms), percentage time spent in each arem(apn, closed arm), and the
number of stretch attends performed. Stretch astesresent risk assessment
involving the mouse stretching its body, from a enprotected area (closed
arm/neutral zone) towards a less protected aresn(apn).

2.13.2 Open field test

The open field test (OFT) is frequently used to sae@ anxiety-related behaviour in
rodents and consists of an empty and bright scaramd, surrounded by walls. The
OFT task reflects the conflict between the rodeint'gite fear of the central area
(open, unknown and potentially dangerous) verseis tlesire to explore novel
environments. When anxious, the natural tendent¢lyeofodent is to stay in close
proximately to the walls of the arena (thigmotaxis)this context, anxiety-related
behaviour is measured by the degree to which ttientoavoids the central area
(inner zone) of the arena (Choleris et al., 2001).

The open field test is carried out on an arenarddavided into 25 squares (5 x5
squares; 10cf with a 15cm high wall (Kimura et al., 2009); dd@gure 2.22). The
central 9 squares are considered to be the inmer @oore anxiogenic) and the outer
16 squares the outer zones (less anxiogenic). fHaeveas made out of thick
cardboard and coated in sticky-back plastic toraliteaning between each mouse
tested. The mouse was placed onto the centrals@uathe inner zone) and allowed
to move freely over the arena whilst being videmrded for 5 min (experimenter
switched on video and left the behavioural room5onin). The behavioural
recording was later analysed manually for percentddime spent in the inner zone,
number of inner zone entries, the number of crgssaver the grid lines in the inner
zone, total crossings (to give indication of locaenactivity) and the number wall

rears (vertical exploration).
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Figure 2.21
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Figure 2.22
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2.14 General statistics

All data is presented as means + SEM. The statldists used are mentioned in
each chapter. These were typically 1-way ANOVAsy&®+ ANOVAs, and 3-way
ANOVAs, along with Holm-Sidak post hoc tests. UnpdiStudents t-tests or Chi-
squared tests were also used in some cases. R vd@lB5 were considered
significant. Statistical tests were carried ouhgghe programme
SigmaPlot/SigmaStat (Jandel Scientific, Germany).

103



Chapter 3

Effects of stresson the hypothalamo-pituitary-adrenal axis

and the prolactin system in early pregnancy
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Chapter 3: Effectsof stress on the HPA axis and the prolactin system in early
pregnancy

3.1 Introduction

3.1.1 Control of prolactin secretion

Prolactin, produced predominantly in the anterituifary, is normally under the
inhibitory control of dopamine, released from na@aetory hypothalamic
neurones. TIDA neurones provide the major souraphmine and are located in
the arcuate nucleus. They release dopamine fromréere terminals in the median
eminence, which diffuses into capillaries of theujpary portal blood vessels where it
is then transported to anterior pituitary. Hereatape inhibits the release of
prolactin via activating its receptors on lactotiegDemarest et al., 1985).
Dopamine activates its D2 receptors located hetertically inhibit secretion of
prolactin (Freeman et al., 2000). A circadian rinytis apparent in both women
(Freeman et al., 2000, Ben-Jonathan et al., 20@8B)y@dents at proestrous (Freeman
et al., 2000). A preovulatory prolactin surge osaduring the afternoon of
proestrous in rodents, coinciding with the lutemgshormone (LH) surge (Egli et al.,
2010). Rodents have a different secretory prodiledmen: during early pregnancy
in mice it has been shown that serum prolactineiases in a pattern of bi-daily
prolactin surges. Mating in rats and mice inducaswogenic reflex consisting a
large nocturnal and a smaller diurnal a prolaatirge (Grattan and Kokay, 2008,
Larsen and Grattan, 2010), although studies haya&ted only a single diurnal surge
in pseudopregnant mice (Yang et al., 2009).

As secretory prolactin profiles are known to aiteearly pregnancy, we aimed to
determine if the prolactin response to dopaminieidti from virgins by
administering a D2 dopamine antagonist to redutieadion of D2 receptors. We
hypothesised that the prolactin response to thegganist would be more exaggerated
in early pregnancy, showing an alteration to thegmtin control system enabling the
elevated levels of prolactin observed in early peggy. In addition, blood samples
from extra mice administered a dopamine antagevest also collected to allow
further validation of the prolactin ELISA adaptext tise with plasma.
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3.1.2 Effect of stress in early-mid pregnancy ankPA

Prolonged exposure to stress in early pregnankiyas/n to have profound adverse
effects on reproduction and has been associat&édonggnancy failure (Nakamura et
al., 2008, Parker and Douglas, 2010) and foetagjraraming (Seckl and Meaney,
2004). Mice do not experience “abortions”, howevee, presence of resorption sites
in the uterine horns indicate foetal loss. Higlesdrsituations cause the secretion of
corticotrophin-releasing hormone (CRH) and vasagpne@VP) from the
hypothalamus. These two neuropeptides then actggtieally to stimulate the
secretion of adrenocorticotrophic hormone (ACTHrthe pituitary corticotrophs
and consequently the release of the stress horowtisol (corticosterone in
rodents) from the adrenal cortex. It is known that HPA response to stress is
attenuated in late pregnancy (Brunton and Rusz@li8, Brunton et al., 2008),
however, responses are poorly understood in eaglynancy.

We aimed to investigate the HPA responses in eaitigestation and to do this we
used two ethologically relevant stressors, choseniinic situations that may
potentially be experienced by pregnant women: iidadfever or hunger possibly
arising from malnutrition or hyperemesis. Thusxperienced during gestation they
may have detrimental effects on pregnancy main@mamilar to other stressors
(e.g. psychological or noise stress (Joachim g@03)). In order to determine the
effects of stress on the HPA axis in early preggamice were injected with
lipopolysaccharide (LPS; immune stress) and mRNgression was measured for
hypothalamic CRH, nur77 (immediate early gene aggilator of CRH) and
vasopressin in the paraventricular nucleus, aloitly plasma corticosterone and
progesterone. Progesterone was measured to irnaestige acute effects of stress in

early pregnancy on the secretory function of thges luteum.

3.1.3 Effect of stress in early pregnancy on thagmtin system

A major candidate to mediate brain-to-body respsmsestress is prolactin and its
hypothalamic control mechanisms. Prolactin is gssdior rodents and facilitatory

in women to enhance the secretion of progestesmigg as a luteotrophic hormone
by maintaining the integrity of the corpus luteusidwing mating. It has been
reported to be a potent survival factor for humeanglosa cells, while reduced

prolactin has been shown to compromises corpusartufermation (Perks et al.,
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2003). Prolactin, is involved in a number of othportant processes including
initiation and maintenance of lactation, reprodeetbehaviour and immune
modulation (Freeman et al., 2000).

Typically stress increases prolactin secretioniigin or male rodents (Freeman et
al., 2000). However, it has been proposed thasssBmulates prolactin release if
pre-stress levels are low, but inhibits its seoretf pre-stress levels are high, for
example, during the proestrous afternoon surgea(@&I90). However, Poletini et al.
(Poletini et al., 2006) have shown that the patténorolactin secretion in response
to stress in female rats depends upon the plasratslef ovarian steroids rather than
prestress levels. From the literature it seemswiat little work has been carried out
investigating the effects of stress on the profesyistem in early pregnancy.

The aim of this study was to determine whether imenstress and/or 24h fast in
mice decreases prolactin concentration in earlgnaecy, corresponding with
reported stress-reduced progesterone secretiochjdoat al., 2003), and
furthermore, whether stress-reduced prolactings@ated with an increase in TIDA
neurone activation. Stress-reduced prolactin itygaegnancy may represent an
exciting new target for potential prolactin therapyarly pregnant women
displaying low prolactin concentrations as this basn linked with an increased
incidence of miscarriage in women (Douglas, 2010).

Immunocytochemistry for nuclear Fos, the proteiodoict of the immediate early
gene c-fos, has long been used to measure newcinaltion (Sagar et al., 1988).
For the neuroendocrine systems it has providedinitarmation regarding when and
where stimuli are processed (Hoffman and Lyo, 20@) double-labelling with
another protein marker it allows activation of speaeuronal cell types to be
measured. Tyrosine hydroxylase (rate-limiting enegymdopamine biosynthesis)
can be used as a marker for TIDA neurones in thigaée nucleus (Anderson et al.,
2006a), therefore, Fos-positive tyrosine hydroxglstained cells indicate neuronal
activation of these TIDA neurones in the arcuateeus. We aimed to use double
labelling with tyrosine hydroxylase and Fos to daiee whether there was an
increase in activation of TIDA neurones followirtgess (LPS and 24h fast) in early
pregnancy, associated with reduced prolactin. De$ms expression in the TIDA

neurones after immune challenge being observeeflect alterations in prolactin
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secretion (Hollis et al., 2005), Fos is reportedab always provide a good prediction
of TIDA activation (Hoffman et al., 1994). Thereégpmwe also measured the
dopamine and 3,4-dihydroxyphenylacetic acid (DOPAGphamine metabolite)
content in the median eminence and used thesenarld@PAC:Dopamine ratio to

provide more insight into dopamine activity.
3.1.4 Aims and Hypotheses

Aims:

1. To determine if the prolactin response to dopansratered in early
pregnancy compared to virgins, demonstrating agdamthe prolactin
control system to permit the increased prolactimcentrations typically
observed in early pregnancy.

2. To investigate the HPA axis responses to stressi(ine stress) in early-mid
pregnancy and compare these to virgin mice.

3. To determine the effect of immune or 24h fast st@scirculating prolactin
levels in early pregnancy.

Hypotheses:

1. The prolactin response to dopamine is attenuatedriy pregnancy vs.
virgins.

2. The HPA axis responses to stress will be elevateily pregnancy
compared to virgin mice.

3. Exposure to stress will cause a reduction in ptolaecretion in early
pregnant mice compared to control and this wilabsociated with reduced
progesterone levels and an increase in activafidi®A neurones.

4. Exposure to stress in early pregnancy will lead teduction in pregnancy

maintenance/rate.
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3.2 Methods

3.2.1 Control of prolactin in early pregnancy

3.2.1.1 Treatment

A. time responses. Preliminary trials were caroation virgin mice to test the time-
course of prolactin response to the dopamine antsigmetoclopramide.
Metoclopramide was dissolved in 0.9% salineu@30Qul saline) and a dose of
1ug/g body weight (or 104 saline) was administered subcutaneously (s.d9 Th
dose has been reported to significantly increasashyga prolactin in mice (Knoferl et
al., 2000). Mice were returned to their home cagktaen sacrificed by conscious
decapitation after 10, 30, 60 or 120 min (n = 4dgro Trunk blood was collected,

processed for plasma and stored at -20°C untiyassag the prolactin ELISA.

B. dose responses. Dose-response curves (protasponse) were generated for
virgin and d5.5 pregnant mice. Virgin and d5.5 miege administered various
doses of metoclopramide (0.1, 0.5, 1, 5, ardl§ body weight; s.c; n = 6) and
returned to their home cages. After 10 min miceewgrickly moved to an adjacent
room and sacrificed by conscious decapitation (kDtrme-point found to generate
the largest prolactin peak in the preliminary tehbve). Trunk blood was collected,
processed for plasma and stored at -20°C untiyagsh the prolactin ELISA.
Following blood collection pregnancy status wascklee by laparotomy and

inspection of the uterine horns for evidence oflanfation sites.

3.2.1.2 Prolactin ELISA

Plasma samples were diluted 1 in 25 and assayauapiicate using an adapted
protocol (see general methods section 2.7.2.Zhfomouse prolactin DuoSet
ELISA (DY1445, R&D Systems, Inc., Minneapolis, US).

3.2.2 Effect of immune stress on plasma hormohe$and neuronal activation in
early pregnancy

3.2.2.1 Treatment

Virgin and d5.5 pregnant mice were gently restrdiimea holding bag and injected
with lipopolysaccharide (LPS; 12.5ug/100ul saling, E.coli E055:B5, Sigma,
Poole, Dorset, UK; n = 6) (Hollis et al., 2005)vahicle (100ul saline, i.p; n =6, 8
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respectively) and mice returned to their home céilpese mice were used for
hypothalamic neuronal activation analysis). A secoohort of mice (virgin and d5.5
pregnant) were treated in exactly the same waydwvige plasma and brainstems for
hormone assays and neuronal activation analysigeibrainstem (these samples
were not collected from the original set of mice; 6). A third cohort of mice

(virgin and d5.5 pregnant) were treated as befatie WPS (n = 8) or vehicle (n = 8,
9 respectively) and were used to provide mediamente samples for measuring
the content of the monoamines dopamine and itsbokta DOPAC. The
DOPAC:dopamine ratio was used as an additional nnead dopamine activity
(Andrews and Grattan, 2003).

3.2.2.2 Blood/tissue collection and perfuse fixatio

After 90 min, mice (from the first two cohorts) veeguickly moved to an adjacent
room and injected with an overdose of sodium peartatone (0.3ml i.p; Centravet,
22106 Didan, France). Once the mouse was deepbstratised the heart was
exposed. Blood was removed by cardiac punctureddfie mouse was perfused
with heparinised saline, then fixed with 4% parafaldehyde (see General Methods
section 2.9.1) The brain and brainstems were céyeamoved and stored overnight
(4°C) in 4% paraformaldehyde and 15 % sucroseisaluthey were then
cryoprotected in a 30% sucrose solution at 4°Crogbkt and frozen (-70°C). Blood
was processed for plasma and frozen (-20°C) befssays. Mice from the final
cohort were killed after 90 min by conscious detamn and the brains removed
and processed for HPLC analysis of DOPAC and doparontent in the median
eminence (see General Methods section 2.11; momeanork was carried out by
Dr John Menzies, Centre for Integrative Physiologye University of Edinburgh).
Following blood/tissue collection in the above exipents pregnancy status was
checked by laparotomy and inspection of the utenoras for evidence of

implantation sites.

3.2.2.3 Prolactin ELISA

Plasma samples were diluted 1 in 25 and assayeapiicate using an adapted
protocol (see General Methods section 2.7.2.2)h@mouse prolactin DuoSet
ELISA kit (DY1445, R&D Systems, Inc., MinneapollsS).
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3.2.2.4 Progesterone RIA
Plasma samples (undiluted) were assayed in duplicsahg a progesterone RIA kit
(DSL-3900; kit 1; see General Methods section 22§.1

3.2.2.5IL-6 ELISA

Plasma samples were diluted 1 in 50 and assayeapiicate using an adapted
protocol (see General Methods section 2.7.3.2)hemouse IL-6 DuoSet ELISA kit
(DY406, R&D Systems, Inc., Minneapolis, US).

3.2.2.6 Corticosterone RIA
Plasma samples were diluted 1 in 200 and assayddpiicate using a
cortocosterone RIA kit (Corticosterone ImmunChenuble Antibody RIA kit; MP

Biomedicals) (see General Methods section 2.6.3.2).

3.2.2.7 Brain sectioning, tyrosine hydroxylase/Ko€ and analysis

Brains and brainstems (from first two cohorts) wegetioned using a freezing
microtome (48um). Coronal brain sections contaiacaventricular nucleus

(PVN), arcuate nucleus, ventromedial hypothalamideus (VMH), supraoptic
nucleus (SON), and brainstem sections contaimaddcus coeruleus (LC), nucleus
tractus solitarius (NTS), rostral ventrolateral mial (RVLM) were stored in
cryoprotectant before double immunocytochemist@Q) was carried out for Fos
and tyrosine hydroxylase (TH) (see General Metlsadsion 2.10.3).

Using a light microscope (20x or 40x objective)amued slides, Fos-positive cells
(dark grey/black nucleus) were counted in rough$gedtions per mouse for each area
of interest (defined using (Franklin K, 1997)). Foe PVN, Fos-positive cells were
quantified for the magnocellular (m) and parvodalifp) PVN separately. In
addition to Fos only counts, the arcuate nucleuasthe brainstem, were analysed for
the number of tyrosine hydroxylase-positive cetiocalized with Fos (expressed as

a percentage of the total number of tyrosine hygese cells).
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3.2.2.8 HPLC analysis of DOPAC/Dopamine
The DOPAC and dopamine content of the median emeeras measured using
HPLC (see General Methods section 2.11; monoanmalysis was carried out by

Dr John Menzies, Centre for Integrative Physiolohye University of Edinburgh).

3.2.3 Effect of immune stress in early and mid-paegy on HPA axis and pro-
inflammatory cytokine activity

3.2.3.1 Treatment

Virgin and pregnant (d5.5, d10.5) mice were gergbtrained and injected i.p. with
either LPS (1Qg/10Qul saline;E.coli E055:B5, Sigma; n = 9,6,5, respectively) or
vehicle (10Qul saline; n = 9,7,4 respectively) and mice werdaegd into their home
cage. Following 90 min mice were moved to an adjaogom and were immediately
decapitated (<1 min after removal from home cage)nk blood was collected,
processed for plasma and frozen (°2Q The brains were collected, quickly frozen
in crushed dry ice and stored at *Z0Another cohort of virgin and day 5.5 pregnant
mice were injected i.p with LPS (12.5ug/100(n = 7, 5 respectively) or vehicle
(saline; n =5, 5 respectively) and sacrificed &iell. Brains were collected as before.
Following sample collection pregnancy status wasckbd by laparotomy and

inspection of the uterine horns for evidence oflanfation sites.

3.2.3.2 Plasma hormone levels
Plasma from the 90 min experiment was assayedfticosterone and progesterone,

using the same dilutions as described above (seer@eViethods section 3.2.2).

3.2.3.3 Proinflammatory cytokine levels
Plasma from the 90 min experiment was assayedNé+d and IFNy by cytometric

bead array (see General Methods section 2.8.2).

3.2.3.4 In situ hybridisation and analysis

Brains were sectioned (15um) on a cryostat priam gtu hybridisation for
quantitative analysis of CRH and nur77 (stress-tiedummediate early gene)
MRNA expression in the pPVN (see General Methodsmse2.12.2). The second

group of mice were processed for vasopressin mRypAession in the pPVN.
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Vasopression drives ACTH secretion synergisticailjh CRH and its response to
stress is typically seen in vasopressin mRNA afterCoded slides were analysed
for the number of positive cells and the grain eela. The total grain arqqu)

was calculated by multiplying the mean number difpee cells by the mean grain

area.

3.2.4 Effect of immune stress in early pregnancpregnancy rate

3.2.4.1 Treatment

d5.5 ‘pregnant’ mice (mice where a plug was foundl0.5) were gently restrained
and injected with either LPS (121&/10Qul saline, i.p; n = 11) or vehicle (1QD
saline, i.p; n = 10). Mice were returned to theinte cages. On gestation day 13.5
mice were quickly moved to an adjacent room anédiby conscious decapitation.
Trunk blood was collected, processed for plasmafierzetn (-20°C) until use in

hormones assays.

3.2.4.2 Pregnancy status analysis

The pregnancy status was established on d13.5bydeomy and inspection of the
uterine horns for healthy foetal development agdsbf resorption. Mice were
considered ‘pregnant’ if they had developing foetuses and ‘not pregnant’ if they

had<3 developing foetuses and signs of resorption Fsgere 3.1).

3.2.4.3 Plasma hormone levels
Plasma samples were measured for prolactin ancegr@gne using the same

dilutions as described previously (section 3.2.2).

3.2.5 Effect of 24h fast stress on plasma hormdhe® and neuronal activation in
early pregnhancy

3.2.5.1 Treatment

Virgin and d5.5 pregnant mice were fasted for 24k @, 8 respectively), with food
removed from their home cage at 10am (lights ofaat), controls were allowed to
feed normally (n = 6, 8 respectively). After 24hceiwere quickly moved to an
adjacent room and were sacrificed by consciouspdtan (to provide trunk blood
for assays). A second cohort of mice were treatadtly the same but were perfused
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Figure 3.1
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fixed following 24h treatment to provide tissue &alysis of neuronal activation

(virgin fast and control, n = 6; d5.5 fast and cohh = 5, 6 respectively).

3.2.5.2 Blood/tissue collection and perfuse fixatio

For blood collection one cohort of mice were killegldecapitation and their trunk
blood collected, processed for plasma and froZ20PC) until use in assays. For
brain collection the second cohort of mice werdysed fixed as described in
section 3.2.2.2 and brains were frozen before@aoiy on a microtome. Following
blood/tissue collection pregnancy status was cleebgdaparotomy and inspection
of the uterine horns for evidence of implantatidass

3.2.5.3 Plasma hormone and IL-6 levels.

Plasma samples were measured for prolactin, preges and corticosterone as
previously described (section 3.2.2). Samples s diluted 1 in 10 and assayed
in duplicate for IL-6 using the adapted mouse IDioSet ELISA (DY406, R&D
Systems, Inc., Minneapolis, US; see General Metlsedson 2.7.3.2).

3.2.5.4 Brain sectioning, tyrosine hydroxylase/Fo€ and analysis
As described in section 3.2.2, tyrosine hydroxylkase Fos ICC was carried out on
coronal brain sections containing the PVN, arcuoatgdeus, VMH, and SON, and the

expression of Fos and tyrosine hydroxylase wasyaedl

3.2.6 Effect of 24h fast stress in early pregnamtyregnancy rate

3.2.6.1 Treatment

d5.5 pregnant mice were fasted for 24h (n = 11 vaod removed from their home
cage at 10am (lights on at 7am), controls werenatbto feed normally (n = 10).

On gestation day 13.5 mice were quickly moved tadjacent room and killed by
conscious decapitation. Trunk blood was collegped¢essed for plasma and frozen

(-20°C) until use in hormones assays and the prayrstatus was established.

3.2.6.2 Pregnancy status analysis
The pregnancy status was established by laparoamahynspection of the uterine

horns for healthy foetal development and signesbrption. Mice were considered
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‘pregnant’ if they had4 developing foetuses and ‘not pregnant’ if thegt k@
developing foetuses and signs of resorption.

3.2.6.3 Plasma hormone levels
Plasma samples were assayed for prolactin and gtexgee as previously described,
using the same dilutions (section 3.2.2).

3.2.7 Statistics

Statistical evaluation of the mean hormone conegintrs (prolactin, progesterone
and corticosterone), IL-6 concentration, neurocévation and mRNA gene
expression for each group were typically determimg@-way ANOVAs with a
Holm-Sidak post-hoc test. Data for DOPAC and dop&naontent in the median
eminence were analysed by 2-way ANOVAs on ranksiammed data, as the
unranked data failed normaility testing. Prolaethd progesterone data from d13.5
LPS and vehicle treated mice could not be analyset) a 2-way ANOVA (as there
were no mice in the ‘pregnant’ LPS group) and Sttitkeests were carried out on
the remaining groups. Pregnancy rate was evaluesied a chi square test. p<0.05
was considered significant. Data are presentedaagpgneansSEM (excluding

outliers: mean+3*SEM).
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3.3 Results

3.3.1 Control of prolactin secretion in early pregicy

3.3.1.1 Effect of metoclopramide on prolactin cartcation

Basal prolactin concentrations did not differ otrere after injection of saline.
Metoclopramide treatment significantly increaseaispia prolactin and this varied
depending on how long after administration miceeasacrificed (2-way ANOVA,
interaction treatment x group p= 0.025). Mice damd 10 min after
metoclopramide administration had plasma proldetrels that were significantly
higher than the vehicle treated group at the same {Holm-Sidak post hoc test,
p<0.05 vs. vehicle) (Figure 3.2 A).

3.3.1.2 Effect of pregnancy on dopaminergic infobitof prolactin secretion
Administration of increasing doses of metoclopragmétevated plasma prolactin
concentrations in both virgin and d5.5 pregnanteniizway ANOVA, p<0.001
across dose (treatment), p=0.002 across groupréd-8)@ B). Prolactin secretion was
significantly higher in d5.5 pregnant mice, comphi@ virgins, following
metoclopramide treatment at the 0.5 anqu@/@ doses (Holm-Sidak post hoc test,
p<0.05 vs. vehicle). Therefore, the dose-respounseeavas shifted to the left in

pregnant mice.

3.3.2 Effect of immune stress on plasma hormohe® and neuronal activation in
early pregnancy

3.3.2.1 Prolactin concentration

Basal prolactin concentration was significantlyhtegin d5.5 pregnant vs. virgin
mice (vehicle-treated). LPS treatment had no sicgmt effect on plasma prolactin
concentration in virgin mice but significantly deased it in d5.5 pregnant mice (2-
way ANOVA, interaction treatment x group p<0.00igu¥e 3.3 A).

3.3.2.2 Progesterone concentration

Basal plasma progesterone was significantly greateregnant vs. virgin mice. LPS
significantly increased plasma progesterone invitggn group compared to control.
In contrast, LPS treatment in d5.5 pregnant migeicantly decreased plasma
progesterone (2-way ANOVAnteraction treatment x group p<0.001; Figure 3)3 B
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Figure 3.2
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3.3.2.3 IL-6 concentration

Basal levels of IL-6 in the plasma were low andikimn both virgin and early
pregnant mice. LPS treatment significantly increégs@sma IL-6 in both groups (2-
way ANOVA, interaction treatment x group p<0.00khaugh to a higher degree in
early pregnancy (Holm-Sidak post hoc test, p<045virgin; Figure 3.3 C).

3.3.2.4 Corticosterone concentration

In both virgin and early pregnant mice the basalicosterone concentrations were
similar. LPS treatment significantly elevated plastorticosterone compared to
vehicle-treated mice and there was no differen¢&dsEn virgin and pregnant mice
(2-way ANOVA, p<0.001 across treatment; Figure3)3

3.3.2.5 Activation of TIDA neurones

TIDA neurones are located in dorsomedial and véateral regions of the arcuate
nucleus (see Figures 3.4A and 3.4B). The basal ruoflFos-positive neurones per
arcuate profile was similar in both virgin and pragt mice and was not significantly
altered following LPS treatment (2-way ANOVA, nsgiire 3.4C). The basal level
of double labelled neurones (presented as % Fsishmotyrosine hydroxylase
neurones) in the arcuate nucleus (TIDA neuronesg aso similar in both virgin

and d5.5 pregnant mice (Figure 3.4D). However, THxAvation (indicated by
double-labelling) was significantly increased att®S in d5.5 pregnant mice only

compared to control groups (2-way ANOVA, interantioeatment x group p=0.017).

3.3.2.6 Median eminence monoamine content

DOPAC: The basal levels of normalised DOPAC confeat pg/mlfug protein) in

the median eminence appeared to be higher in vingie vs. pregnant but this was
not significant (2-way ANOVA on rank transformedaans; Figure 3.5 A). LPS
treatment appeared to reduce DOPAC content innvitgce but not significantly so.
Dopamine: The basal levels of normalised dopamamtent in the median eminence
appeared to be slightly higher in virgin mice wegnant but this was not significant
(2-way ANOVA on rank transformed data, ns; Figure B). LPS treatment had no

effect on dopamine levels in either virgin or egrfggnant mice.
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Figure 3.3

120



Figure 3.4
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Figure 3.4 cont'd
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DOPAC:dopamine ratio: The basal DOPAC:dopamin@atvirgin vehicle-treated
mice tended to be lower than in early pregnancy,this was not significant (2-way
ANOVA on rank transformed data, ns, Figure 3.51®S treatment seemed to
reduce the ratio in virgin mice vs. vehicle (narsficant) but it remained unchanged

in early pregnant mice.

3.3.2.7. Activation of other hypothalamic cell gpsu

Supraoptic nucleus (SONh the SON basal expression of Fos was similairigin
and pregnant mice. LPS treatment significantlyeased the number of Fos-positive
neurones in both virgin and d5.5 pregnant mice wdldifference between the two
groups (2-way ANOVA, p<0.01 across treatment; Feg8u6).

Paraventricular nucleus (PVNBasal Fos expression in the mPVN was higher in
pregnant vs. virgin mice. LPS treatment elevatesl &xpression in virgin and
pregnant mice but the increase was not significaptegnancy (2-way ANOVA,
p<0.05 interaction treatment x group; Figure 3Bgsal Fos expression in the pPVN
was increased in pregnant vs. virgin mice also. tle&ased the number of Fos-
positive neurones in both groups, with no significdifference between virgin and
pregnant mice (2-way ANOVA, p<0.01 interaction treant x group; Figure 3.7).
Ventromedial hypothalamus (VMHBasal Fos expression in the VMH was similar
in both virgin and early pregnant mice. Following& treatment Fos expression was
significantly increased in virgin mice but not i6.8 pregnant mice, although there
being no significant difference between LPS-treategin and pregnant mice (2-way
ANOVA, p<0.05 across treatment; Figure 3.8).
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Figure 3.5
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Figure 3.6
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Figure 3.7

126



Figure 3.7 Cont'd
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Figure 3.8
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3.3.2.8. Activation of tyrosine hydroxylase-positell groups in the brainstem
Locus coeruleus (LCBasal expression of Fos-positive nuclei was simiidyoth
virgin and early pregnant mice. LPS treatment iaseel the number of Fos-positive
cells in both groups but was only significant ie thrgin mice vs. vehicle (2-way
ANOVA, p<0.001 across treatment; Figure 3.9). Basgression of Fos-positive
tyrosine hydroxylase (TH) neurones (%) in the L&Gwanilar between virgin and
pregnant mice. Following LPS treatment expressiaa significantly increased in
both groups (2-way ANOVA, p<0.001 across treatmeiitf) no significant
difference between the two groups.

Nucleus tractus solitarius (NTSn the NTS, basal expression of Fos was similar in
both virgin and pregnant mice. LPS treatment sigaiftly increased the number of
Fos-positive cells similarly in virgin and earlyggnant mice (2-way ANOVA,
p<0.001 across treatment; Figure 3.10). Basal sge of Fos-positive TH
neurones (%) was not significantly different betw@eegnant and virgin mice. After
LPS, expression was increased in both groups Wwehiésponse greater in pregnant
mice vs. virgins (2-way ANOVA, p<0.05 across gropg.001 across treatment).
Rostral ventrolateral medulla (RVLMIn the RVLM, basal expression of Fos was
similar in both virgin and pregnant mice. LPS treant significantly increased the
number of Fos-positive cells similarly in both virxgand pregnant mice (2-way
ANOVA, p<0.001 across treatment; Figure 3.11). Bagpression of Fos-positive
TH neurones (%) was also not significantly diffarbatween pregnant and virgin
mice. After LPS, expression was elevated in botlugs with a greater response in
pregnant mice vs. virgins (2-way ANOVA, p<0.05 as@roup, p<0.001 across

treatment).
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Figure 3.9
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Figure 3.9 cont'd
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Figure 3.10
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Figure 3.10 cont'd
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Figure 3.11
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3.3.3 Effects of stress in early and mid-pregnamty1PA axis and proinflammatory
cytokine activity

3.3.3.1 Corticosterone concentration

At 90 min basal corticosterone concentrations vgarelar in virgin and pregnant
groups and LPS-injected mice exhibited significamtreased corticosterone
concentration vs. vehicle controls in all groupsv@y ANOVA, p<0.001 across
treatment; Holm-Sidak post hoc, p<0.05 vs. virgid d5.5 LPS; Figure 3.12 A).

3.3.3.2 Progesterone concentration

Basal plasma progesterone concentration was signify greater in pregnant groups
(d5.5 and d10.5) vs. virgin. Plasma progesteroneldenvere significantly increased
by LPS treatment in virgin mice but significantlgateased by LPS in pregnant mice
compared to vehicle (2-way ANOVA, interaction traant x group p<0.01; Figure
3.12 B). There was not a significant differencenssin LPS-treated groups.

3.3.3.3 TNFs and IFN+ concentration

At 90 min basal TNFe levels in the plasma were similar between virgid a
pregnant groups. LPS-injected mice exhibited sigaiitly increased TNle-levels
vs. vehicle in virgin and pregnant groups, althotlghstress-induced levels were
higher in virgin compared to both pregnant groubs/dy ANOVA, interaction
treatment x group p<0.001; Holm-Sidak post hoc,.p5@s. virgin; Figure 3.12 C).
Basal interferon-gamma (IF)-levels were similar between all groups and LPS
treatment had no significant effect on circulatifRfyl-y concentrations (2-way
ANOVA, ns; Figure 3.12 D).

3.3.3.4 PVN gene expression

nur77. In the pPVN, the basal number of nur77-positigbsq(Figure 3.13 A-D) was
similar in virgin and pregnant mice and LPS sigrafitly increased the number of
nur77-positive cells in all groups (2-way ANOVA, @801 across treatment; Figure
3.13 E). Grain area per cell was higher in virgsn pregnant vehicle treated mice
and was increased by LPS treatment in all groupsgeher, this response was
attenuated in pregnancy compared to virgins (2-M8®VA p<0.001 across group,
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138



p<0.001 across treatment; Holm-Sidak post hoc pe$t,05 vs. virgin LPS; Figure
3.13 F). Basal nur77 mRNA total expression wadsdlhigher in vehicle-treated
virgins compared to pregnant (d5.5 and d10.5) miP& significantly increased
expression in all groups compared to vehicle, h@rehe response in pregnancy
was attenuated compared to virgins (2-way ANOVA .p80across group, p<0.001
across treatment; post hoc p<0.05 vs. virgin LPguyre 3.13 G), primarily due to
attenuated grain area per cell.

CRH In the same group of mice, following vehicle treant, the number of CRH-
positive cells and grain cell area in the pPVN (fFgy3.14 A-D) were similar
between virgin and pregnant mice. LPS treatmenndidsignificantly alter the
number of CRH-positive cells in the pPVN of anygpq2-way ANOVA, p=0.056
across treatment; Figure 3.14 E) or the grain peegositive cell (2-way ANOVA,
ns; Figure 3.14 F). Basal CRH mRNA total expresgiotne pPVN did not differ
between pregnant and virgin groups. However, LBBifstantly elevated the total
CRH mRNA expression in virgins whilst having norsfgcant effect on expression
in early-mid pregnancy. Therefore, LPS-induced GiHression in early-mid
pregnancy (like nur77) was significantly attenuatechpared to virgin mice (2-way
ANOVA, p<0.05 across treatment, p<0.05 across gréigure 3.14 G).
Vasopressinin mice from the 4h study, basal levels of vasgpin-positive cells and
grain area (Figure 3.15 A-B) were similar betweggim and d5.5 pregnant mice.
LPS significantly increased the number of vasopnegssitive cells in the pPVN of
both virgin and d5.5 pregnant mice (2-way ANOVAQBO1 across treatment;
Figure 3.15 C). The grain area per positive ceb aigo increased following LPS in
both groups, although the response was attenuag@egnant compared to virgin
mice (2-way ANOVA, p<0.001 across treatment; FigBuEs D). The basal total
vasopressin mMRNA in the pPVN was similar betwedracle-treated d5.5 pregnant
mice and virgin mice. LPS significantly elevatedopressin mRNA expression in
virgin and pregnant mice (2-way ANOVA, p<0.001 agdreatment; Holm-Sidak
post hoc, p<0.05 vs. virgin LPS, Figure 3.15 E).
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Figure 3.14
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Figure 3.15
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3.3.4 Effect of LPS stress in early pregnancy agpancy rate

3.3.4.1 Pregnancy rate analysis on d13.5

LPS treatment significantly decreased the pregnaateyfrom 70% (vehicle-treated)
to 0 % by gestation day 13.5 (Chi-square p<0.0¥eBicle; Figure 3.16A).

3.3.4.2 Prolactin concentration on d13.5

As there were no mice in the pregnant LPS group {dwccult foetal loss) a 2-way
ANOVA was not carried out. Student t-tests showed there was no significant
difference in plasma prolactin levels between tblicle-treated pregnant and ‘non-
pregnant’ mice (identified as plugged but ha@edeveloping foetuses at d13.5) and

no difference with treatment in the ‘non-pregnanite at d13.5 (Figure 3.16 B).

3.3.4.3 Progesterone concentration on d13.5
Vehicle-treated mice had significantly reduced gsigrone in non-pregnant mice
vs. pregnant (p=0.001, students t-test). Therensasignificant difference with

treatment in the non-pregnant at d13.5 (Figure 816

3.3.5 Effect of 24h fast stress on plasma hormandseuronal activation in early
pregnancy

3.3.5.1 Prolactin concentration

Basal prolactin concentration was significantlyhegin d5.5 pregnant vs. virgin
mice (controls). 24h fast treatment had no sigaifteffect on plasma prolactin
levels in virgin mice but it significantly decreasprolactin secretion in d5.5
pregnant mice (2-way ANOVA, interaction treatmergraup p<0.01; Figure 3.17
A).

3.3.5.2 Progesterone concentration

Basal plasma progesterone was significantly greaté$.5 pregnant vs. virgin mice.
24h fast did not alter the concentration of progeste in virgins vs. control,
however, fasting significantly decreased plasmagsterone in d5.5 pregnant mice
(2-way ANOVA, interaction treatment x group p<0.001; Figure 387
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3.3.5.3 IL-6 concentration

IL-6 concentrations of control mice were similatveeen virgin and pregnant mice.
24h fast treatment had no significant effect orsipla IL-6 concentration in virgins,
however, it significantly increased plasma IL-&5 mice (2-way ANOVA,

p<0.05 interaction treatment x group; Figure 3.37 C

3.3.5.4 Corticosterone concentration

In both virgin and d5.5 pregnant mice the basdi@asterone concentrations were
similar. 24h fast treatment significantly elevatediticosterone secretion compared
to control mice (2-way ANOVA, p<0.001 across treatmy Figure 3.17 D).

3.3.5.5 Activation of TIDA neurones

The basal number of Fos-positive neurones per tgquafile (Figure 3.18 A-B) was
similar in both virgin and pregnant mice and insexzhfollowing 24 fast similarly in
both groups, confirming the expected response ngéu(Johnstone et al., 200@)
way ANOVA, p<0.001 across treatment; Figure 3.18T0g basal levels of
neurones double labelled for Fos and tyrosine hydase (expressed as % Fos-
positive tyrosine hydroxylase cells) in the arcuateleus (TIDA neurones) were
similar in both virgin and d5.5 pregnant mice. Hoer % double-labelled cells
(activated TIDA neurones) were significantly inged by 24h fast treatment in d5.5
pregnant mice only compared to controls (2-way AMOY<O0.05 across treatment;

Holm-Sidak post hoc test p<0.05 across treatmeptegnant group; Figure 3.18 D).

3.3.5.6. Activation of other hypothalamic cell gpsu

Supraoptic nucleus (SONh the SON basal expression of Fos was similairigin

and pregnant mice and 24h fast had no significetteon either group (2-way
ANOVA, ns; Figure 3.19).

Paraventricular nucleus (PVNBasal Fos expression in the mPVN and pPVN were
not altered by either pregnancy or 24h fast treatr{2way ANOVA, ns; Figure
3.20).

Ventromedial hypothalamus (VMHBasal Fos expression in the VMH was similar
in both virgins and early pregnant mice and 24hdasnot significantly alter

expression in either group (2-way ANOVA, ns; FigGr2l).
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Figure 3.17
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Figure 3.18
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Figure 3.19
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Figure 3.20
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Figure 3.21
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3.3.6 Effect of 24h fast stress in early pregnamtyregnancy rate
3.3.6.1 Pregnancy rate analysis on d13.5
24 h fast decreased the pregnancy rate from 708&r{dpto 36% by day 13.5, this

was however not a significant reduction (Chi squac significant; Figure 3.22A).

3.3.6.2 Prolactin concentration on d13.5

Basal levels of plasma prolactin at d13.5 werelaintietween pregnant and ‘non-
pregnant’ mice. 24h fast increased plasma prolactihe ‘non-pregnant’ group vs.
vehicle. The ‘non-pregnant’ fast group also hadhbigprolactin levels than the
pregnant fasted mice (2-way ANOVA, p<0.01 interactireatment x group; Holm-
Sidak p<0.05 non-pregnant fast vs. non-pregnaritheelind vs. pregnant fast;
Figure 3.22B). However, statistics should be intetgxd with caution as no
significant difference was found in the 2-way ANOWatween groups or between

treatments alone.

3.3.6.3 Progesterone concentration on d13.5
Pregnant mice had significantly higher plasma pstgyene at d13.5 vs. ‘non-
pregnant’ mice, while there was no difference il treatment (2-way ANOVA,

p<0.001 pregnant vs. non-pregnant; Figure 3.22 C).
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3.4 Discussion

3.4.1 Control of prolactin secretion in early pregicy

Post-implantation, dopamine antagonist treatmestlted in a shift to the left of the
prolactin dose-response curve. Thus, blocking dapargic D2 receptors evoked a
higher response in prolactin release in early pgagnompared to virgin mice. This
hyper-responsiveness to metoclopramide in earlgrziecy may suggest a lower
dopamine tone, decreased tyrosine hydroxylase ssipre or a reduced
DOPAC.:dopamine ratio. However, a reduction in basglamine activity may be
unlikely given the continued stimulation/feedbagkpoolactin in early pregnancy. It
may be that the TIDA neurones themselves are ésggnsive to prolactin, as they
are in late pregnancy, when this allows a noctyonalactin surge the day before
parturition (Grattan et al., 2008), thus contribgttowards the higher basal prolactin
observed in early pregnancy compared to virginedifran et al., 2000, Ben-
Jonathan et al., 2008). Other potential explanatinalude altered dopaminergic D2/
prolactin receptor number or sensitivity at thed&rophs/TIDA neurones. However,
this experiment can neither confirm nor reject éhesssibilitiesIn situ hybridisation
could be used to determine whether there is dogulagon of D2 or PRL-R gene
expression due to stress in early pregnancy, havikigemay not be likely as this is
not what causes the reduced sensitivity to praiastiserved in late pregnancy
(Kokay and Grattan, 2005).

It is only at lower doses that we see a differdmet@veen early pregnant and virgin
mice. This is possibly because at higher dosesannamger proportion of D2
receptors are blocked in both virgin and pregnamtigs and therefore, regardless of
the number of receptors, sensitivity or basal dapamresent, the maximum
prolactin response has been attained.

This experiment did not include a ‘no dopamine gatast’ control for pregnant
mice, which means it is difficult to make a compari between the basal levels of

the experimental groups and, thus, should have inerded.
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3.4.2 Effects of stress on HPA axis and proinflatonyacytokine responses in early
pregnancy

The stressors used were selected as being ethallggielevant to women,
mimicking potential situations that could arisgpnegnancy, including infection or
hunger. Both immune stress and 24h fasting stidssated the HPA axis, increasing
corticosterone secretion, as expected, in bothnargnd early-mid pregnancy
(Neumann et al., 1998, Brunton et al., 2008). Tioeeg it is not until later in
gestation that HPA axis responses to stressor@tt@muated, as previously shown in
mice (Douglas et al., 2003), rats (Nakamura etl@9,7, Douglas et al., 2003,
Brunton et al., 2005, Brunton et al., 2008) and wor(de Weerth and Buitelaar,
2005). In addition, we show that circulating levetghe proinflammatory cytokines
IL-6 and TNFe were significantly increased by treatment with LFSF-a has been
implicated to act as a mediator of stress-inducethl death in early pregnancy. It
has been proposed thatF-a boosts death signalling to kill an embryo if ialti
stress/events may result in structural anomali¢sddoetus, in turn it may stimulate
protective mechanisms if the repair of these dasaugey prevent maldevelopment
(Toder et al., 2003, Torchinsky et al., 2005).dslibeen recently found that LPS
treatment in early pregnant mice caused haemorshagbe placenta and increased
the risk of pregnancy loss. In addition, foetused did survive show evidence of
hypoxia in the brain and impaired foetal neurogeneghich was found to be
dependent upon TN&-receptor 1 (TNFR1). TNE-antagonist treatment prevented
the placental pathology and foetal loss suggeshagin early gestation the placenta
Is highly sensitive to proinflammatory signallirfeurthermore, TNFe inhibition

may be an effective prophylactic measure to avaatenmal infection-induced
placental defects and associated risks to the dewveg foetus, including miscarriage
and foetal brain development (Carpentier et al120

IFN-y, another proinflammatory cytokine, is releasethmuterus from natural killer
cells in the maternal endometrium, in early pregyain mouse pregnancies it is
reported to play an important role in initiationesfdometrial vascular remodelling,
angiogenesis at implantation sites and maintenahttee placenta. In humans,
alterations of these events are believed to carteitp serious complications e.g.

foetal loss (Murphy et al., 2009). However, unlikgF-a, LPS treatment in early
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pregnancy did not alter the levels of IFNTNF-o (and IL-6) are not the only
cytokines that have altered secretion following inm@ stress in early gestation. LPS
is known to stimulate production of many cytokitgsmacrophages (Andersson et
al., 1992). For example, LPS administration to ragénas been reported to increase
IL-1B, IL-6 and TNFe, although in late gestation elevated Ig-dnd IL-6 are not
apparent following LPS treatment (Fofie et al., 200

Glucocorticoids are reported to exert adverse effieclate pregnancy on the
placenta and foetus, however, their effect in eprggnancy is less well defined. In
early gestation, it has been suggested that ti@naadf glucocorticoids are balanced
between positive pregnancy-protective effects @ugpression of natural killer cells
(Krukowski et al., 2011)) and adverse pregnancgdtaning effects (e.g. restriction
of trophoblast invasion) (Michael and Papageorgh?®08). This experiment does
not clarify the role of glucocorticoids but implidggat high levels are possible at this
stage in pregnancy and they may be detrimentadmductive success.

In women acute psychosocial stress elicits a roHBt response in early-mid
pregnancy (Nierop et al., 2006). Acute physicater immersion), immune (LPS)
or emotional (restraint) stress induces a stron§ Bfs secretary response in early-
mid pregnant rodents although this response isuted in late pregnancy
(Nakamura et al., 1997, Neumann et al., 1998).0Ag#d or chronic stress is thought
to cause long-term detrimental effects on the nraihd/or offspring (Douglas,
2010). This has not been directly tested on womentd ethical concerns, although,
a correlation between stress perception and cbléigels show blunted salivary
cortisol levels in early pregnant women reportiodgyave experienced chronic
stressful life events (Obel et al., 2005). In casty rats exposed to repeated chronic
social stress prior to mating, display elevatedicosterone levels during the first
half of pregnancy (Stefanski et al., 2005). Unfoetely neither of these papers
report pregnancy outcome statistics.

Analysis of the hypothalamic responses of the HRI& &0 immune stress in early
pregnancy was carried out. Unexpectedly, nur77GRH mRNA responses in the
pPVN to LPS were significantly attenuated in early gestation compared to
virgins, extending previous reports of attenuagsponses in late pregnancy

(Douglas et al., 2003). Attenuated responses éndastation in the rat partly result

161



from increased opioid inhibition and allopregnam&devels (Brunton and Russell,
2008). However, raised opioid inhibition and allegmenalone is only apparent later
in pregnancy and thus cannot be held accountableuforesponse in early
pregnancy (Douglas et al., 1995, Brunton et al0920Although, allopregnanalone
levels in the blood/ brain may increase in earggmancy as a result of mating
behaviours (Frye et al., 2007), treatment withgpsterone is unable to reduce stress
responses of ovary-intact virgin rats (Douglasle2800). On the other hand, the
attenuated response may be related to the postgnaturogenic reflex experienced
in female rodents which induces peaks of gonadbtrogecretion by altering
noradrenaline release from the brainstem (Cametrah, 2004, Szawka et al.,
2005). Immune stress is relayed to the HPA axidgrenantly via brainstem
noradrenaline pathways, therefore, pregnancy-irdlabanges in pathway signalling
may compromise the response to immune stressdingPVN CRH neuronal
response.

A dissociation between hypothalamic nur77/CRH mRMWA secretory
corticosterone (via pituitary ACTH) responses taniome stress in the peri-
implantation period was demonstrated. This confiamd extends previous studies in
late pregnant rats showing similar corticosterawetory responses but reduced
CRH release (Nakamura et al., 1998, Neumann €t998). It also supports previous
findings that median eminence CRH content remanthanged following stress in
early pregnant rats, implying that stress did molke a CRH response/release
(Nakamura et al., 1997). As CRH responses were ishowe attenuated very early
in pregnancy it is plausible to deduce that the GfeHrone responses are adapted
by/under the influence of early pregnancy factoishsas the mating-induced
neurogenic reflex, pregnancy hormones and cytoki@esversely, vasopressin
responses to the immune stress remained robukt] W& inducing increased
vasopressin mMRNA expression in both early pregnandyvirgins, to a similar level.
This is intriguing as vasopressin has been fourzbteynthesised in some of the
same pPVN neurones as CRH and appears to be esedlavith CRH at the median
eminence (Wang and Majzoub, 2011). Vasopressirealothe absence of CRH
appears to drive the high corticosterone respooisesrved. In addition, it is thought

that LPS and cytokines (which can be induced by emm-immune stress) are able
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to act directly at the pituitary and adrenals tuice hormone secretion directly, thus
bypassing the PVN (John and Buckingham, 2003).

nur77 is a putative regulator of CRH (Douglas et2003), has been shown to bind
and regulate the expression of the promoters fir 6&H and POMC and is thought
to play an important role in the neuroendocrineutaiipn of HPA axis activity
(Murphy and Conneely, 1997). In addition, CRH soaknown to regulate and
induce nur77 expression (Kovalovsky et al., 2002sopressin’s relationship with
nur77 is less clear. The vasopressin gene proreetgrence contains a putative
nur77 element (also present in the CRH gene), hekyewvitro studies found that
removal of this did not affect regulation of thesepressin promoter (Iwasaki et al.,
1997), implying nur77 is not involved in vasoprassontrol.

Vasopressin processing/analysis in d10.5 pregnam® was not carried out and it
may have been useful to further support similaregesponses in early and mid-
pregnancy. Also the vasopressin analysis was daoueon a different cohort of
mice than for CRH/nur77 which is not ideal for direomparison. However, mice
were purchased from the same supplier, housedimitar environment and age
matched. Asn situ hybridisation analysis may be interpreted difféigehetween
experimenters, only one person carried out allymmafor every gene in order to
reduce variability and allow more precise groupgeomparisondn situ
hybridisation provides information regarding thegegnce of mMRNA markers for a
gene of interest. However, this is not a measutbefctual peptide content or of its
release and it is possible that it does not diyeefflect these. In addition, slightly
different LPS doses were given (10 vs. 12.5ug/mpiaseach experiment. However,
both are high doses and have previously been shmwduce murine foetal loss
(Silver et al., 1994, Parker and Douglas, 2010).

3.4.3 Effect of stress on pregnancy hormones abd Tleuronal activation

In contrast to HPA axis hormones, key pregnancyniooies were dramatically
reduced by both immune and 24h fast stress in paglgnancy. Plasma progesterone
was significantly decreased by stress on gestafob, confirming previous reports
(Joachim et al., 2003), and for the first time veendnstrated that basal prolactin was
strongly and rapidly inhibited by stress in eantggnancy as hypothesised. It is not
yet known whether the bi-daily prolactin peaks obed in rodents are also
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decreased by stress in early pregnancy and fuettpariments are required to
address this question. Previous reports reveahanoritant role for the bi-daily
prolactin peak secretory pattern in maintainindygaregnancy in rodents and
therefore it would be of interest to know the effettstress on the prolactin system at
this time. Basal progesterone and prolactin lewese elevated in early pregnancy as
expected, extending previous reports that prolantireases prior to implantation in
pseudopregnancy in mice (Yang et al., 2009, LaasehGrattan, 2010).

The reduction in prolactin secretion shown follogstress may contribute towards
the stress-induced decrease in progesterone simealialy observed, as prolactin is
known to enhance progesterone secretion (Freenmaln 2000). During early
pregnancy in rodents, progesterone productionarotiaries is mainly driven by
prolactin binding to its receptor expressed in asrjuteal cells and activating the
JAK2/STATS pathway (Erlebacher et al., 2004). Aligh we do not provide
evidence of prolactin’s role in driving progestegafirectly in our studies, injecting
early pregnant mice with prolactin has been shawindrease progesterone secretion
and abrogate stress-induced resorption in micelfadher et al., 2004). Whether
prolactin is able to rapidly effect progesteronersgon via altered gene transcription
Is unknown.

It should be noted that basal levels of prolaciifedbetween the two stress
experiments. Although the reason behind this ischear, brief anaesthesia (~3min)
before blood sampling after the LPS stress andftet fasting stress may be
accountable. The use of pentobarbitone anaesthasibeen reported to increase
plasma prolactin in rodents (Turpen and Dunn, 19u8)in 15 minutes and thus the
brief anaesthetic used may have been sufficiemict@ase prolactin levels
accordingly. We can rule out the possibility thas#l levels were different due to the
influence of the prolactin surges on the afternobproestrus in virgins and the bi-
daily peaks in early pregnant mice (Grattan anddgoR008), as in order to avoid
these all experiments were conducted in the eaitiylight phase of the circadian
day (9.00-13.00h).

The stress-induced decrease in plasma prolactirsix@sn to be associated with a
parallel mild, but significant, increase in TIDAurenal activation following 24h

fasting and immune (90 min) stress in early preggashowing these neurones
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rapidly respond to stress-induced factors. In nirgice TIDA neurone activation
remain unaltered by either stressor, thus, altexsgonsiveness in early gestation is
acquired post-mating. Interestingly, only the TIB&bpopulation was responsive to
stress as no general Fos activation in the arcuatieus was apparent following
stress in early pregnancy. TIDA neurones have @yreaapted to mediate the
neurogenic reflex in early pregnancy and the biydaiolactin peak secretory
profile, therefore, these alterations may conferadhanges observed with stress.
Although expression of Fos in TIDA neurones follagrian immune challenge has
previously been reported to reflect changes ingatal secretion (Hollis et al., 2005),
it should be noted that Fos is not the best indroatt TIDA neurone activation. Fos
staining is absent in these neurones under basdltmms despite the fact they are
tonically activated and are able to express Fagadlantigens (Hoffman et al., 1994,
Hoffman and Lyo, 2002). Therefore, it appears F in TIDA neurones may only
serve as a weak marker of TIDA neurone activatadlofing acute stimulation e.g.
LPS, which may help explain why we only see a nmttease in Fos-positive TIDA
neurones (increase from 2.9% to 12.9% following lLifP8arly pregnancy; 2-way
ANOVA, p<0.001 across treatment).

The DOPAC content and DOPAC:dopamine ratio in tleelian eminence were used
as additional measures of dopamine activity (ShighPan, 2001, Andrews and
Grattan, 2003). DOPAC levels appeared to be higheontrol virgin mice

compared to early pregnant mice (not significamt)ich could partially explain the
increased basal prolactin secretion observed g peggnancy. DOPAC levels also
seemed to be higher in control virgin mice compaoeldP S-treated virgins.
However, the DOPAC levels, and therefore dopamatieity, do not seem to
underlie prolactin secretion since this was unckdrgy LPS in virgin mice and
there is no change in DOPAC to reflect the stresisiced prolactin levels observed
in early pregnancy. DOPAC:dopamine ratios revealsamilar pattern to DOPAC
content and it was found that basal levels tenddmkthigher in virgins vs. pregnant
mice. LPS did not significantly alter the DOPAC:dogine ratio in virgin or
pregnant mice. However, LPS-treated virgin mice aaatio 63% lower than
vehicle-treated mice, although this was not sigaift due to the high variability

(which may be due to differences across the oestrgcie that were not accounted
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for). Thus, dopamine activity in the TIDA neuromenhinals is not analogous to Fos
expression in TIDA neurones in pregnant mice nasdoreflect prolactin levels.
Thus, stress does not alter prolactin via dopamaatieity and other factors must be
considered. One such possible explanation is tR&; land/or the associated
cytokines released, is/are able to directly affeetpituitary lactotrophs to inhibit
prolactin secretion (Theas MS, 1998, de LaureAtji2002, O'Connor et al., 2003).
Although TIDA neurones are considered to be thenrnantrollers of prolactin,
dopamine activity could be altered in other dopargit neurones e.g.
tuberohypophyseal (THDA) and periventricular hypggdal dopamine (PHDA)
neurones. Dopamine released from all three subptipns has been demonstrated to
topically suppress lactotrophs (DeMaria et al.,8)9FHDA neurones release
dopamine from their terminals in the anterior gany and this has been shown to
inhibit oxytocin release (Freeman et al., 2000)sThay contribute to reducing
prolactin secretion as oxytocin is reported to Ipedactin-releasing factor in
pregnancy (McKee et al., 2007). THDA neurones tase been shown to be
responsive to LPS and cytokines to control protade Laurentiis A, 2002).

In contrast to the responses to LPS, fasting gépexctivated the arcuate neurones
in both virgin and early pregnant mice. The fasiimduced Fos observed in virgins
verifies previous publications, reflecting actiwatiof other neurones such as
neuropeptide Y neurones (NPY) (Becskei et al., 208@hough food intake is
increased during pregnancy (Douglas et al., 200ith, prolactin and placental
lactogen contributing to hyperphagia (Ladyman gt26110), Fos expression was
similar between early pregnant and virgin mices hot yet known how these or
other appetite-signalling hormone (e.g. leptin.egjh), which also rise throughout
gestation, may interact with arcuate neurone resgmto stress.

These findings support the conclusion that immureefasting stress, along with
other stressors (eg. psychological stress (Joaehah, 2003)) have detrimental
effects on pregnancy maintenance, inducing inlubiof vital pregnancy hormones

and thus potentially compromising optimal implamatand pregnancy success.

3.4.4 Effect of stress on neural activation in ottngpothalamic nuclei
Other hypothalamic nuclei seem to behave in amdiffemanner to those in the

arcuate nucleus. In contrast to the general nelpmmpaulation of the arcuate nucleus,
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LPS stimulated Fos expression in the SON, PVN akidH\6f virgins. This may be a
consequence of upstream brainstem activity. The 80Nown to be innervated by
direct monosynaptic neurones projecting from thanstem (LC, NTS and VLM)
(Michaloudi et al., 1997, Northrop et al., 2006heEe hypothalamic neurones
normally respond to stress with immediate earlyegexpression/activity and release
neuroendocrine factors involved in producing anati@sling responses of the HPA
axis (Douglas, 2005b). Basal Fos expression ifPiiid was elevated in early
pregnancy compared to virgins which is interestiaghis has not been previously
reported at other gestation periods (Luckman, 1988 basal activity in the PVN
may be changed due to early pregnancy-relatechfitias in hormones and/or
cytokines. The LPS-induced increase in Fos expaseiearly pregnant mice was
attenuated compared to virgins mirroring the bldmesponse of CRH and nur77
MRNA to immune challenge. The pPVN, which displageslibstantially lower
response to LPS in early pregnancy, is known tdaiomxytocin neurones, and this
may contribute to the decreased prolactin respohserved.

Oxytocin has been reported to be a crucial prolagtieasing factor, playing a role
in the regulation of prolactin secretion. Anatonflicthis seems likely as oxytocin
(synthesised in the PVN and SON) is transportegxans to the neural lobe where
it is released from its terminals and also fromeRkeernal zone of the median
eminence. Oxytocin is then transported to the @nteituitary via the portal vessels
where it has access to the lactotrophs (Freemal, @000). A sub-population of
these lactotrophs have been shown to possess oxygoeptors (Breton et al.,
1995). Prolactin release is modulated by oestradibich increases between
diestrous and proestrous inducing the prolactigeson the afternoon of proestrous.
It has been reported that oxytocin actions atdlbtrophs are elevated at this time
with an increase in secretary responses to oxythe#nto an increase in the number
of oxytocin-responding lactotrophs and magnitudehefr C&"; responses. It is, thus,
suggested rising oestrogen levels facilitate oxgtetimulatory actions on
lactotrophs and prolactin release (Tabak et allD20The action of oxytocin on
controlling the prolactin rhythm has also been ssged to be coordinated by
vasoactive intestinal polypeptide (VIP). VIP origias from the suprachiasmatic

nucleus (SCN), with its fibres innervating the dajir@e neurones in the arcuate
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nucleus and oxytocin neurones in the PVN (Eglie2810). Oxytocin
neurosecretory cells of the PVN, which have VIReptors, have been identified
using ICC along with retrograde tracing with Flu@sold (method for labelling
neurosecretory cells). The injection of a VIP amse oligonucleotide into the SCN
eradicates the afternoon oxytocin and prolactirkp@@rmally observed in
cervically-stimulated ovariectomised rats, suggesW/IP has a role in contributing
to oxytocin and prolactin secretion (Egli et aD02).

Thyrotropin-releasing hormone (TRH) is also thoughstimulate prolactin release
and is known to increase in human pregnancy (Aretrad., 1981), therefore TRH
responses may also be altered following stresarly pregnancy, impacting on
prolactin secretion. TRH-deficient mice duringti&mon display significantly
reduced serum prolactin compared to the wild typeeniThe prolactin mRNA and
content were also reduced in the pituitary of thegee, all of which were reversed
by TRH treatment, indicating TRH is needed for tagan of pituitary mRNA
regulation. Despite the low prolactin levels in TRRH deficient dams they are still
fertile, suggesting TRH is not crucial for pregmaand lactation but is needed for
complete function of the lactotrophs, especiallyimty lactation (Yamada et al.,
2006). Administration of TRH to rats can inducelpotin secretion, however the
temporal release of TRH is not strongly correlategdrolactin secretion (Freeman et
al., 2000). The prolactin-stimulating effects of H®ere thought to occur in the
pituitary; however, a study in rats has found thaH works at the hypothalamic
level, leading to modulation of the functional auitpf TIDA neurones (altering
firing patterns) and thus reducing its inhibitoffeet on prolactin (Lyons et al.,
2010, van den Pol, 2010).

Therefore, it would be of interest to determineeffect of stress in early pregnancy
on these potential prolactin releasing factors @gtocin, to see if stress induces
changes in their secretion/expression/activityaryepregnancy that could account
for the depleted prolactin secretion observediattime.

Prolactin has also been implicated to be involvethe regulation of oxytocin,
supported by the finding that mRNA for the longnfioof the prolactin receptor
(PRL-R)) is predominantly colocalised with oxytocin mRNAthe SON (over 80%
of the total oxytocin neurones). Similarly, in tAR¥N, PRL-R mRNA was also

168



predominantly located in oxytocin neurones andatfogortion of oxytocin neurones
exhibiting PRL-R mRNA increased with pregnancy (Kokay et al., 20@8dlactin
administration i.c.v increases Fos expressionenrS®N (Cave et al., 2001) and can
increase the electrically stimulated oxytocin reeeand mRNA content in the
hypothalamus (Ghosh and Sladek, 1995). Togethsettiata strongly suggest that
prolactin directly regulates the activity of oxylomeurones. However, no change
was observed in the basal Fos response in the $@aflg pregnancy mice
compared to virgins despite radically differentlpotin concentrations. Although,
basal Fos expression in the PVN was significantiyér in early pregnant versus
virgin mice which may reflect increased activatairoxytocin neurones, and
subsequently contribute towards the increased @gswoiactin levels.

In contrast to the general arcuate nucleus resp@dsefasting had no significant
effect on SON, PVN or VMH Fos expression, confirgiprevious reports
(Johnstone et al., 2006). Therefore, although btrssors reduce prolactin and
progesterone secretion, and increase Fos expraadio@ arcuate nucleus, they
affect other hypothalamic nuclei activity differgntPotential roles for hypothalamic
factors, other than dopamine, on prolactin seanedi@ unclear following fasting.
Therefore, the two stressors used display onlylairpatterns of hypothalamic
activation in TIDA neurones, implying that streesponses may generally converge

at this neuroendocrine system in early pregnancy.

3.4.5 Effect of stress on tyrosine hydroxylasetp@scell groups in the brainstem
LPS and consequently its cytokine load can acd¢esarcuate nucleus e.g. via the
leaky blood brain barrier (BBB) in the median emmioe. In addition, cytokines can
activate the noradrenergic pathways to the hypathas (Brunton and Russell,
2008). The central noradrenergic system originiaitéise medulla and pons and
extensively innervates areas of the brain thairer@ved in stress response
regulation. It is activated by a wide variety akssful stimuli, both psychological
and physical (e.g. cytokine administration) (Paebél., 1995a, Pacak et al., 1995b).
For example, IL-1 activates neurones in the NTS\Aod when given peripherally
to rats. These represent sources of catecholantneeiis that project to and
innervate the PVN (Ericsson A et al., 1994) andltés increased noradrenaline

release here (Brunton et al., 2005). Lesions fetprojections abolish HPA
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responses to IL{], reducing PVN CRH and oxytocin neurone activation
(Weidenfeld et al., 1989, Melik Parsadaniantz gt1&95, Buller et al., 2001). The
above indicate that noradrenergic projections playucial role in mediating HPA
responses to ILfL IL-1p does not directly act on these neurones: mosbto n
express IL-B receptors and systemically administered f_4% unlikely to cross the
BBB (Rivest et al., 2000). IL{, like LPS and other cytokines drive prostaglandin
synthesise (viayclo-oxygenaseGOX) expression induction) which activates these
noradrenergic neurones (Rivest, 2001, Brunton arss&l, 2008). This idea is
supported by studies using COX inhibitors, for eplancentral administration of a
COX-1 inhibitor attenuates LPS-induced increas@@TH and corticosterone
secretion (Garcia-Bueno et al., 2009). In late paagy, the activity of the
noradrenergic system in the PVN is reduced compargdgin rats, and therefore,
may contribute to the attenuated HPA responsaéssbbserved at this time
(Douglas, 2005a, Russell et al., 2008).

We show that LPS administration increases neuractatation in the LC, NTS and
RVLM in the brainstem in both virgins and d5.5 pragt mice. Neurones in the LC
show a generally lower response in early pregnaoaypared to virgins, potentially
leading to the attenuated response of the pPVN.PMi¢ receives noradrenergic
innervations from the A6 cell bodies of the LCwadl as from Al and A2 cell
bodies of the VLM and NTS, respectively (Cunninghemd Sawchenko, 1988,
Saphier and Feldman, 1989, Hwang et al., 1998)L.Thalso has a role in activation
of the HPA axis (Ziegler and Herman, 2002), supgmbliy the report lesion of the
LC suppresses restraint stress-induced ACTH articosterone secretion (Ziegler et
al., 1999).

Although LC response to stress appeared lowerrlg peegnancy compared to
virgins, the number neurones activated overalheltC was low. However,
neuronal activation in the NTS and RVLM was sigrafitly higher following stress
in early pregnancy compared to virgins, suggestiege neurones have adapted with
increased sensitivity to stimuli and may contribiowards to the exaggerated
response observed by the TIDA neurones. A temassdciation was reported
between noradrenaline release (in the medial pieapta) and prolactin secretion

on the afternoon of pro-oestrous, suggesting neragic involvement in prolactin
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surge regulation (Szawka et al., 2007). Evidendeates both physiological
adrenergic and noradrenergic involvement in theoral regulation of the TIDA
systemSynaptic interactions reported between the adrenargl TIDA neuronal
systems indicate that adrenergic neurones maybaléwovolved in the regulation of
the TIDA system and provide a potential pathwayctemtral adrenergic effects on
prolactin secretion (Hrabovszky and Liposits, 1994)

The noradrenergic nucleus LC patrticipates in botlegtrous and steroid-induced
surges of prolactin. LC lesion decreases noradrenatlease in the preoptic area,
PVN and mediobasal hypothalamus, reducing prolactthluteinising hormone
secretion (Szawka et al., 2005). However, LC ldeen implicated to be involved
in stress-induced prolactin changes (Poletini e28l06). The NTS is known to be
activated by LPS and cytokines (Brunton et al.,22@parkman et al., 2006) but an
association with prolactin secretion has yet taéscribed. Likewise RVLM
neurones are known to be activated by cytokinearfgtet al., 2003). Although a
direct link to prolactin secretion remains unknoatrpresent, arcuate neurones have
been observed to be activated by stimulating theM\and the arcuate perikarya
showed labelling with a retrograde tracer that wrginally microinjected into the
RVLM (Li et al., 2009).

We also show an increase in TIDA neurone activatidh fasting stress, like LPS,
in early pregnancy but we do not know whether ihisccompanied by
noradrenergic activation in the brainstem as ttdas not analysed. It has, however,
been shown that food ingestion was critical foreélRpression of Fos in the
noradrenergic cells of the LC and NTS in rodentéii3tone et al., 2006) and
therefore we may not expect to observe an incrigases activation in the brainstem

of fasted mice.

3.4.6 Effect of stress on pregnancy rate and hoesa@t d13.5

We have shown that LPS stress in early pregnarayatically induced complete
pregnancy failure, reducing pregnancy rate from 70éhicle-treated) to 0%
(p<0.01). 24h fasting in early pregnancy lead moilder phenotype, reducing
pregnancy rate from 70% to 36%. Although this Mss not significant following
24h fasting this may be due to the way in whichghegnancy rate was calculated.

Pregnancy rate was measured as the percentage®timplaying>4 implantation
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sites (average of 7 implantation sites). Howevenoae insightful measure of
pregnancy rate/foetal loss can be gained by cogitii@ number of implantation sites
and the number of resorption sites in the uterorafiand calculating the percentage
of viable implantation sites (Joachim et al., 2008ver the less, we showed stress
(on gestation d5.5) had detrimental effects onmaegy outcome which supports
previous reports of stress-induced abortion in nfMgesbold et al., 1986, Joachim
RA, 2001, Joachim et al., 2003) and increased misgg associated with elevated
cortisol in early pregnant women (Nepomnaschy.eR806). The importance of
stress-reduced prolactin on pregnancy outcometiwyme determined. It would be
an interesting experiment to replace the proldoshdue to stress in early pregnancy
(i.e. to keep prolactin levels high) to see if gnegnancy outcome in response to
stress can be reversed. This type of hormone reyplewst study has previously been
carried out for progesterone in which a progestesrivative, dydrogesterone, was
found to abrogate murine stress-triggered aboftloachim et al., 2003). Low serum
progesterone has also been associated with mesgarn women, as well as
increased perceived stress levels (supported hehigrculating CRH
concentrations). In very early gestation (womemuied between 4-7 weeks) these
risk factors were more pronounced (Arck et al.,80QPS has previously been
shown to induce occult pregnancy loss in mice (fteert al., 2007) , while
neutralisation of LPS (using a bacterial permegphificreasing protein) or blockage
of Toll-like receptor (TLR)-4 for LPS abrogate (soystress-triggered foetal loss in
mice (Friebe et al., 2011). Studies into the eff@ftfever and infection on
pregnancy maintenance in animals have reportedtipestrthermia in early gestation
is associated with resorption, foetal death, amdge malformations e.g.
cardiovascular malformations (Edwards, 1969, Pdgwii al., 1974, Smith et al.,
1978, Edwards et al., 1995). In humans the da@déece for whether fever causes
foetal loss and complications is not quite so cl@&amumber of studies show
compelling evidence for the increased risk of adegregnancy outcomes following
fever. For example, Q fever has been shown to aser¢he incidence of spontaneous
abortion, intrauterine growth retardation and prat&abour (Carcopino et al., 2009).
In contrast, another group has reported that tisanet an association between fever

in early pregnancy and risk of foetal death (Asderet al., 2002). This study
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revealed that 18.5% of the recruited women (todaD@0) suffered a fever in the first
16 weeks of pregnancy, indicating that fever is wamly experienced during early
pregnancy. However, this study is not able to o¢fllee group of women who
spontaneously aborted in very early pregnancy,rbdfe usual enrolment time. In
addition, episodes of fever were only recordednfirst 16 weeks and therefore we
do not know about the effects of fever occurrirtgan pregnancy on foetal loss.
Thus, this study cannot absolutely conclude thatetlis no link between fever and
miscarriage.

Mounting evidence indicates that events occurrindyen life/in uteroare critical
determinants for problems later in life. Where pracy failure does not arise, foetal
programming may. Exposure to chronic stress oragloicoids during both early
and late gestation and the neonatal period indoogslasting adverse effects in the
offspring, for example, cardiovascular diseasedeamression (Seckl et al., 2000,
Seckl and Meaney, 2004). Administration of LPS foexduring mid pregnancy
results in a number of physiological and behavibcihanges to their male offspring.
These males displayed attenuated anxiety behavieduced food/water intake and a
lower body weight up until postnatal day 40, indiie@ prenatal stress can lead to
complex and long-term effects on the offspring @&siet al., 2011). It is thought that
local glucocorticoid action in the decidua or deypghg placenta is involved in
stress-induced programming during pregnancy aaddempanied by detrimental
alterations in 1f-hydroxysteroid dehydrogenases fIHSDs) in the
decidua/placenta (Seckl and Meaney, 2004, Holmak,&t006, Holmes and Seckl,
2006). 1B-HSDs are glucocorticoid metabolising enzymes winncdify
glucocorticoid actions in a tissue-specific mand4p-HSD1 regenerates active
glucocorticoids, thus increasing corticosterondisor levels. 18-HSD2 expression
acts as a dehydrogenase, inactivating corticostevogortisol through conversion to
11-dehydrocorticosterone and cortisone respectivislexpression is high in the
foetal brain but less so in the adult brain where ¢onfined to specific areas,
indicating its importance in development. Losshi$ £nzyme from foetal tissues
leads to altered cerebellum development and lomg-teightened anxiety,
consistent with programming (Holmes and Seckl, 20D&creased activity of

placental 1§-HSD2 increases foetal exposure to maternal corfigsogramming the
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foetus for hypertension and metabolic disease iatifie. In addition prenatal
exposure to cytokines has been shown to resulbésity and gender-specific
programming in the offspring (Dahlgren et al., 2p01

Following 24h fasting in early pregnant mice, plaspnolactin levels at d13.5 were
significantly elevated in non-pregnant fasted ntompared to both non-pregnant
control and pregnant fasted mice. It is uncleawhgt means levels are significantly
higher at this later date following fasting andsuch change was found on d13.5
following LPS injection on d5.5 or immediately folling 24h fast. Fasted mice that
remained pregnant exhibited slightly lower circugtprolactin levels on d13.5
compared to pregnant controls, indicating a proregéztt on prolactin. Conversely,
progesterone secretory responses on d13.5 follohgast and were similar to
control mice (pregnant and non-pregnant) suggesti@dasting treatment did not
have a lasting effect on progesterone secretigmagnancy.

During intrauterine development, one of the priatgnvironmental factors
influencing the growth/development of the embryefics, is the maternal diet and
subsequent nutrient supply. Epidemiological stutieege found that undernutrition
during foetal life is associated with increase# o complex diseases
(Chmurzynska, 2010); the incidence of metaboliadsyme, cardiovascular diseases,
hypertension, diabetes and obesity have all beamdfto be higher (McMillen and
Robinson, 2005) and appear to be independentestyiie risk factors (Drake and
Walker, 2004). Maternal protein restriction duriiogtal development and lactation
in rats causes decreased birth weight, delayecabexaturation and leads to
premature aging of reproductive function in fematfspring (only data on female
progeny reported) (Guzman et al., 2006). The “thphenotype” hypothesis was
proposed almost two decades ago (Hales and Bdr®@2) and describes an
association between poor nutrition/foetal growtll artreased risk of impaired
glucose intolerance/diabetes and metabolic syndrdimese finding have been
reproduced in many studies since then in diffepemulations and ethnic groups
(Hales and Barker, 2001). It suggests that an adgapsponse occurs due to poor
foetal nutrition, leading to altered metabolismisTtould be beneficial if born into a
low/poor nutrition environment; however, problenmnsa when the pre and post-natal

conditions do not match.
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In summary, we found that circulating prolactin vpasfoundly inhibited by either
LPS immune stress or 24h fasting in early pregnafsyprolactin is mainly under
the inhibitory control of dopamine released fronDAIneurones we hypothesised
that stress would increase TIDA neurone activitysupport of this, both stressors
significantly increased Fos expression in TIDA roegs in early pregnant mice.
However, LPS did not enhance TIDA dopamine actintthe median eminence (as
measured by DOPAC content and DOPAC:dopamine rdtlegse data imply that
increased TIDA neurone activation plays a roletiass-reduced prolactin levels in
early pregnant mice but is not souly responsibtéerfuated pPVN neurone
recruitment and increased activation of noradranermgclei following stress in early
pregnancy indicate that other mechanisms may alstribute to reduced prolactin

secretion.
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Chapter 4

M echanisms controlling prolactin secretion/responses

following stressin early pregnancy
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Chapter 4: M echanisms controlling prolactin secretion/responses following

stressin early pregnancy

Section 4a: Effect of stresson prolactin negative feedback in early pregnancy

4.1 Introduction

4.1.1 Prolactin signal transduction

Different isoforms of the prolactin receptor argessed in mice, namely the short
and long form, with the long form predominantlyabed in the hypothalamus and
more highly expressed in the arcuate nucleus thashort form (Pi and Grattan,
1998, Bakowska and Morrell, 2003).While both fordnsplay identical extracellular
portions (and so both bind prolactin), they diffetheir ability to activate
intracellular pathways (Grattan, 2002). The meménamoximal region of the
intracellular domain in the long form of the prdiaaeceptor is associated with
Janus kinase 2 (JAK2). Prolactin binding to itseepor leads to dimerization of the
receptor molecules and phosphorylation of JAK2dlypi<1min) follows (Freeman
et al., 2000). JAK2 recruits and phosphorylatesniatytoplasmic proteins termed
signal transducers and activator of transcript®RATs). Phosphorylated (p)STAT
molecules then form homo- and hetero-dimers whihsiocate to the nucleus and
bind to specific promoter sequences of target gé@esttan, 2002). A number of
STATs are reported to be involved in prolactin sigmansduction in various tissues,
including STAT1, STAT3, STAT5a and STAT5b (Bole-Beyet al., 1998).

The short form of the prolactin receptor does mtivate the JAK-STAT pathway
but mediates some actions of prolactin through geiteactivated protein kinase
(MAPK) pathways.

4.1.2 Prolactin negative feedback

Pituitary produced prolactin is mainly under thkeibitory control of dopamine
released from hypothalamic TIDA neurones in theiare nucleus (Grattan, 2002).
Prolactin also activates a short-loop feedbackesygb regulate its own secretion by
stimulating TIDA neurones. Prolactin receptorsexpressed on these neurones
(Kokay and Grattan, 2005) and prolactin has beemwstto increase hypothalamic

dopamine synthesis and also turnover (Grattan a@y 2008). Activation of the
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TIDA neurones via prolactin binding to the longrfoof its receptor requires
activation of the JAK25TATS signalling transduction pathway (Grattanlet a
2001b, Ma et al., 2005a) and is thought to conteha the stimulation of tyrosine
hydroxylase mRNA expression (Grattan and Kokay80@STAT5b has been
demonstrated to specifically mediate prolactin tiegdeedback on the TIDA
neurones, with prolactin treatment inducing nucteamslocation of pSTAT5 (Lerant
et al., 2001). STATSb deficient mice express vaghlserum prolactin levels,
although mRNA levels and immunoreactivity of tyrwesihydroxylase are low,
indicating signal transduction is impaired and destting that pSTATS is
essential for mediating prolactin negative feedbbackiDA neurones (Grattan et al.,
2001b). In addition, STATS5 deficient mice also déspcharacteristics of prolactin
insensitivity, including compromised luteotropiggort with attenuated serum
progesterone in pregnancy, spontaneous abortiggairment of mammary gland

development and insufficient milk production (Udyaé, 1997).

4.1.2.1 Prolactin negative feedback in early ang laregnancy

During late pregnancy and lactation, TIDA neurobesome less able to secrete
dopamine in response to prolactin, consequenthjimgeao a state of
hyperprolactinemia. There are a number of physioldghanges in the regulatory
pathways that control prolactin secretion at timeet Firstly, the placenta provides
lactogenic hormones, the placental lactogens nanaber of species including
rodents (Lee and Voogt, 1999). These are ablena ol and activate prolactin
receptors without being subject to the normal intbry control by dopamine.
Subsequently, the short-feedback loop is bypasstde pregnancy and lactation
allowing continued activation of the prolactin rpt@&'s, leading to increased
progesterone secretion while simultaneously desrggsolactin release itself
(Grattan, 2002). Secondly, TIDA neurones have aged ability to respond to
prolactin, with lower TIDA activation compared tarey pregnancy (Grattan and
Averill, 1995, Andrews et al., 2001), and proladgtretion resumes despite the
continued placental lactogen presence. Thirdlyklsug of the nipple is a potent
prolactin stimulus involving a suckling-induced vetion in the activation of TIDA

neurones (Selmanoff and Gregerson, 1985).
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At the end of gestation and during lactation, protaloses the ability to induce
STATS5b phosphorylation and nuclear translocatidmemvcompared with diestrous
rats. This was reported to be associated with enre@se in suppressors of cytokine
signalling (SOCS) mRNA and may underlie the dinfieid TIDA neurone dopamine
output and hyperprolactinemia observed at this (irelerson et al., 2006a).
SOCS act as feedback inhibitors of signalling fouaber of cytokines that utilize
the JAK/STAT pathways. They appear to act as gaahontracellular feedback loop
to suppress STAT phosphorylation and consequentiiaimpen signal transduction
(Starr and Hilton, 1999). SOCS proteins contaiertr@al Src homology 2 (SH2)
binding domain through which they bind to phosphagine residues located in
cytokine receptors (eg. for SOCS2 and 3 and cy®kiducible SH2-containing
protein, CIS) or JAKs (e.g. for SOCS1). They amnthble to suppress cytokine
signalling in number of ways: by binding to andibiting the activity of JAKSs;
competing for phosphorylated binding sites on remspwith STATS; or by targeting
bound signalling proteins for proteasomal degraaefiVormald and Hilton, 2004).
Thus, they may play a role in inhibiting prolacsitimulation of STAT5b in late
pregnancy and lactation.

On d22 of pregnancy, rats have been found to hareased SOCS1 and SOCS3 in
the arcuate nucleus compared to diestrous ratspmaad of lactation CIS mRNA
levels were significantly elevated, which supprdgsmlactin levels to that of basal
(Anderson et al., 2006a).hese data are consistent with the hypothesis that
SOCS/CIS mediate the loss of prolactin-inducedration of STAT5b in TIDA
neurones. Administration of prolactin has been showduce expression of SOCS1,
2 and 3 along with CIS mRNA in the ovary and adieffaut not mammary glands)
of lactating rats deprived for 24h of circulatinglactin. Furthermore, suckling
induces SOCS mRNA in the ovary (but not mammarpdga of these rats. After
48h pup-deprivation the mammary gland increasesS@ghe expression in
response to prolactin (Tam et al., 2001).

oPRL administration ordinarily increases the STAil&glear:cytoplasmic ratio in
lactating mothers whose pups are removed. Howevéne presence of the pups
prolactin signal transduction through STAT5 in THBA neurones is suppressed. It

has been reported that CIS mRNA is significantgvated in suckled lactating rats
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along with up-regulation of CIS transcripts, wH8®CS1 and 2 mRNA are not.
These data imply that loss of sensitivity to praltacegative feedback is due to
heightened CIS expression/action in the TIDA neasofAnderson et al., 2006b).
Prolactin negative feedback is known to be maimetgitnroughout early-pregnancy
prolactin surges (Demarest et al., 1983, Grattah. £€2008). In accordance with
prolactin negative feedback during early pregnaitA neurones display a
semicircadian pattern of activity, with reduced dmine release during the prolactin
surges and increased release between them, allowiiagion and termination of the
surges (McKay et al., 1982). In early pregnanaydists have been carried out to see
if the nocturnal prolactin surge increases SOCSJSQO SOCS2, SOCS3, CIS)
expression in the arcuate nucleus. In contrastteodregnancy and lactation
responses to exogenous prolactin, high (endogemoalgctin levels in early
pregnancy do not induce SOCS expression (Anderisain, 2006a). It is thought that
declining progesterone and high oestrogen duritegdeegnancy induce SOCS in
TIDA neurones. Oestrogen and prolactin were shannduce SOCS1, SOCS3 and
CIS mRNA levels in the arcuate nucleus of ovarietsed late pregnant rats, while
progesterone reversed the effect of oestrogenri&tesl., 2008). In early pregnancy
although negative feedback is apparent during ptiolgurges and SOCS is not
induced, the effects during basal levels of prateate yet to be investigated. In
addition, no reports have been published into stedfects on negative feedback in
early pregnancy. It is known that stress in eaégtgtion increases circulating
cytokine levels, affects TIDA activity and altenofactin secretion, thus, stress could
impact on prolactin negative feedback systems.

Therefore, in order to investigate the effect oéss in early pregnancy on prolactin
negative feedback to TIDA neurones, mice were sée$LPS or 24h fast) and then
administered ovine prolactin (0PRL) to drive negafieedbackWe aimed to use
immunocytochemistry, double labelling for tyrosimgdroxylase and pSTATS5, to
determine whether there is an alteration in pSTAigballing in TIDA neurones

following stress in early pregnancy, associatedhwatduced prolactin.
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4.1.3 Aim and Hypothesis

Aim:
1. To discover if stress (either alone or in conjumetivith oPRL treatment)
alters prolactin negative feedback in early preggan

Hypothesis:

1. Prolactin negative feedback is increased in eadgmancy following stress

exposure.
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4.2 Methods

4.2.1 Effect of LPS stress on prolactin negatieeliimck

4.2.1.1 Treatment

d5.5 pregnant mice were gently restrained in aihgldag and either injected with
lipopolysaccharide (LPS; 12.5u9/100ul saline, Emoli E055:B5, Sigma, Poole,
Dorset, UK; n = 14) (Hollis et al., 2005) or vel@¢LO0ul, i.p; n = 14), at around
10am (3h after lights on). Mice were then returteetheir home cages. After 3h
mice were injected with ovine prolactin (0PRL; 1gipbdyweight i.p; Sigma-
Aldrich; vehicle and LPS treated n = 7) (Andersbale 2006b) or prolactin buffer
(30mM NaHCO3, 150mM NaCl, pH 10.8; n = 7) mixediwsaline (1:1) as a
control, before being killed 1h later (4h after Linfection). This time point was

selected following a literature search (Andersoal €2006b, Anderson et al., 2008).

4.2.1.2 Blood/tissue collection and perfuse fixatio

One hour after oPRL injection, mice were quicklywed to an adjacent room and
injected with an overdose of sodium pentobarbit@@&ml i.p; Centravet, 22106
Didan, France). Once the mouse was deeply anassithet blood sample was taken
by cardiac puncture before the mouse was perfugcheparinised saline and fixed
with 4% paraformaldehyde (as described in Generthblls section 2.9.1). The
brain was carefully removed and stored overnigh€)4n 4% paraformaldehyde and
15 % sucrose solution. The brain was then stor@d38% sucrose solution at 4°C
overnight. Following this the brains were frozerde sectioning. Blood was
processed for plasma and frozen (-20°C) prior nsessays. Following blood/tissue
collection pregnancy status was checked by laparptnd inspection of the uterine

horns for evidence of implantation sites.

4.2.1.3 Prolactin ELISA

Plasma samples were diluted 1 in 25 and assayeuapiicate using an adapted
protocol (see General Methods section 2.7.2.2)hemouse prolactin DuoSet
ELISA (DY1445, R&D Systems, Inc., Minneapolis, USh test that there was no
cross-reactivity between the murine and ovine gtolavhen measuring mouse

prolactin using the ELISA a number of controls weaeried out. Plasma from
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pseudopregnant control mice (saline only, not atstéred oPRL; n = 4) was pooled
and then spiked with (1) 100ng/ml murine prolac{); 20.g/ml ovine prolactin, or
(3) 100ng/ml murine prolactin and 20pg/ml ovinelpctin. The plasma samples
were then diluted and assayed (n = 4 per treatnasrapove. 20pug/ml oPRL was
used to spike the plasma as 20 g was the dose tgitka mice and it has been
estimated that 20g mice contains around 1.2-1.B6lodd (~1ml plasma). oPRL was
dissolved in prolactin buffer (30mM NaHCO3, 150mM®l, pH 10.8) before being

used to spike plasma samples.

4.2.1.4 Brain sectioning, tyrosine hydroxylase/p$3 FCC and analysis

Brains were sectioned using a freezing microtondg (@) to provide coronal brain
sections containing paraventricular nucleus (P\&®uate nucleus, ventromedial
hypothalamic nucleus (VMH) and supraoptic nucle€a®I). Sections were stored in
cryoprotectant before immunocytochemistry (ICC) wagied out for pSTAT5 and
tyrosine hydroxylase (see section 2.10.5). Usifighd microscope (20x or 40x
objective) on coded slides, pSTAT5-positive celoée with a dark grey/black
nucleus) were counted in roughly 4 sections persadar each area of interest
(defined using (Franklin K, 1997)). For the PVN, TS 5-positive cells were
quantified for the magnocellular (m) and parvodalifp) regions separately. In
addition to pSTATS5 only counts, the arcuate nucleas also analysed for the
number of tyrosine hydroxylase-positive cells caloed with pSTATS (expressed
as a percentage of the total number of tyrosinedxydase cells).

4.2.2 Effect of 24h fast on prolactin negative besek

4.2.2.1 Treatment

Virgin and d5.5 pregnant were fasted for 24h (n,=2IBrespectively), with food
removed from their home cage at 10am (lights ofaat), controls were allowed to
feed normally (n = 16, 21 respectively). After 2Bite were injected with oPRL
(1pg/g bodyweight i.p; Sigma-Aldrickjrgin control and fasted n = 8, 10
respectively; d5.5 control and fasted n =11) ottgmtin buffer (virgin control and
fasted n = 8; d5.5 control and fasted n = 10, peetvely) as a control.
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4.2.2.2 Blood/tissue collection and perfuse fixatio

On hour after oPRL injection blood was collectedchydiac perfusion and mice
perfused fixed as described above to provide bfamisnmunocytochemistry (see
section 4.2.1.2). Following blood/tissue collectmmegnancy status was checked by

laparotomy and inspection of the uterine hornsefodence of implantation sites.

4.2.2.3 Prolactin ELISA

Plasma samples were diluted 1 in 25 and assayaapiicate using an adapted
protocol (see General Methods section 2.7.2.2)h@mouse prolactin DuoSet
ELISA (DY1445, R&D Systems, Inc., Minneapolis, US).

4.2.2.4 Brain sectioning, tyrosine hydroxylase/p$3 #CC and analysis

Brains were sectioned and processed for pSTATSyandine hydroxylase
immunocytochemistry as described above (see settibh.4). The arcuate nucleus
was analysed for the number of pSTAT5-positivegyre hydroxylase cells

(expressed as a percentage of the total numbgrasiime hydroxylase cells).

4.2.3 Statistics

Statistical analysis of the mean prolactin con@itns, pSTATS counts and %
pPpSTAT5-positive tyrosine hydroxylase cells, from3-Beated d5.5 pregnant mice,
were determined by 2-way ANOVAs, with Holm-Sidakspboc tests. Data from
virgin and d5.5 pregnant mice from the fastingssrexperiment were analysed using
a combination of 2-way and 3-way ANOVAs with a He8rdak post-hoc tests. Data
are presented as group meanszSEM (excluding aithezan+3*SEM).
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4.3 Results

4.3.1 Effect of LPS stress on prolactin negatieeliimck

4.3.1.1 Prolactin concentration

LPS significantly reduced plasma prolactin vs. ekhin d5.5 pregnant mice treated
with prolactin-buffer. Murine plasma prolactin cemtrations were significantly
lower in oPRL treated mice vs. control (prolactirffer) (2-way ANOVA,

interaction LPS x prolactin treatments p<0.001uFég4.1). However, LPS treatment
in mice given oPRL did not significantly decreasarime plasma prolactin further.
Control checks on oPRL cross-reactivity showed tihate was a significant
difference between prolactin treatments (1 way AMQW<0.001 across treatment).
Murine prolactin spiking to plasma significantlycheased prolactin levels to the
same degree as plasma spiked with both ovine amiche@nprolactin (Holm-Sidak

post hoc test, ns). Ovine prolactin alone did tietr &he levels of prolactin vs.
plasma alone (Holm-Sidak post hoc test, ns; datammwvn) measured using the
murine prolactin ELISA. Therefore, ovine prolackvels are not read by the murine
prolactin ELISA, nor do they interfere with readiogmurine prolactin levels when

co-administered with murine prolactin.

4.3.1.2 % pSTAT5-positive TIDA neurones

Very few neurones expressed nuclear pSTATS in theade nucleus of mice treated
with prolactin buffer (Figure 4.2 A and B) and timember of pSTAT5-positive
neurones per arcuate profile was similar in bothicte and LPS treated mice. This
was significantly increased following oPRL treatmenboth groups (2-way
ANOVA, p<0.001 across prolactin treatment; Figur2 @). LPS treatment alone did
not alter the percentage of pSTAT5-positive TIDAIrmes, however, oPRL
treatment increased the proportion of double ladetieurones (presented as % of
tyrosine hydroxylase neurones that were pSTAT5tpesiin LPS treated mice (2-
way ANOVA, interaction LPS x prolactin treatments0p025; Figure 4.2 D). When
the percentage of double labelled neurones wategdlagainst mean plasma
prolactin data, there appears to be an inversaaesdip in all groups except the
pregnant stressed mice treated with prolactin buffbich shows low prolactin and
low % pSTAT5-positive tyrosine hydroxylase neuro(fégure 4.3).
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Figure 4.1
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Figure 4.2
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Figure 4.2 cont’d
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Figure 4.3
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4.3.1.3 pSTATS expression on other hypothalamigoalips

Supraoptic nucleus (SON)

In the SON, expression of pSTATS was similar ingatlups regardless of LPS or
oPRL treatment (2-way ANOVA, ns; Figure 4.4).

Paraventricular nucleus (PVN)

pSTATS expression in the mPVN and pPVN was similall groups and not
altered by LPS or oPRL treatment (2-way ANOVA, Rgure 4.5).

Ventromedial hypothalamus (VMH)

LPS treatment alone did not alter the number pSTAd&tive nuclei in the VMH,
however, oPRL treatment increased the pSTAT5-p@sdells (2-way ANOVA,
p<0.01 across oPRL treatment; Figure 4.6).
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Figure 4.4
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Figure 4.5
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Figure 4.5 cont'd
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Figure 4.6
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Figure 4.6 cont'd
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4.3.2 Effect of 24h fast on prolactin negative fesaak

4.3.2.1 Prolactin concentration

Neither 24h fast nor oPRL treatment significanttgr@d plasma prolactin in virgin
mice. Murine plasma prolactin concentrations wégaicantly reduced by fast
treatment in d5.5 pregnant mice vs. non-fasteth@ih oPRL and prolactin buffer
treated groups (3-way ANOVA, interaction fast treaht x group p<0.001; 2-way
ANOVA for pregnant groups only, p<0.001 acrossttresnt; Figure 4.7). oPRL
treatment reduced plasma prolactin in non-fastedrmmant mice. However, it did not

reduce prolactin further in fasted d5.5 mice.

4.3.2.2 % pSTAT- positive TIDA neurones

The number of pSTAT5-positive neurones per arcpedéle was similar in both
virgin and pregnant non-fasted mice treated withlgatin buffer (Figure 4.8 A-D).
However, when treated with oPRL the number of pSFAliclei increased
significantly in the non-fasted pregnant mice. Alilgh pSTATS5 expression in non-
fasted virgins appears to also mildly increase wRIRL treatment this was not
significant (3-way ANOVA, interaction prolactin agment x group p<0.01; Figure
4.8 E). The number of pSTAT5-positive neuronesgreuate profile was similar in
both virgin and pregnant fasted mice treated withigetin buffer and the number of
pPSTATS nuclei increased in both virgin and pregmaite that were treated with
OoPRL (3-way ANOVA, interaction fast x prolactin étenents p=0.001). Individual
2-way ANOVAs for virgin and pregnant mice aloneealed that 24h fasting
increases the pSTATS expression in oPRL treateginvand pregnant mice (2-way
ANOVAs, interaction fast x prolactin treatments 3% Holm-Sidak post hoc tests,
p<0.05 across prolactin treatment within fastedemip<0.05 fast vs. control in
prolactin treated mice).

The percentage of pSTAT5-positive tyrosine hydraggtpositive cells (TIDA
neurones) was similar in virgin and pregnant na@ted mice treated with prolactin
buffer. When treated with oPRL the %-pSTATS5 positiMDA neurones increased
slightly in the non-fasted pregnant mice (3-way AN interaction prolactin
treatment x group p< 0.01; Figure 4.8 F). The %p®TAT5-positive tyrosine
hydroxylase neurones was low in both virgin andypeat fasted mice treated with

prolactin buffer (3-way ANOVAinteractions fast x group p<0.0f&st x prolactin
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treatments p<0.001, fast x prolactin treatmentsoxig p=0.001). Individual 2-way
ANOVAs for virgin and pregnant mice alone revedleat 24h fast increased the %
pSTATS5-positive TIDA neurones only in oPRL treafgégnant mice (2-way
ANOVA, interaction fast x prolactin treatment p<B;MHolm-Sidak post hoc tests,
p<0.05 fast vs. control in d5.5 prolactin treatedej

When the % pSTATS5-positive TIDA neurones are pbbeigainst the mean plasma
prolactin data there appears to be an inversaae$dtip in 7 out of the 8 groups, the
obvious outlier being the pregnant stressed mesatéd with prolactin buffer. They
display both low plasma prolactin and low pSTATSitiwe tyrosine hydroxylase
neurones (Figure 4.9).
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Figure 4.7
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Figure 4.8
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Figure 4.8 cont’d
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Figure 4.9
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4.4 Discussion

4.4.1 Effect of LPS stress on prolactin negatieeliimck

In support of previous data (see section 3.3.2§F BBministration in early pregnancy
robustly diminished circulating prolactin in micgeated with prolactin buffer.
Additional treatment with oPRL decreased murineipia prolactin in non-stressed
early pregnant mice as expected, demonstratingptéctin negative feedback had
been driven (DeMaria et al., 1999, Anderson e806a). However, although LPS
reduced plasma prolactin, oPRL supplementatiomdtdurther decrease it in early
pregnancy. This may be because levels have alteaety substantially reduced and
further changes are minimal and thus not significan

Although stress alone reduces circulating prolattis is not the case with pSTATS
signalling. The percentage of pSTAT5-positive TIRAurones in stressed early
pregnant mice was low and comparable to non-stlessee, showing negative
feedback via the pSTAT5 signalling pathway is ftdrad by stress alone (at basal
prolactin levels). However, the addition of oPRgrsficantly increased the %
PSTAT5-positive TIDA of stressed pregnant mice odigmonstrating stress
enhances negative feedback in these mice.

Stress and prolactin treatment had no notableteffepSTATS expression in the
hypothalamic SON and PVN despite prolactin recepb@ing expressed in these
nuclei (Kokay et al., 2006). In non-pregnant ratdgmctin treatment is reported to
decrease firing rates of oxytocin neurones, whaleitng no effect on vasopressin
neurone activity. Therefore, prolactin seems tedatly and specifically regulate
oxytocin neurone activity (Kokay et al., 2008)study in male rats has reported that
prolactin has an inhibitory effect on oxytocin i@de, influencing activation of the
JAK-STAT signalling pathway as well as neuronaligatulity of oxytocin neurons.
Although the functional significance of this is yetbe fully elucidated it has been
proposed that it may be important in coordinasegretion of oxytocin with events
that alter prolactin secretion, reflecting a feezkbpathway to regulate the prolactin-
releasing role of oxytocin (Townsend et al., 2064¥wever, our data show that LPS
(with or without prolactin) did not significantlyitar pPSTAT5 expression in the SON
or PVN.
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Expression of pSTATS nuclei in the VMH was increhgeth prolactin treatment
but was not altered by LPS stress although sigmfie of this unclear. Previous
studies have reported limited STAT5 expressionliti/and DMH (dorsomedial
hypothalamic nuclei), areas of the hypothalamusaknto regulate energy balance
and feeding (Lee et al., 2008). This suggestsafosl STATS and prolactin in
energy balance. Appetite and food intake are irsg@@n pregnancy in order to meet
the high metabolic demands of the developing oiifigpand increase fat storage for
lactation. For this to occur and be maintained paeg) females become resistant to
the anorectic actions of leptin (Ladyman et al1@0 Prolactin is reported to be
orexigenic, acting centrally to increase food ietdély inducing leptin resistance and
suppressing intracellular signals of leptin recepttivation in the VMH and PVN
(Naef and Woodside, 2007). Consistent with theperts, prolactin receptor-
deficient mice (male and female) display reducedybeeight and fat mass
compared to wild-type, supporting the role for patin in weight regulation
(Freemark et al., 2001).

Therefore, enhanced prolactin negative feedbaekpralactin receptor-induced
signalling at the TIDA neurones, does not appeamntterlie LPS-induced prolactin

suppression in early pregnant mice

4.4.2 Effect of 24h fast stress on prolactin negateedback

As shown previously (see section 3.3.5), 24h fgatirearly pregnancy decreased
circulating prolactin whilst having no considerabféect on virgin mice (treated with
prolactin buffer). As with LPS stress, additionaatment with oPRL decreased
murine plasma prolactin in non-stressed early pgagmice as expected,
demonstrating prolactin negative feedback. In wingice there appears to be a
general trend of reduction in plasma prolactin veBRL treatment, however, this is
not significant. It may be the case that the dds#P&L given was too low to see a
significant decrease in the already relatively [@asma prolactin levels (compared
to pregnant mice). Other studies looking at prataceégative feedback in mice have
observed an increase in negative feedback usingp tmgber doses of oPRL e.g.
Brown et al., 2011, used a dose five times highgpg(g body weight). The dose
chosen for our experiments has been previously slowncrease pSTATS nuclear

expression compared to vehicle treatment in lagatts with pups removed for 16h
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(Anderson et al., 2006b). However, in our miceitioeease in pSTAT5 expression,
due to oPRL treatment, may not be high enoughgtaifstantly impact on plasma
prolactin levels at the time point observed. Iniadd, the data generated is quite
variable and thus may be masking a subtle reduatiptasma prolactin with oPRL
treatment. In early pregnancy, although fastingsstreduced plasma prolactin,
oPRL supplementation did not further decreaseiggssting prolactin negative
feedback is not enhanced further by stress.

As with immune stress, 24h fast alone did not gd&FAT5 signalling in either
virgin or early pregnant mice. The expression of 55 in the TIDA neurones was
equally low in control and fasted mice administepealactin buffer only. oPRL
increased pSTATS expression in the arcuate ofviagid early pregnant mice. The
percentage of pSTAT5-positive TIDA neurones insgtesl early pregnant mice
(treated with prolactin buffer) was low and comeao non-stressed mice,
showing negative feedback was not enhanced byssitese (at basal prolactin
levels). However, the addition of oPRL significanticreased the % pSTAT5-
positive TIDA neurones in fasted virgin and pregnaite, once again
demonstrating stress enhances negative feedbalc&sa mice.

The overall expression of pSTAT5-postive neuronghese data is relatively low
compared to other studies, this is likely due togis lower dose of oPRL to drive
feedback (Brown et al., 2011, Sjoeholm et al., 20Hbwever, the dose we chose
has been previously used before e.g. in lactatitgywhose pups were removed for
16h, oPRL injection significantly increased the SbMuclear: cytoplasmic ratio
compared to vehicle (Anderson et al., 2006b).

Prolactin receptor expression is known to increaseng pregnancy and lactation in
the choroid plexus and a number of hypothalamidenirecluding the arcuate
nucleus, PVN and SON (Grattan et al., 2001a). Tisemgounting evidence that
raised prolactin levels increase food intake, wittv. administration of prolactin
inducing hyperphagia in virgin female mice in aeloependent manner (Sauve” and
Woodside, 1996). In addition, prolactin via i.dncreases food intake without
influencing oestrous cyclicity, and irrespectivendfether administered bi-daily or
chronically via infusions (Noel and Woodside, 1983auve” and Woodside, 1996,
Naef and Woodside, 2007). These data suggesteh#iat prolactin receptor
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activation leads to increased food intake, indepatig of steroid hormone levels,
and therefore raised prolactin levels during eprggnancy may contribute to
hyperphagia (Ladyman et al., 2010).

4.4.3 Relationship between plasma prolactin andT®T#ctivity

In general, an inverse relationship seems to eeisteen prolactin and % pSTATS5
in TIDA neurones in both the LPS and fast studigswyever, there is an obvious
outlier to this theory in that stress in early pragcy (no prolactin) suppresses
prolactin despite low pSTATS expression. This iraplthat although pSTATS
expression can be driven following stress in eprggnant mice (with oPRL), it is
not exclusively responsible for the stress-redymethctin. Data show stress alone
causes prolactin suppression but not via increpSAAT5 expression, thus it is not
utilizing the prolactin short-loop feedback systérhis cannot explain the mild
stress-induced increase in TIDA activation previpadserved or the decrease in
prolactin secretion in early pregnancy so othersstrelated hypothalamic

mechanisms must be responsible.

4.4.4 Potential pregnancy or stress-related factargeting TIDA neurones
4.4.4.1 The CRH system

TIDA neurones are thought to be targets for the GRétem and are known to
express CRH receptolSRH R, receptor-like immunoreactivity (CRH;R) is
apparent in rat TIDA neurones, however, CRH-irdibrervation is very sparse in
the arcuate nucleus suggesting it is does not &iamajor role in TIDA regulation
(Campbell et al., 2003). CRH could also have airéatl effect on the TIDA
response via activation of the LC which is inneedaby CRH-like immunoreactive
fibres (Ehlers et al., 1983, Valentino et al., 198&0ema and Grace, 2004) and
expresses receptors for CRH (Sanchez et al., 1988)LC is robustly activated
following stressful stimuli in experimental anim#&ésg. see section 3.3.2.8) and
leads to increased noradrenaline (NA) levels inGhS (Itoi and Sugimoto, 2010).
Noradrenaline from the LC plays a role in LH pulsieibition in response to stress
and noradrenaline neurones are known to projeittet@rcuate nucleus or medial
preoptic area (MPOA) (Campbell and Herbison, 2@h@ctly or indirectly e.g. via
the kisspeptin system (Li et al., 2010). Therefdris, possible the elevated NA,
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following stress, may impact directly on the areuaiticleus, altering TIDA

activation.

4.4.4.2 Sex steroids and SOCs

TIDA neurones also have receptors for steroids sggbrogesterone and oestrogen
which change with reproduction state (Steyn et28l07). High levels of
progesterone are present from the day of matingaladg with the enhanced
presence of steroid receptors during pregnancyastpthe idea that steroid
hormones may directly alter TIDA neurone activatiomegulate prolactin secretion
(Steyn et al., 2007, Leite et al., 2008). How #ffects TIDA neurone
responsiveness to stress stimuli during early @egyis unclear from the literature
at present. Oestradiol has been shown to greafimant prolactin-induced STAT5
activation, and increase prolactin receptor, SOGReCIS mRNA levels in the
arcuate nucleus and choroid plexus (Anderson ,e2@08).

As mentioned previously, during late gestation Eathtion prolactin loses its ability
to drive phosphorylation of STAT5b and this wasrifdio be associated with
enhanced SOCS mRNA which may underlie reduced TiBdrone dopamine
output (Anderson et al., 2006a). During stressarly pregnancy, the opposite effect
may occur and expression of SOCS may be diminighed,allowing increased
pSTAT5b signalling and suppressed prolactin semmetiowever, this seems
unlikely as LPS treated mice have been shown te hroreased expression of
SOCS-3 in the pituitary (Chesnokova et al., 200®) we found that stress reduces
prolactin despite low pSTATS levels.

4.4.4.3 Stress-induced cytokines

Another possible stress-related mechanism driviiATactivation and/or prolactin
suppression is activity of cytokines associatedh\sitess/LPS. IL-6 and TNé-are
potential candidates for involvement as they até beleased following LPS
treatment in early pregnancy (see section 3.31/2d33a3.3.1, respectively) and are
known to be detrimental to pregnancy maintenaneegéhtier et al., 2011).
STATS5 A and B are widely expressed and activated plethora of cytokines
(Hennighausen and Robinson, 2008), including nuosehos e.g. IL-2 (Laurence et
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al., 2007), IL-10 (Wehinger et al., 1996), and ILa#d growth hormones (Han et
al., 1996, Herrington et al., 2000), in additiorptolactin.

In order to investigate the role of proinflammatoggokines further we selected two
cytokines: TNFe and IL-6, which were administered to early pregmaite to

determine the effect on prolactin, progesteroneTdBd\ activation (see Section

4B).
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Section 4b: Effect of IL-6 and TNF-a on the prolactin system in early pregnancy
4.5 Introduction

4.5.1 The cellular T system

One of the most important components of the celintenunosystem which adapt in
early pregnancy are the helper T (Th) cells (reei@éw (Guerin et al., 2009)). Naive
CD4" T cells differentiate into two polarised forms,IThand Th2 cells, which exhibit
different effector responses. Th 1 cytokines (eNd=F) trigger numerous cell-
mediated cytotoxic and inflammatory responses, evhii 2 cytokines (e.g. IL-10)
are involved with B cell anti-body production are aequired for the secretion of
hPL and hCG (Druckmann and Druckmann, 2005).

4.5.1.2 The cellular T system in pregnancy

It has been suggested that successful pregnacbtwiacterised by a Th2
phenomenon, with higher Th2 cytokine production exldase involved in foetal
allograft survival and pregnancy maintenance (Rmcet al., 1995, Piccinni, 2006).
Recently the Th1:Th2 paradigm has been extendeddompass Th17 cells (which
produce the pro-inflammatory cytokine IL-17) andukatory T (Treg) cells (which
regulate Th cells). Th17 cells play a role in inlre of inflammation and in the
pathogenesis of rejection, while Treg are involiresthmunoregulation as well as
peripheral tolerance (Saito et al., 2010). In eprggnancy Treg cells are highly
expressed in the decidua. Decreased numbers phpeal and decidual Treg cells
have been observed in spontaneous miscarriage saggesting Treg cells
contribute to maternal immune tolerance of concgpfitigens and support

pregnancy maintenance (Sasaki et al., 2004).

4.5.2 Progesterone as an immunosteroid

We have shown that stress in early pregnancy deesearculating progesterone and
prolactin, both of which may also disrupt the cytekmilieu. Progesterone is known
to act as an immunosteroid, aiding maternal tolezda the foetal ‘semi-allograft’.

In this capacity, progesterone inhibits very eddgell lymphopoiesis (generation of

lymphocytes) and provides a pregnancy protectivaume environment favouring

development of Th cells which produce Th2 cytoki(f@scinni et al., 1995).
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Progesterone exerts an anti-abortive effect bgénigng progesterone induced
blocking factor (PIBF) release (Arck et al., 200R)mice, PIBF reduces NK cell
activity (which correlates with resorption rateyéBeres-Bartho et al., 1997a) and
alters the cytokine profile of activated lymphoayteavouring production of Th2
cytokines over Thl cytokines (Szekeres-Bartho amgivann, 1996). Stress in early
pregnancy decreases circulating progesterone, esdRIBF and increases resorption
rates in mice, all of which have been shown tollregated with progesterone
treatment (Joachim et al., 2003, Parker and Doug@K0). These data highlight the
importance of progesterone in establishing and tamimg a suitable cytokine

balance in the peri-implantation period.

4.5.3 Prolactin and immune regulation

Prolactin is known to be immunomodulatory, not jisbugh its role in driving
progesterone secretion in mice (Freeman et alQ)2®0dolactin has been shown to
regulate the cytokine profile and enhance the prboin of IFN+y, IL-10 and IL-12
in a stimulus specific manner (Matalka, 2003, Maand Ali, 2005). In addition,
decidual prolactin silences expression of genesghbto be detrimental to
pregnancy, including IL-6 and 2€HSD in decidua (Bao et al., 2007).

4.5.4 Effects of stress on cytokine balance in maegy

Cytokines are reported to be key mediators in tkdirbctional interaction between
the maternal immune system and the reproductiviesythroughout pregnancy
(Wegmann et al., 1993). Cytokines are not onlyastel following infection or
inflammation but have been shown to be secretéoviolg physical and
psychological stress (Turnbull and Rivier, 1999)eTytokine profile displayed in
early gestation is delicate and can be disturbea tymber of stressors, including
immune challenges such as LPS or physical stressotsas hunger (Parker and
Douglas, 2010). Psychoemotional stress also dsithptcytokine balance in mice,
resulting in foetal loss (Blois et al., 2004). Aidy into psychological stress in
pregnant women reported a positive correlation betwhigh perceived stress scores
and elevated serum proinflammatory cytokines (lhr@ TNFe) and lower anti-

inflammatory IL-10, compared to women with low ssescores (Coussons-Read et
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al., 2005). An increased Th1 profile is also apptane blood and decidual cells of

pregnant mice following stress (Blois et al., 200Blwis et al., 2007).

4.5.5 Effects of IL-6 and TNé-on the HPA axis

Two proteins known to be detrimental for the norpraigress of pregnancy are the
cytokines IL-6 and TNFe, both of which are elevated in the serum of wonvéh
preeclampsia (Szarka et al., 2010). It has long lkeewn that cytokines are potent
activators of the central stress response, cotistitpart of the feedback loop
through which the immune system communicates WwghGNS (Chrousos, 1995).
LPS administration activates the HPA axis and iedube synthesis and release of
cytokines including IL-6 and TNE~(Turnbull and Rivier, 1999, McCann et al.,
2000). TNFe and IL-6 are able to stimulate activation of tHeAdaxis either alone,
or in synergy with each other (Chrousos, 1995, ds@nd Chrousos, 2002). The
principal action of these cytokines is probablytioa release of CRH and vasopressin
from the hypothalamus, but they can also have &sffaicthe pituitary level. IL-6 and
TNFa have both been shown to stimulate ACTH releagsa fiee anterior pituitarin

vitro andin vivo (McCann et al., 1994).

4.5.6 The role of IL-6 in immune regulation

IL-6 is a multifunctional cytokine that is productdm immune cells (e.qg.
macrophages and dendritic cells) as well as atyasieother cells including
endothelial and epithelial cells (Diehl and Rinc2@02). IL-6 binding to its receptor
induces activation of JAK/STAT signalling pathwaswell as the
CCAAT/enhancer binding protein (C/EBP) pathway (iend Rincon, 2002).
Activation of JAK1land JAK 2 by IL-6 causes activatiof STAT 3 and mildly
activates STAT1.

IL-6 is involved in the control of Th1:Th2 differgation, promoting Th2
differentiation (dependent upon endogenous IL-4)jstimhibiting Th1l polarization.
IL-4 is the most potent factor that stimulates saBD4 T cells to differentiate to
the Th2 phenotype and IL-6 has been demonstratieditiee IL-4 production in
CD4" T cells, that then polarizes naive CDHBcells to effector Th2 cells (Rincon et
al., 1997). IL-6 also upregulates SOCS1 expredsiactivated CD4T cells,
resulting in interference of STAT1 phosphorylatlpnlFN-y. The inhibition of the
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IFN-y receptor-mediated signals suppresses autoregulaitié-N-y gene expression
during activation of CD4T cells. Consequently, Th1 differentiation is pated
(Diehl et al., 2000). Therefore, IL-6 has a dudtia Th1/Th2 differentiation,
promoting Th2 and inhibiting Th1 differentiation.

4.5.7 Effects of IL-6 and TNé+n pregnancy

4.5.7.1 Effects of IL-6 in pregnancy

Mounting evidence indicates that IL-6 can directigdulate gonadal functions. In
the ovary IL-6 is produced by rat granulosa catid ean suppress progesterone
secretionn vitro in rat and porcine granulosa cells (Gorospe el@b2, Machelon

et al., 1994)IL-6 is not normally expressed in the decidua aoth bL-6 and its
receptor have been shown todmvnregulated in the rat decidua by prolactin and
oestradiol (Deb et al., 1999b). Decidual proladia robust repressor of IL-6
expression in the mouse decidua (Bao et al., 2@0Hough decidual IL-6 is
normally suppressed it is produced in responseftannmation and is thought to
have an important role in the pathophysiology ééation-induced preterm labour
(Romero et al., 1990, El-Bastawissi et al., 20089 Bt al., 2007). Production of IL-6
during pregnancy may trigger an inflammatory reggosnd compromise pregnancy
success, thus prolactin-induced inhibition of kpression in the decidua could be of
major physiological importance.

IL-6 mMRNA is also not expressed in the corpus lotebroughout the majority of
pregnancy in the rat (only apparent in very earggpancy and immediately
following parturition) but it too has been showrb®induced by LPS. Progesterone
inhibits IL-6 expression and therefore it is likehe high levels of this hormone
during pregnancy prevent the expression of IL-6olwimay have a deleterious effect
on corpus luteum function (Telleria et al., 1998).

4.5.7.2 Effects of TNE-n pregnancy

TNF-a is a pleiotropic cytokine and has been identifledughout the female
reproductive tract, placenta and embryonic tisS@erénova et al., 1995). Elevated
levels of TNFe are thought to be adverse to reproduction and raumsestudies have
revealed that TNF-administration to pregnant mice results in fokdat (Toder et
al., 2003). Experiments using CBA/JxDBA/2J mice @mlowith high levels of

211



embryonic death) have found that these mice exaibihcreased level of TNé&+in
decidual cell cultures (reviewed in (Toder et 2003)) and also have elevated
expression in the placenta (Tangri and Raghupd®83). In rats, LPS-induced
foetal loss can be abrogated by blocking of matéFh&-a activity (Renaud et al.,
2011). In mice, various stressors have been reptotactivate TNFe: producing
cells at the foetal-maternal interface and incrgaeduction of TNFa. Ultrasonic
stress significantly elevates resorption rate &ithaximal effect on gestation day
5.5 and increased decidual TNFelease (Arck et al., 1995). These observations
have implicated TNFein triggering immunological-induced pregnancy lgssbryo
death due to failure to prevent rejection) (Clarkle 1999, Raghupathy, 2001).
TNF-a is thought to act as a mediator in stress-indeceldryonic death, possibly
through dysfunction of mechanisms required forutezus to become receptive to
blastocysts, thus preventing implantation (Torckynst al., 2005). In women the
level of TNF« in the amniotic fluid is significantly higher witlterine infections

and is associated with preterm birth incidence (Banet al., 1990). TNk-has also
been implicated in other pregnancy complicatiorhsas preeclampsia in baboons
(Sunderland et al., 2011) and humans, where ibbas suggested as useful marker
for preeclampsia in the first trimester (Serinlet2002, Leblanc et al., Epub ahead
of print).

TNF-o has been characterised over recent years as afpbamoptotic activator as
well as an activator of anti-apoptotic signalliragcades. It has been described to
boost death signalling in order to kill the embifyan initial adverse situation causes
structural abnormalities, while triggering protgetimechanisms if damage repair is

possible and may avoid maldevelopment (Toder g2@03).

4.5.8 IL-6, TNFe and prolactin

The rat pituitary cell line, MtT/SM, secretes piaila and has the characteristics of
somatomammotrophs. IL-6 has been found to stimyliatiferation of these cells
and inhibit the secretion of prolactin (and growtirmone) suggesting IL-6 inhibits
the functions of mammotrophs (lactotrophs) and gotr@phs in the pituitary gland
(Tomida et al., 2001).

TNF-a, along with other proinflammatory cytokines sushllala and IL-8, have
been shown to inhibit decidual prolactin releasg @ecrease prolactin synthesis
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from primary human decidual cells from term pregnes. However, IL-6 treatment
was not shown to alter basal decidual prolactieast. This study suggests a
paracrine role for cytokines released by deciduatnomphages in regulation of
decidual prolactin expression (Jikihara and Handeerl994). TNFx
administration to male rats was reported to deereasulating prolactin but it did
not alter the DOPAC:dopamine ratio in the hypotimala or pituitary. However, both
dopamine and DOPAC levels were raised in the amtpriuitary following TNFe
treatment (i.c.v.), indicating an increase in dopemurnover which could mediate
the suppressive effect on prolactin (de Laureaji2002).

Both IL-6 and TNFe are released following stress in early pregnamclyaae
reputed to threaten pregnancy maintenance. Thetafoorder to investigate the
effect of TNFe and IL-6 in early pregnancy on prolactin and @gulation, d5.5
pregnant mice were administered TN+ IL-6 (or vehicle)We aimed to use
immunocytochemistry, double labelling for tyrosimgdroxylase and Fos, to
determine whether there is an alteration in TIDAm@e activation following
proinflammatory cytokine treatment in early pregeygrand whether this is

associated with reduced plasma prolactin/progesgéero

4.5.9 Aim and hypotheses

Aim:
1. To determine the effect of TNl-and IL-6 treatment on prolactin secretion

and its regulation in early pregnancy.

Hypotheses:
1. TNF-o and IL-6 treatment decrease circulating prolaatid progesterone in
early pregnancy.
2. TNF-o and IL-6 treatment increase TIDA neurone activatioearly

pregnancy.
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4.6 Methods

4.6.1 Effect of IL-6 and TNE-on hormones and neuronal activation in early
pregnancy

4.6.1.1 Treatment

d5.5 pregnant mice were gently restrained in aihgldag and either injected with
recombinant mouse IL-6 (200ng in 100ul 0.4% BSA&RBS i.p; R&D Systems, Inc.,
Minneapolis, US; n =7 (Zalcman et al., 1998, DW2006)), recombinant mouse
TNF-a (3pg in 100ul 2% BSA in PBS; R&D Systems, Inc.nhkapolis, US; i.p; n
= 7 (Sundgren-Andersson et al., 1998)) or vehit@®[1l 0.4% or 2% BSA in PBS
I.p; n = 6, 5 respectively) around 10am (3h afigiits on). Mice were returned to
their home cages. Drugs were reconstituted acogtdimanufacturer’s instructions
(R&D Systems, Inc., Minneapolis, US) before dilutim the desired dose.

4.6.1.2 Blood/tissue collection and perfuse fixatio

After 90 min mice were quickly moved to an adjace@m and injected with an
overdose of sodium pentobarbitone (0.3ml i.p; Gamt, 22106 Didan, France).
Once the mouse was deeply anaesthetised (no dignsadhing, non-responsive to
toe pinch) the heart was exposed. Blood was rembyeaxrdiac puncture before the
mouse was perfused with heparinised saline andftkeh with 4%
paraformaldehyde (as described in General Methecdsos 2.9.1). The brains were
carefully removed and stored overnight (4°C) in gd#taformaldehyde and 15 %
sucrose solution. They were then cryoprotected3f% sucrose solution at 4°C
overnight. Following this the brains were frozerdoe sectioning. Blood was
processed for plasma and frozen (-20°C) prior ®insssays. Following
blood/tissue collection pregnancy status was cleebkdaparotomy and inspection

of the uterine horns for evidence of implantatidass

4.6.1.3 Prolactin ELISA

Plasma samples were diluted 1 in 25 and assayaapiicate using an adapted
protocol (see General Methods section 2.7.2.2)@mouse prolactin DuoSet
ELISA kit (DY1445, R&D Systems, Inc., MinneapollsS).
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4.6.1.4 Progesterone RIA
Plasma samples (undiluted) were assayed in duplicsahg a progesterone RIA kit
(DSL-3900; kit 1; see section 2.6.1.2).

4.6.1.5 Corticosterone RIA
Plasma samples were diluted 1 in 200 and assayddpiicate using a
cortocosterone RIA kit (Corticosterone ImmunChenuble Antibody RIA kit; MP

Biomedicals) (see section 2.6.3.2).

4.6.1.6 Brain sectioning, tyrosine hydroxylase/Fo€ and analysis

Brains were sectioned using a freezing microtonth slices cut at 48um. Coronal
brain sections (containing PVN, arcuate nucleusHvamd SON) were stored in
cryoprotectant before double immunocytochemist@Q) was carried out for Fos
and tyrosine hydroxylase (see section 2.10.3).i@etvere processed and
visualised using the avidin-biotin peroxidase caaR@[ABC) method with nickel
DAB/DAB.

Fos-positive cells (containing a dark grey/blacklaus) were counted in around 4
sections per mouse for each area of interest (@efusing (Franklin K, 1997)). This
was carried out on coded slides using a light nsicope (20x or 40x objective). In
addition to Fos only counts, the arcuate nucleus also analysed the number of
tyrosine hydroxylase cells colocalized with Fospiessed as % of the total number
of tyrosine hydroxylase cells). Cells with a darkyblack nucleus and brown

cytoplasmic staining were counted as double lab€lielocalisation).

4.6.2 Statistics

Statistical evaluation of the mean hormone coneéintrs and neuronal activation
were determined by 1-way ANOVAs with a Holm-Sidadsphoc test. Student t-
tests were used to evaluate whether there wasesatite between the two vehicle
groups (0.4% and 2% BSA in PBS) for each of thevalmarameters. The data from
the two vehicle groups were pooled for the grapttssatistics as they were not
significantly different for any of the parametersasured (Students t-test, ns). Data
are presented as group meanszSEM (excluding aithezan+3*SEM).
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4.7 Results

4.7.1 Effect of IL-6 and TNE-on plasma hormones and neuronal activation inyearl
pregnancy.

4.7.1.1 Prolactin concentration

IL-6 treatment had no significant effect on plagmnalactin concentration in d5.5
pregnant mice but TNE-significantly decreased prolactin compared to slehand
IL-6 treatment (1-way ANOVA, p<0.001 across treatméiolm-Sidak p<0.05
TNF-a vs. vehicle and vs. IL-6; Figure 4.10A).

4.7.1.2 Progesterone concentration

IL-6 treatment had no significant effect on plagmnagesterone concentration in
early pregnant mice but TNé&significantly reduced circulating prolactin levels
compared to vehicle and IL-6 treatment (1-way ANQWAO0.001 across treatment;
Holm-Sidak p<0.05 TNFevs. vehicle and vs. IL-6; Figure 4.10B).

4.7.1.3 Corticosterone concentration

IL-6 and TNFe treatment increased corticosterone levels in gadgnant mice (1-

way ANOVA, p<0.001 across treatment; Holm-Sidak J080TNF« vs. vehicle and

vs. IL-6; Figure 4.10C). Although a Holm-Sidak tédtowing a 1-way ANOVA did

not report a significant increase in corticosteraité IL-6, a Student t-test (IL-6 vs.

vehicle) did reveal a significant change (p<0.05).

4.7.1.4 Activation of TIDA neurones

IL-6 and TNFe treatment significantly increased the number of-positive
neurones per arcuate profile (Figure 4.11 A andrB, similar manner, compared to
vehicle (1-way ANOVA, p<0.01 across treatment; FFegd.11 C). The proportion of
activated TIDA neurones (presented as % Fos-pedignosine hydroxylase
neurones) mildly increased following both IL-6 afildF-a injection compared to
vehicle (1-way ANOVA, p<0.01 across treatment; FFegd.11 D). TNFe treatment
evoked a higher response than IL-6 (Holm-Sidak, @500
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Figure 4.10

217



Figure 4.11
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Figure 4.11 cont'd
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4.7.1.5 Activation of other hypothalamic cell greup

Supraoptic nucleus (SON)

In the SON, IL-6 treatment had no significant effex the number of Fos-positive
nuclei in d5.5 pregnhant mice compared to vehicNE+ significantly increased Fos
expression in the SON compared to both vehiclelbs@treatment (1-way

ANOVA, p<0.001 across treatment; Holm-Sidak p<OTD&-a vs. vehicle and vs.
IL-6; Figure 4.12).

Paraventricular nucleus (PVN)

In both the mPVN and the pPVN, IL-6 treatment hadignificant effect on the
number of Fos-positive nuclei in early pregnanter@ompared to vehicle. TNd-
significantly increased Fos expression in both Rgdlons compared to vehicle and
IL-6 treatment (1-way ANOVAs, p<0.001 across treatiy Holm-Sidak p<0.05
TNF-a vs. vehicle and vs. IL-6; Figure 4.13).

Ventromedial hypothalamus (VMH)

In the VMH, IL-6 treatment mildly increased the noen of Fos-positive nuclei in
d5.5 pregnant mice compared to vehicle. TiN$ignificantly increased Fos
expression in the VMH compared to both vehicle &nél treatment (1-way
ANOVA, p<0.001 across treatment; Holm-Sidak p<Ql0® vs. vehicle, p<0.05
TNF-a vs. vehicle and vs. IL-6; Figure 4.14).
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Figure 4.12
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Figure 4.13
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Figure 4.13 cont'd
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Figure 4.14
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Figure 4.14 cont'd
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4.8 Discussion

4.8.1 Effect of IL-6 and TNE-on plasma hormones and TIDA neuronal activation in
early pregnancy.

The activity of cytokines associated with stresSLR early pregnancy may
influence prolactin regulation, lead to suppressibprolactin secretion and threaten
foetal survival. IL-6 and TNFtare known to be detrimental to pregnancy
maintenance (Carpentier et al., 2011) and wereidates for our study into the
effect of stress-induced pro-inflammatory cytokioeasprolactin and its regulation.
Serum TNFe levels in early pregnant women have been repootbe elevated
before miscarriage and may play a significant neleecurrent pregnancy loss
(Colakoglu et al., 2004). However, the role of llinGoregnancy maintenance/loss is
less clear. There are reports that IL-6 serum $eaed higher in healthy pregnancies
compared to women undergoing recurrent spontaretoarsion (Makhseed et al.,
2000) implying that IL-6 is pregnancy protectiveowever, decidual IL-6 expression
and content in the amniotic fluid is associatechwiflammation and preterm labour
(El-Bastawissi et al., 2000, Bao et al., 2007).

In support of a possible role for IL-6 and TNFn stress-induced adverse effect on
pregnancy we have shown that circulating levelhe$e cytokines are increased
following LPS treatment in early pregnancy (sedieac3.3.2.3 and 3.3.3.1,
respectively). IL-6 administration to d5.5 pregnamte was found to mildly increase
corticosterone levels, indicating activation theARress axis, however, it had no
significant effect on circulating prolactin or pexjerone compared to vehicle. Thus
stress-induced IL-6 release does not seem to uagedlactin suppression following
stress in early pregnancy. Conversely, TiNffeatment significantly reduced both
plasma prolactin and progesterone levels in eadgmant mice, in addition to
robustly elevating corticosterone levels. Doubl€ ifor Fos and tyrosine
hydroxylase expression in the arcuate nucleus led¢hat both IL-6 and TNe-
mildly increased activation of TIDA neurones. THere, data demonstrate that
TNF-o may be partly responsible for stress-reduced gtiolgecretion through

action directly at the pituitary lactotrophs sinicdoes not strongly alter TIDA

activation. In support of this theorip, vitro studies have revealed that LPS treatment
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increases TNFerelease from lactotrophs while also decreasintaptio release
(Theas MS, 1998).

4.8.2 Effect of IL-6 and TNE-on neuronal activation in other hypothalamic nucle
Other hypothalamic nuclei seem to behave in a#jighfferent manner to those in
the arcuate nucleus following IL-6 treatment. Imizast to the general increase in
the activation of the neuronal population of theuate nucleus, IL-6 did not
stimulate Fos expression in the SON or PVN and onilgily increased Fos
expression in the VMH. TNl-treatment also increased Fos expression throughout
the arcuate nucleus to a similar level as IL-6. doer, TNFe (like LPS) robustly
increased activation in the SON, pPVN and VMH. Wiket as with LPS treatment,
the pPVN response to TNkis attenuated in early pregnancy compared tongrgi
(possible reflecting oxytocin neurone responsenisnown at present as this study
did not include the virgin groups required for caripon. Oxytocin is reported to be
a key prolactin-releasing factor and is involvedha regulation of prolactin

secretion (Freeman et al., 2000). For example,azkytis essential for the bi-daily
prolactin surges observed in rats following cerivatamulation (McKee et al., 2007).
Therefore, it is possible that TNFinduces changes in oxytocin neurone activity and
secretion of oxytocin in early pregnancy that catddtribute to the reduced

prolactin levels observed at this time.

LPS treatment to d5.5 pregnant mice profoundlycaéieé pregnancy rate, resulting in
occult foetal loss. However, it is not known whHeet the pro-inflammatory
cytokines IL-6 and TNF: have on resorption rate as all mice were sacdfafeer 90
min on d5.5 of pregnancy. In order to determineetiiect on foetal survival the
experiment would need to be repeated and micefisacrion d13.5 to allow
resorption site analysis.

IL-6 treatment had a minimal effect on neuronevation in a number of
hypothalamic nuclei, compared to TNFt is possible that if IL-6 was administered
at a higher dose we may see a more profound effetite pregnancy
hormones/neuronal activation, as although the HR&\mas activated this was only
observed as a relatively mild increase in cortieaste vs. vehicle when compared to
TNF-a. However, previous studies using the same dose foawd that although

plasma corticosterone levels varied only slightiyiot significantly at all following
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IL-6 treatment, this dose was high enough to inchetgavioural effects,
mesocortical dopamine activity in the hippocampus prefrontal cortex, and
increase serotonin levels from the hypothalamu(@an et al., 1998, Dunn, 2006).
The TNFea dose used has previously been used in a studyhatmle of TNFe in
fever and was demonstrated to elicit hypothermaattrens (dependent on IL-6) but
we did not measure body temperature (Sundgren-Asderet al., 1998).

Although both stressors activated the HPA axisraiidly increased TIDA

activation (as measured by Fos expression in tBDATieurones) only TNFe:
reduced prolactin and progesterone secretion, etnchted a number of other
hypothalamic nuclei. As both IL-6 and TNFmildly increased TIDA activation, but
IL-6 had no effect on prolactin secretion, it does appear that stress-reduced
prolactin is completely due to the effects of Il0iI6TNF-w on TIDA neurone
dopamine activity. Rather, stress-reduced prolaotearly pregnancy may be as a
result of proinflammatory cytokine effects on th®A& neurones in combination
with other mechanisms. For example, Tk early pregnancy may act directly at
the pituitary lactotrophs to suppress prolactieask possibly through triggering
apoptosis of lactotrophs and consequently decrgasiprolactin secretion.

The neuroendocrine mechanisms controlling prolaatnhighly sensitive to
cytokines and in order to test these mechanisntisduexperiments need to be
carried out. A number of cytokines, including TNFare known to activate the
JAK2/STAT3 signalling pathway (Miscia et al., 200ymanatto et al., 2007). For
example, Romanatto et al. have demonstrated thatalattivates JAK2/STAT3
and modulates insulin and leptin signalling andoacin the hypothalamus inhibiting
food intake. To investigate the effect of strespmrinflammatory cytokine
signalling in hypothalamus, ICC could be carrietfou pSTAT3 nuclear expression
in stressed early pregnant mice. In addition, ¥@stigate the role of cytokines in
prolactin inhibition a range of cytokine receptotagonists or blockers could be
injected centrally prior to stress exposure and th®A/dopamine activity and
prolactin secretion measured. This would allowautest for cross-talk between
cytokines/receptors and help ascertain the meamanehind cytokine/stress-reduced

prolactin in early pregnancy.
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Chapter 5

Prolactin and anxiety in early pregnancy
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Chapter 5: Prolactin and anxiety in early pregnancy

5.1 Introduction

5.1.1 Stress and anxiety during pregnancy

Anxiety is thought to be a psychophysiological digat the stress response has been
initiated. The locus coeruleus (LC) is robustlyizatied following stressful stimuli
and thus is regarded as an important part of theaédstress circuitry’. Mounting
evidence also suggests a relationship betweeretiteat noradrenergic system and
fear/anxiety states and depression (Itoi and Sogin2010). Around 30% of women
experience some type of anxiety disorder during thetime and symptoms may
change in these women during pregnancy and th@gbsi period (Levine et al.,
2003).

Maternal anxiety has adverse effects on pregnabaydn et al., 2002, Orr et al.,
2007) and women who experience more stress andtguddring pregnancy have
significantly higher rates of adverse birth outceregg. low birth weight. Multiple
studies report a relationship between increasé&dfipreterm birth and ‘pregnancy-
related’ or ‘state’ (response to environmentalsstoes) anxiety (Lobel et al., 1992,
Rini et al., 1999, Dole et al., 2008xegnancy-specific anxiety refers to maternal
worries or concerns related to pregnancy suchtemiladelivery and health of the
offspring (Rini et al., 1999). An early study foutidcht anxiety in the first trimester
(as well as the second and third) is associated atihormalities during pregnancy
and parturition e.g. threatened abortion, pretetoolr (Gorsuch and Key, 1974).
Anxiety and depression in the first trimester ds® dinked with the subsequent risk
for preeclampsia (Kurki et al., 2000). In additiomaternal anxiety or depression are
related to functioning and development of the aifgp For example, women who
were anxious during pregnancy have infants witlelamated risk of having non-

optimal neuromotor development (van Batenburg-Eddes., 2009).

5.1.2 Reproductive hormones and anxiety
Both pregnancy and lactation are accompanied bgwetral changes, including an
altered responsiveness to stress. For exampleygiate pregnancy (d21) rats

display increased anxiety-like behaviour on theated plus maze (EPM), compared
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to virgin females (Neumann et al., 1998). Theseralions have been associated with
the changes in reproductive hormones at differgmtaductive states (Young and
Cook, 2004). Systemic administration of progestermnovariectomised rats leads to
reduced anxiety-like responses, with an increasgém-arm exploration on the
EPM. The addition of oestradiol attenuates thiscfflt has therefore been
suggested that anxiety behaviour varies acrossdbious cycle due to the
modulatory effects of ovarian hormones (Mora et1#96). In males rats,
progesterone administration i.p rapidly producegsificant anxiolytic behavioural
effects 30 min after administration (Gomez et2002).

The effect of oestradiol on anxiety is unclear; s@tudies report an anxiolytic effect
of oestradiol administration in rats (Marcondesalet2001, Bowman et al., 2002),
but others report an anxiogenic effect of oestiladsatment in rats and mice (Mora
et al., 1996, Morgan and Pfaff, 2001).Marcondea.g2001) report that anxiety
levels of female rats were lower in proestrous ttharng di-estrous, and conclude
that the levels of oestradiol modulate this respoAsother study also demonstrated
changes in anxiety across the reproductive cyctats) reporting low levels of
anxiety during late proestrus when progesteroneldeare elevated and high levels
of anxiety at stages when progesterone levelsoar€destrous, metoestrous,
dioestrous and d21 of gestation) (Zuluaga et @052 Although these studies
conclude that oestradiol or progesterone, respytilead to reduced anxiety-like
behaviour during proestrous, prolactin levels dse greater on the afternoon of
proestrous (Freeman et al., 2000) and may cong&ritouteduced anxiety. In support
of this, i.c.v administration of prolactin to ratecreases anxiety-like behaviours on
the EPM in a dose dependent manner. In contragty-degulation of brain prolactin
receptors (long-form), using an antisense oligogieagleotide infusion, increases
anxiety-like behaviour (Torner et al., 2001). Temonstrates an anxiolytic effect of
prolactin acting at the brain level. Furthermordéusion of ovine prolactin to female
rats attenuated the stress-induced increase in @Rttrdingly, the CRH response
was further elevated by antisense targeting optb&actin receptors. This suggests
that prolactin reduces responsiveness of the HRg\wa& prolactin receptors in the
brain, in addition to acting as an endogenous dybeq Torner et al., 2001, Torner,
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2002). In humans, a correlation between anxietglgeand serum prolactin has also

been reported (Jeffcoate et al., 1986).

5.1.3 Behavioural assays for anxiety

Measuring anxiety-like behaviour in rodents hasthgdseen undertaken using
animal models of anxiety, such as the EPM and pea dield test (OFT). These tests
are both based on exposure to aversive unfamiéaep and exploit the natural
avoidance behaviours of rodents to exposed andteqgied areas (Belzung and
Griebel, 2001). Thus, these tests are based onxangenic agent e.g. unprotected
arm on the EPM or open area in OFT, and the anlaeesl is determined from the
number of entries to unprotected areas and thedpast in these regions (Carola et
al., 2002). However, the conclusions drawn fronsé&ievo tests are often
contradictory. For example, one study comparingEBL3@ and BALB/6 strains
report that C57BL/6 mice are not very anxious aigthlly active, while BALB/6

mice are highly anxious and not very active in@€rl (Crawley et al., 1997). In
contrast, another report states that these twmsthave similar anxiety and
locomotor activity profiles when using a numbebehaviour tests such as the EPM
and OFT (Rogers et al., 1999). Discrepancies betwtealies from different groups
may reflect differences in behavioural analysitetia. In addition, Rogers et al.
(1999) found that data obtained from different abxiests were discordant. Strain
differences on the EPM did not correlate with tHeTQimplying that they do not
measure the same behavioural traits.

Behavioural responses are typically recorded fanifbas early studies revealed that
rats demonstrated the most robust avoidance balraviothis period (Montgomery,
1955). Therefore, to test for anxiety behaviouloleing stress in early pregnancy,
two commonly used behavioural tests were carrigdarlb min: the EPM and the
OFT. As prolactin and progesterone are both reddddoe anxiolytic stressed-
reduced levels of these hormones in early pregmég may impact on anxiety-like

behaviour.
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5.1.4 Aim and hypotheses

Aim:
1. To determine the effect of stress (LPS or 24hrig3ton anxiety behaviours

in early pregnant mice.
Hypotheses:

1. LPS stress will increase anxiety-like behavioueanly pregnancy.

2. 24h fast will increase anxiety-like behaviour inlggregnancy.
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5.2 Methods

5.2.1 Effect of LPS stress on anxiety behaviourm@asma hormones

5.2.1.1 Treatment

Virgin and d5.5 pregnant mice were gently restrdiimea holding bag and injected
with lipopolysaccharide (LPS; 12.5ug/100ul saling, E.coli E055:B5, Sigma,

Poole, Dorset, UK; n = 6) (Hollis et al., 2005)vahicle (saline; 100ul, i.p; n = 8)
around 10am (3h after lights on). Mice were thearred to their home cages before
carrying out the EPM. A second cohort of virgin atd5 pregnant mice were treated
in the same way (LPS, n = 8, 11 respectively; Mehit= 7, 11 respectively) to

provide another set of mice to carry out the OFT.

5.2.1.2 Behavioural tests and blood collection

A. Elevated plus maze

Following 24h mice were removed from their homeecagd immediately moved to
an adjacent room where the EPM was set up (seer@anethods section 2.13.1
and Figure 2.21). The EPM is comprised of foursa(thopen, 2 closed) coming out
from a central area (5x5cm square) on a 1m higssestand. The closed arms were
enclosed by walls (15cm high x 30cm long x 5cm Widéile the open arms were
completely open (30 cm long x 5cm wide (Carolal ¢t2802)). The mice were then
placed into the centre area (neutral area) of ERVlailowed to roam freely for 5
min whilst being video recorded (experimenter tb& behavioural room for 5 min).
Immediately following the EPM test mice were movedn adjacent room and
killed by conscious decapitation (<1 min after reradrom maze). Trunk blood was
collected, processed for plasma and frozen & @rior to use in assays. Following
blood collection pregnancy status was checked jpgrésomy and inspection of the
uterine horns for evidence of implantation sites.

The behavioural video was analysed manually foicai@nxiety behaviour
measures (Carola et al., 2002): the latency todpen arm entry, number of open
arm entries, total number of entries (crude meastioeerall locomotor activity) and
percentage time spent open arms. In addition, trgaggon of the open arms was
measured by counting the number of stretch attpadsrmed (stretching out from
enclosed arms into open arms) (Kimura et al., 2009)

234



Ashley Boyle (& year Physiology undergraduate summer studentURheersity of
Edinburgh) assisted in carrying out this experinmant in video analysis.

B. Open field test

Mice were removed from their home cage, 24h afeatiment, to an adjacent room
containing the OFT (see General Methods sectioB.2.4nd Figure 2.22). The OFT
was carried out on an arena: board divided intedtfres (5 x 5 squares; 1G¢m
with a 15cm high wall (Kimura et al., 2009). Thentral 9 squares are considered to
be the inner zone (more anxiogenic) and the olesglares the outer zones (less
anxiogenic). The mouse was placed onto the cesqradre (in the inner zone) and
allowed to move freely over the arena whilst baiitigo recorded for 5 min
(experimenter left the behavioural room for 5 mimmediately following the test
mice were moved to an adjacent room and killeddnscious decapitation (<1 min
after removal from maze). Trunk blood was collecfmdcessed for plasma and
frozen (-20°C) prior to use in assays. Following blood collestpregnancy status
was checked by laparotomy and inspection of thengdorns for evidence of
implantation sites.

The behavioural video was analysed manually focgreiage of time spent in the
inner zone, number of inner zone entries, the nurmberossings over the grid lines
(to give indication of locomoter activity) and thember of times the mouse reared
up/explored the outer wall (indication of activagpd exploratory behaviour).
Ciorstaidh McGlone (Neuroscience Masters studem, Oniversity of Edinburgh)

assisted in carrying out this experiment and irewidnalysis.

5.2.1.3 Prolactin ELISA

Plasma samples were diluted 1 in 25 and assaysapiicate using an adapted
protocol (see General Methods section 2.7.2.2)hemouse prolactin DuoSet
ELISA kit (DY1445, R&D Systems, Inc., MinneapollsS).

5.2.1.4 Corticosterone RIA
Plasma samples were diluted 1 in 200 and assayddpiicate using a
cortocosterone RIA kit (Corticosterone ImmunChenuble Antibody RIA kit; MP

Biomedicals) (see section 2.6.3.2).

235



5.2.2 Effect of 24h fast on anxiety behaviour aladma hormones

5.2.2.1 Treatment

Virgin and d5.5 pregnant mice were fasted for 24k @, 9 respectively), with food
removed from their home cage at 10am (lights ofaat), controls were allowed to
feed normally (n = 7, 8 respectively) to providecenfor the EPM test. A second
cohort of virgin and d5.5 pregnant mice were tréatethe same way (24h fast, n =6,
9 respectively; vehicle, n = 6, 10 respectivelyptovide another set of mice to carry
out the OFT.

Kevin Hung (Physiology Honours student, The Uniitgrsf Edinburgh) assisted in

carrying out these experiments and in video analysi

5.2.2.2 Behavioural tests and blood collection

A. Elevated plus maze

Following 24h mice were removed from their homeecagd immediately moved to
an adjacent room where the EPM was set up. Asthth.PS treatment experiment
mice were recorded on the maze for 5 min and wilesllby conscious decapitation
immediately following the test. Trunk blood wasleoted, processed for plasma and
frozen (-20°C) prior to use in assays. Following blood collestpregnancy status
was checked by laparotomy and inspection of thengdorns for evidence of
implantation sites. The behavioural video was asedymanually for the same

anxiety behaviour measures as before (see sec2ahBA).

B. Open field test

Mice were removed from home cage following 24hnadjacent room containing
the OFT and were recorded on the maze for 5 minnaard killed by conscious
decapitation immediately following the test. Truslkod was collected, processed
for plasma and frozen (-2Q) prior to use in assays. Following blood collegti
pregnancy status was checked by laparotomy anédtisp of the uterine horns for
evidence of implantation sites.

The behavioural video was analysed manually foistdrae anxiety behaviour

measures as before (see section 5.2.1.2 B).
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5.2.2.3 Plasma hormone levels
Plasma samples were measured for prolactin anit@steérone using the same
dilutions as described previously (section 5.2.1).

5.2.3 Statistics

Statistical evaluation of the mean hormone conegiotrs (prolactin and
corticosterone) and behavioural parameters for gemlp were determined by 2-
way ANOVAs with a Holm-Sidak post-hoc test. Indiual Student t-tests were
carried out to compare treatments in virgin grooiply for latency to open arm entry,
and also to compare plasma prolactin levels folhgathe behavioural tests with
previously measured control prolactin levels whewdehavioural tests were
performed. p<0.05 was considered significant. Ragapresented as group

means+=SEM (excluding outliers: mean+3*SEM).
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5.3 Results

5.3.1 Effect of LPS stress on EPM performance dashpa hormones

5.3.1.1 Effect of LPS stress on EPM performance

Latency to first open arm entry:

Latency to first open arm entry showed no signiftadifference with treatment or
group using a 2-way ANOVA (ns; for virgins: vehideB+7.1 sec, LPS 148.5+40.6
sec; for pregnant: 109.8+73.3 sec, LPS 119.6+6Z19).latency was increased after
LPS treatment in virgin mice only (Students t-t@st).001).

Number of entries into open arms and total entries:

In vehicle treated mice, early pregnant mice shofgectr entries into the open arms
(calculated as a % of the total entries to opencdmged arms) than virgin mice (2-
way ANOVA, interaction group x treatment p=0.00XlM-Sidak post hoc, p<0.05
vs. virgin vehicle; Figure 5.1 A). LPS treatmentiased the number of open arm
entries in virgin mice (Holm-Sidak post hoc, p<O0W5 vehicle) but had had no
significant effect in pregnant mice.

The total number of entries (combine open and di@sm entries) was also lower in
early pregnant mice than in virgins in the vehgleups (2-way ANOVA, p<0.01
across group, p<0.05 across treatment; Holm-Sidak poc, p<0.05 vs. virgin
vehicle; Figure 5.1 B). LPS treatment reduced th& humber of entries in the

virgin group only (Holm-Sidak post hoc, p<0.05 vshicle).

Percentage time in open/closed arms:

The percentage time spent in the open arms was lavearly pregnant mice than in
virgin mice in the vehicle group (2-way ANOVA, imgetion group x treatment
p=0.001; Holm Sidak post hoc, p<0.05 vs. virginigl) Figure 5.1 C). LPS
treatment decreased the % time in the open arwisgim mice (Holm-Sidak post
hoc, p<0.05 vs. vehicle) but had no significaneefffin pregnant mice.

Early pregnant mice spent more time in the clogsetsdhan virgin mice in the
vehicle groups (2-way ANOVA, interaction group gdtment p<0.05; Holm Sidak
post hoc, p<0.05 vs. virgin vehicle; Figure 5.1dDy LPS treatment increased the

time spent in the closed arms in virgin mice omplfn-Sidak post hoc, p<0.05).
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Figure 5.1
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Number of stretch attends:

Early pregnant mice displayed fewer stretch attehds virgin mice in both the
vehicle and LPS groups (2-way ANOVA, p<0.001 acrgrssip, p=0.001 across
treatment; Holm Sidak post hoc, p<0.05 vs. virgaghicle, p<0.05 vs. virgin LPS;
Figure 5.2). After LPS treatment, there were fegtegtch attends in both groups, but
this was only significant in the virgin group (Hol8idak post hoc, p<0.05).

5.3.1.2 Effect of LPS stress on plasma prolactith @rticosterone (following EPM)
Plasma prolactin levels were lower in early pregmaice than in virgin mice
(vehicle-treated) following the EPM (2-way ANOVAs®.01 across group, p<0.001
across treatment; Holm-Sidak p<0.05 vs. virgin gkhiFigure 5.3 A). The prolactin
levels of vehicle-treated virgin mice (24h) followj the EPM were elevated
compared to vehicle-treated virgin mice (90 mirgttivere not tested on the EPM
(see chapter 3, Figure 3.3; Students t-test, p50sdfygesting the test itself is
stimulating prolactin secretion in these mice. dntcast, the prolactin levels of
vehicle-treated early pregnant mice (24h) followihg EPM were reduced
compared to vehicle-treated early pregnant micenf®() that were not tested on the
EPM (Students t-test, p<0.01), suggesting theitesf is inhibiting prolactin
secretion. LPS treatment reduced prolactin levelsrgin mice only (Holm-Sidak
p<0.05 vs. vehicle) to a similar level as LPS-tedatarly pregnant mice. LPS
treatment did not appear to significantly affeegpha prolactin levels in early
pregnant mice but this may be a ceiling effect Wuthe already suppressed prolactin
levels following the EPM.

Plasma corticosterone levels were lower in eardgpant mice than in virgin mice
(vehicle-treated) following the EPM (2-way ANOVAsf.05 across group; Holm-
Sidak p<0.05 vs. virgin vehicle; Figure 5.3 B). LP&tment did not significantly

increase corticosterone levels in either group.
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Figure 5.2
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Figure 5.3
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5.3.2 Effect of LPS stress on OFT performance dashpa hormones

5.3.2.1 Effect of LPS stress on OFT performance

The percentage time spent in the inner zone waasim both virgin and early
pregnant mice and was not significantly altered.B$ treatment (2-way ANOVA,
ns; Figure 5.4 A). The number of entries to theemzone was similar in virgin and
early pregnant mice and was not significantly alieoy LPS treatment (2-way
ANOVA, ns; Figure 5.4 B).

The number of inner zone crossings over the gedliinom one inner zone ‘box’ to
another inner zone ‘box’ (expressed as a percemfipe total crossings) was not
significantly different between virgin and earlyegnant mice. LPS treatment
reduced the number of inner zone crossings in Wwogm and pregnant mice (2-way
ANOVA, p<0.01 across treatment; Holm-Sidak post, .05 vs. vehicle in both
virgin and pregnant mice; Figure 5.4 C). The totainber of crossings over the
arena was similar in both virgin and early pregmaitte and was not significantly
altered by LPS treatment (2-way ANOVA, ns; Figuré B).

Wall rears:

The total number of wall rears was lower in earggmant mice than in virgin mice
and was not significantly altered by LPS treatn{@nwvay ANOVA, p<0.001 across
group; Holm-Sidak post hoc, p<0.05 vs. virgin; Fg5.5).

5.3.2.2 Effect of LPS stress on plasma prolactith @rticosterone (following OFT)
Plasma prolactin levels were lower in early pregmaice than in virgin mice
following the OFT and was not significantly altedegltreatment (2-way ANOVA,
p<0.001 across group; Figure 5.6 A). As with thé/Ebtolactin levels of vehicle-
treated early pregnant mice (24h) following the Q#are reduced compared to
vehicle-treated early pregnant mice (90 min) thateanot tested on the OFT
(Students t-test, p<0.01), suggesting the OFTt&iab prolactin secretion, although
in virgins the corresponding vehicle-treated m@ ihin) are not significantly
different. Plasma corticosterone levels were simiiidoth virgin and pregnant
vehicle-treated mice. LPS treatment significantlgreased plasma corticosterone
levels in both groups but more so in virgin miceN@y ANOVA, p<0.05 across
group, p<0.001 across treatment, interaction treatrgroup p=0.05; Figure 5.6 B).
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Figure 5.4
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Figure 5.5
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Figure 5.6
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5.3.3 Effect of 24h fast on EPM performance andplahormones

5.3.3.1 Effect of 24h fast on EPM performance

Latency to first open arm entry:

The latency to first open arm entry showed no $icgmt differences between virgin
and pregnant groups or between fasting and cogrtooips (2-way ANOVA, ns; for
virgins: control 17.0+£10.0 sec, fast 3.5£1.9 sec;dregnant: control 24.8+12.3 sec,
fast 10.449.1 sec).

Number of entries into open arms and total entries:

The number of entries into the open arms (calcdlatea % of the total entries to
open and closed arms) was similar in virgin andygaegnant mice in the vehicle
group. 24h fast increased the number of open atrresin both virgin and pregnant
but more so in virgin mice (2-way ANOVA, p<0.01 ass group, p<0.001 across
treatment, interaction treatment x group p=0.058nM4Sidak post hoc, p<0.05 vs.
virgin 24h fast; Figure 5.7 A).

The total number of entries was similar in virgimdgregnant control groups but was
significantly higher in virgin vs. pregnant fastgups (2-way ANOVA, p<0.05
across group; Holm-Sidak post hoc, p<0.05 vs. nifgst; Figure 5.7 B). 24h fast

stress did not significantly affect the number ofries in either group.

Percentage time in open/closed arms:

The percentage time spent in the open arms watasimivirgin and early pregnant
mice in the vehicle group. 24h fasting increasedtitme spent in the open arms (2-
way ANOVA, p<0.05 across treatment; Figure 5.7 C).

The percentage time spent in the closed arms waksin virgin and early pregnant
mice in the vehicle group. 24h fasting decreasedithe spent in the closed arms in
both virgin and early pregnant mice (2-way ANOVAQO01 across treatment;
Holm-Sidak post hoc, p<0.05 vs. vehicle; FigureB)7

Number of stretch attends:
Early pregnant mice showed more stretch attendas\ingins in control groups (2-
way ANOVA, interaction group x treatment p<0.00Xgli Sidak post hoc, p<0.05
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Figure 5.7
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vs. virgin vehicle; Figure 5.8). 24h fasting incsed the number of stretch attends in

virgins, but decreased it in pregnant mice (HolmaRipost hoc, p<0.05 vs. control).

5.3.3.2 Effect of 24h fast on plasma prolactin andicosterone (following EPM)
Plasma prolactin levels were similar in virgin agatly pregnant mice (vehicle-
treated) following the EPM. The prolactin levelscohtrol virgin mice following the
EPM were elevated compared to control virgin mie tvere not tested on the EPM
(see chapter 3, Figure 3.17; Students t-test, g¥x0a@ain suggesting the EPM test
itself is stimulating prolactin secretion in thesee. 24h fasting decreased prolactin
in early pregnancy only (2-way ANOVA, interactiorogp x treatment; Holm-Sidak
p<0.05 vs. pregnant control, p<0.05 vs. virgin;f&sgure 5.9 A).

Plasma corticosterone levels were similar in virgma d5.5 pregnant control mice
following the EPM. 24h fasting significantly incissd corticosterone levels in both
groups equally (2-way ANOVA, p<0.001 across treattnEigure 5.9 B).

5.3.4 Effect of 24h fast on OFT performance andipi@hormones

5.3.4.1 Effect of 24h fast on OFT performance

The percentage time spent in the inner zone waiasiim both virgin and early
pregnant mice and was not significantly alteredasying (2-way ANOVA, ns;

Figure 5.10 A). The number of entries to the irem@re was similar in both control
virgin and early pregnant mice. 24h fasting deadake number of inner zone
entries in early pregnant mice (2-way ANOVA, p<0d&iFoss treatment; Figure 5.10
B).

The number of inner zone crossings (expressedascantage of the total crossings)
was not significantly different between virgin agakly pregnant control mice.
However, 24h fasting increased the number of angssin the inner zone in early
pregnant mice (2-way ANOVA, p<0.01 across groupin&idak post hoc, p<0.05
vs. virgin fast group; Figure 5.10 C). The totahmher of crossings over the arena
was similar in both virgin and early pregnant macel was not significantly altered
by 24h fasting (2-way ANOVA, ns; Figure 5.10 D).
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Figure 5.8
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Figure 5.9
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Figure 5.10
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Number of wall rears:

The total number of wall rears was significantlgtrer in early pregnant vs. virgin
control mice (2-way ANOVA, interaction group x ttegent p<0.05; Holm-sidak
post hoc, p<0.05 vs. virgin control; Figure 5.123h fasting significantly reduced
the number of rears against the wall in early paggmice to a similar to virgin mice

(Holm-Sidak post hoc, p<0.05 vs. virgin fast).

5.3.4.2 Effect of 24h fast on plasma prolactin andicosterone (following OFT)
Plasma prolactin levels were similar in both virgimd d5.5 pregnant mice in control
groups following the OFT. Fasting for 24h causetbaificant reduction in plasma
prolactin in the early pregnant group following RET (2-way ANOVA, p< 0.01
across treatment; Holm-Sidak post hoc, p<0.05amstrol in pregnant group only;
Figure 5.12 A).

Plasma corticosterone levels were significanthhbign virgin than early pregnant
control mice. 24h fasting significantly increasexiticosterone levels following the
OFT in both groups to a similar level (2-way ANOVs0.05 across group,
p<0.001 across treatment; Holm-Sidak, p<0.05 vgirvicontrol; Figure 5.12 B).
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Figure 5.11
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Figure 5.12
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5.4 Discussion

5.4.1 Effect of LPS on EPM and hormone response

A number of immune stressors, including LPS, hae¥ipusly been shown to
activate the HPA axis and induce anxiety-like bétarg in rodents (Lacosta et al.,
1999). IL-BB and LPS injection (i.p) to male mice has been destrated to decrease
open-arm entries and time spent in the open arras &PM, in a dose-dependent
manner. In addition, the total number of entriealt@rms were decreased indicating
a reduction in locomotion and general activity (&wiel and Dunn, 2007). Central
administration of IL-B and TNFe to male rats also revealed anxiogenic effects on
the EPM (Connor et al., 1998). Thus, we hypothesisat LPS administration

would increase anxiety in virgin and early pregmaite. Furthermore, we
postulated that the anxiogenic response would lghtened in early pregnancy
following LPS stress due to a reduction of anxiclyrolactin.

LPS administration had profound anxiogenic effectghe virgin mice, with the
latency to enter the open arms increasing with i##le the time spent in the open
arms and number of entries to the open arms stgnifiy decreased. In addition, the
total number of arm entries (open and closed) &metch attends performed were
reduced by LPS, indicating a reduction in locomo@md risk assessment behaviour
respectively.

Control early pregnant mice displayed higher atyxi&e behaviours compared to
virgin mice, as they entered the open arm lessa@ftel spent less time in open arms
than virgin control mice. LPS treatment in earlggmant mice appeared to have no
effect on the anxiety-behavioural parameters meascwmpared to controls.
However, as anxiety levels were already high itygaregnancy (compared to
virgins) this may be a ‘ceiling effect’ which masisy LPS-induced changes.

Early pregnant mice behaved similarly to stresseginvmice regardless of LPS
treatment, indicating that early pregnant miceraoge anxious in general than virgin
mice. This is different to what is reported in mpiectgnant (d11) mice which showed
reduced anxiety on the light/dark choice test (Mgasri and D'Amato, 1991) and

in late pregnant (d18) rats (Neumann et al., 18@88imann, 2003) where they
display reduced fear and anxiety on the EPM (dR& responses) compared to

non-pregnant animals (Neumann et al., 1998, Slatted Neumann, 2008).
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Plasma prolactin levels were elevated in vehideted (24 h) virgin mice following
the EPM compared to previously analysed vehiclatéek (90 min) virgin mice that
were not tested on the EPM prior to blood samplifigs indicates that the EPM
itself may be stimulating prolactin secretion, bBiS-treatment/stress prevents this.
In contrast, prolactin levels of vehicle-treatedypregnant mice were suppressed
following the EPM when compared to previously asaty vehicle-treated (90 min)
early pregnant mice that were not tested on the ER4 might indicate that the
early pregnant mice were more stressed by the BRMhance the prolactin levels
decreased in vehicle-treated mice as well as Le&dd mice. However,
corticosterone responses do not appear to sugpsrtinother possibility is that
there could be some kind of delayed hyporesponsesg&em early pregnant mice to
the injection 24h before.

Prolactin levels in early pregnant mice did nofatifvith treatment which may
contribute towards the lack of change observedhxiedy-like behaviours that were
expected. However, in LPS-treated virgins thereavecreased anxiety behaviours
following stress accompanied by decreased proléetels.

Plasma corticosterone levels following the EPM wesesignificantly affected by
LPS treatment administered 24h prior to the telséré&fore, LPS-induced
corticosterone (as observed 90 min after injectsae; Figure 3.3) is not sustained
and after 24 h is only moderately affected. Cirtotaprolactin concentrations were
not altered by LPS in early pregnant mice, but tioeywere lower than in virgin
mice.

It is difficult to conclude the effect of the LPS.\the EPM itself on corticosterone
and prolactin within this experiment as there weseany ‘no EPM’ controls
included. A comparison using data for mice sa@di®0 min after treatment
provided an insight into the effect of the EPM litem prolactin. However, it would
have been useful to include virgin and pregnanerthat were treated with saline or
LPS and were then killed 24h later to provide plagrom this time point for assays
without completing the EPM.

The measurement of latency to first open arm aidgs not appear to be a good
indicator of anxiety as in this experiment the da#s very variable, mainly due to

the problem of mice entering whichever arm theypesed to be looking at when
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placed in the centre square. The aim had beerate phe animal at an angle/position
that they were neither looking directly at the open closed arm (diagonally across
the centre square) but this proved problematictdulke mice moving around,
coupled with the handler wanting to restrain thentitde as possible. Thus, it would
have been better to place all animals pointingifipally at the closed arm as
described in other studies (Connor et al., 1998efyel and Dunn, 2007).

High levels of oestrogens (as associated with oes}rare known to have anxiolytic
effects and therefore virgin mice in oestrous stidwave been discarded. However,
virgin mice were not smear tested and thereforel#tyeof the cycle was unknown

for each mouse.

5.4.2 Effect of LPS on OFT and hormone response

It has been demonstrated that IB-dr LPS injections (i.p) to male mice decrease the
number of crossing in the centre of the arena (iznae) of an OFT (Swiergiel and
Dunn, 2007). However, Swiergiel and Dunn (2007) aéported a decrease in the
number of crossings and rears in the outer zodéating a reduction in general
activity and thus do not provide unequivocal supfarIL-18 or LPS-induced
anxiety (Swiergiel and Dunn, 2007). In our study found that there was no
significant difference in the percentage time speiie inner zone or number of
entries to the inner zone with either treatmergroup (virgin vs. pregnant mice).
The mice spent around 80% of their time in the opb@me, demonstrating
thigmotaxis (tendency to remain close to the owats). There was, however, a
significant decrease in the number of crossing niadee inner zone with LPS
treatment in both virgins and pregnant mice. Asdlveas no significant change in
the total number of crossings (indicating there waslteration in the general
activity of any of the mice), the reduction in imz®ne exploration (crossings)
indicates an increase in anxiety-like behaviouhwiPS treatment. The number of
rears against the wall (‘vertical exploration’) wast affected by LPS treatment
although pregnant mice reared less than virgin miberefore, it appears that LPS
treatment mildly induces anxiety-like behaviourciasing exploration of the inner
zone but this effect was not more pronounced ity gmegnant mice as was

hypothesised.
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As described earlier with the EPM, prolactin leeldowing the OFT in early
pregnant mice were suppressed (compared to 90 awa) dnd did not differ with
treatment. This may again be a ‘ceiling effecttlué already robustly suppressed
prolactin levels. Therefore, we cannot conclude LS is definitely not having an
effect on prolactin secretion. As a difference lespa prolactin levels with
treatment was not apparent following the OFT thas/mpartly explain why only very
mild changes in anxiety-like behaviours were obsérin virgin mice there was also
no change in prolactin levels with LPS treatmerttleuvels were higher in virgins
than early pregnant mice. There does not appdag tm association with decreased
prolactin levels and increased anxiety behaviooliswing stress as early pregnant
mice (who have lower prolactin than virgins) haeeysimilar anxiety behaviour
profiles to virgin mice with the exception of pemfiing less outer zone rears. This is
in contrast to the EPM where it was found that ItiR8 a more profound effect on
virgin mice, increasing anxiety behaviours. Thisusious as it has been shown in a
relations study of EPM and OFT in C57BL/6 mice timtvements and rears in the
OFT were linearly correlated with enclosed armtgisn the EPM (Lalonde and
Strazielle, 2008).

The plasma corticosterone levels following the Q¥eFe increased by LPS
treatment in both virgin and early pregnant mideisTdiffers to the corticosterone
levels following the EPM where a difference witeatment was not observed.
However, the levels are all in a similar rangeht® previous experiment, although
differences with LPS were mild and not significsltowing the EPM. It may be
that the anxiety tests themselves are elicitingingrdegrees of stress responses.

5.4.3 Effect of 24h fast on EPM and hormone respons

It was hypothesised that 24h fasting would leaith¢oeased anxiety-like behaviour
in early pregnant mice, possibly via predicatedeased corticosterone (and CRH)
and decreased prolactin secretion. In additionletels of circulating ghrelin are
reported to increase with fasting in humans aneémtsl (Cummings et al., 2001,
Briatore et al., 2006) and ghrelin is consideretdg¢anxiogenic (Carlini et al., 2002).
Ghrelin is a peptide found in the hypothalamus thedstomach and is known to
stimulate release of growth hormone from the @nyi{Kojima et al., 1999). Plasma

ghrelin levels are acutely regulated by food infakereasing with fasting and
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decreasing following food consumption (Cummingalet2001). In rodents it has
been shown that ghrelin plays a role in hypothataigulation of homeostasis. The
administration of ghrelin (i.c.v) to rats robussiymulates feeding, increasing food
intake and body weight (Asakawa et al., 2001a, Katkeaet al., 2001). Studies
looking into the behavioural effects of ghrelin baeported that central
administration of ghrelin to male rats increasexiety-like behaviours on the EPM
(Carlini et al., 2002). Similarly, effects on anidike behaviour in mice have been
described after both i.p or i.c.v ghrelin admirasitsn (Asakawa et al., 2001b). It has
been reported that the underlying mechanism behma@nxiogenic effects of ghrelin
involves CRH. Administration of a CRH receptor ayataist significantly reduced
the ghrelin-induced anxiogenic effects on an ERMaddition, administration of
ghrelin to male mice increased CRH mRNA expressidhe hypothalamus
(Asakawa et al., 2001b). CRH receptor type 1 isregl to mediate emotional
stress-induced disruption of food intake and behaal changes in rats (Hotta et al.,
1999). Tall pinch stress increases expression i@&lighn the stomach (Asakawa et
al., 2001b) as does starvation stress (48h fastikggkawa et al., 2001a).

Despite previous reports indicating that fasting/e&d to an increase in anxiety-
like behaviour (possibly via increased CRH or ghjelve did not demonstrate this.
Both virgin and early pregnant fasted mice spegiSicantly more time on the open
arms of the EPM and entered them more often thatraanimals, implying that
they are less anxious. However, as these animais fasted it is more likely that
this demonstrates increased exploration activithesearch to find food and is
motivated by hunger. Fasted early pregnant miceredtthe open arms significantly
less often than fasted virgin mice and also disggdagy reduction in total entries
(locomotor activity) indicating fasted pregnant mare less active than fasted virgin
mice, which could account for the reduced numbemfies to the open arm. The
latency to enter the open arms tended to be shartasted mice although this was
not significant and data was highly variable. Cohpregnant mice displayed
heightened risk assessment behaviour with moriktedtends performed compared
to virgin mice, perhaps indicating they are moreticais. However, fasted pregnant
mice performed less stress attends compared tocbatiol pregnant mice and

fasted virgin mice. The reasons behind these clsasgeot clear and it could be the
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case that they are ‘false-positives’ as they deseetn to correlate with the other
parameters measured.

Overall fasting appears to reduce anxiety-likease exploratory behaviour in spite
of the fact 24h fasting robustly increases corteame levels in both virgin and
pregnant mice. As with the LPS study, the EPMfitappears to stimulate prolactin
release in virgin mice, although this is independ¢riasting treatment. Control

early pregnant prolactin levels were similar tohbitte virgin groups and as expected
24h fasting suppressed plasma prolactin levelsily @regnant mice. However,
plasma prolactin concentrations do not seem to hawssociation with anxiety
behaviours as predicted. Although prolactin ledssrease with fasting in early
pregnant mice this was not reflected in EPM perforoe.

It would be interesting to measure the circulatjhgelin levels of our 24h fasted
mice to establish if these levels have risen asssimed. If not this could be part of
the reason why we do not see increased anxiety24ithfasting. However, our study
was not the only one to find this as another fgsstudy (15h fast) on mice reported

no significant effect of fasting on anxiety measufidata et al., 2001).

5.4.4 Effect of 24h fast on OFT and hormone respons

As with the EPM, it was hypothesised that 24h faptwould lead to increased
anxiety-like behaviours in early pregnant mice loe ©OFT. As already mentioned it
has been reported that fasting increases ghretiresgion (Asakawa et al., 2001a)
and central administration of ghrelin increasesetyyas measured by an EPM
(Carlini et al., 2002). However, Carlini et al. @aleported that central administration
of ghrelin to male rats had no effect on any OFfapeeter measured (e.g. time in
the inner zone, locomotion, rearing) except forstag an increase in freezing
behaviour (total absence of body or head movenatigh doses (3nmail)

(Carlini et al., 2002).

We have found that 24h fasting had no significdietot on the time spent in the
inner zone in either virgin or early pregnant mitke number of inner zone entries
and crossings were also not altered by fastingrgins. Although the number of
entries into the inner zone significantly decreasedsted pregnant mice, the
number of inner crossings increased and overaletivas not a change in

locomotion/exploring activity (total crossings)erther virgin or early pregnant
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mice. Consistent with the idea that rears agalresimall represent ‘vertical
exploration’ the number of rears carried out bgwrmice was not altered with
fasting either. Although, rearing behaviour washieigin the pregnant vs. virgin
control group and was decreased by fasting in gadgnant mice, behaviour on the
OFT overall did not indicate an increase in anxlahaviour in either virgins or
pregnant mice. In addition, OFT behaviour followi2gh fasting did not indicate an
increase in exploratory behaviour (as it did in B#M). A study looking into the
effect of chronic food deprivation (maintenanc@@% original body weight) also

did not observe an increase in anxiety-like behaviout they did report increased
activity in an OFT in food deprived rats (after &yd on food restricted diet) along
with increased circulating corticosterone (Heidadset al., 2000).

Prolactin levels were unchanged by fasting in vingiice following the OFT, but
were decreased by fasting in early pregnant mi@xpscted. Once again circulating
prolactin levels did not reflect anxiety-relatechbeiour levels. Our data suggest that
fasting does not alter anxiety-like behaviour assueed by the OFT despite a strong
increase in corticosterone levels following 24hifagin both virgins and early
pregnant mice.

Overall, 24h fasting lead to enhanced exploratetyaviour (reduced anxiety) in
early pregnant mice. In hindsight 24h fasting maihrave been a suitable treatment
to use in order to determine the effects of stieesirly pregnancy on anxiety
behaviour. The drive to explore (presumably moadaty hunger in order to find
food) following fasting appears to be robust anthie over/mask stress-induced

anxiety behaviours.
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Chapter 6

General Discussion
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Chapter 6: General Discussion

6.1 Stress effects on pregnancy hormones in eagynancy

Stress exposure in early pregnancy in mice siganfly reduces levels of the crucial
pregnancy hormones which are ordinarily elevatdtiiattime e.g. progesterone
(Joachim et al., 2003). We found that stress expogmmune and 24h fast) on
pregnancy day d5.5 diminished circulating progesterevels and we also
demonstrated for the first time that basal plasno#aptin levels were robustly
reduced by stress in early pregnancy as hypotliesise effect of stress on the bi-
daily prolactin peaks observed in rodents in eprggnancy is not known at present
but we expect that these peaks would also be rdduecstress. An additional
experiment involving stress exposure during theske would be needed to confirm
this. As prolactin is known to facilitate progestee secretion from the corpus
luteum in early pregnancy in rodents (Erlebached.e2004), the attenuated
prolactin response to stress may contribute tefitess-reduced progesterone levels
simultaneously observebh addition, stress profoundly affected pregnancy
maintenance, with LPS treatment leading to ocadtdl loss, while 24h fast reduced

pregnancy rate from 70% to 36%.

6.2 Potential mechanisms leading to stress-redyeceldctin in early pregnancy
6.2.1 TIDA activation and dopamine activity

We found that stress significantly decreases atoul prolactin in mice during early
pregnancy and thus we sought to establish the mexrhés) behind this. As
dopamine derived from the TIDA neurones is the nianibitor of prolactin release
from the lactotrophs we hypothesised that a redogti prolactin secretion would be
associated with a corresponding increase in TIDdrore activity. Indeed the stress-
induced attenuation in circulating prolactin levess accompanied by a parallel
increase in TIDA neurone activation following eithd®S immune stress or 24h fast
in early pregnancy, as indicated by increased Kpgeegsion in tyrosine-positive
neurones in the arcuate nucleus. The rise in TIEXvation with stress in early
pregnancy was significant but mild (<15% of TIDAunenes activated with either
stressor). In virgin mice this stress-induced diewvaof TIDA activity was not

observed, thus the altered responsiveness of TiEA&ames seems to be acquired
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post-copulation. It is known that these neurone® t@ready adapted by d5.5 to
mediate the neurogenic reflex and initiate thedlydprolactin surge profile
observed in rodents, therefore, these alteratiamsaeunfer the slight changes
observed with stress.

Although it has been previously reported that Bggession in TIDA neurones
following an immune challenge reflects alteratiomprolactin secretion (Hollis et
al., 2005), Fos is not considered the most accumdteator of TIDA neurone
activation (Hoffman et al., 1994, Hoffman and L2002). Thus, Fos expression in
TIDA neurones may only serve as a weak marker DATiheurone activation
following acute stimulation, e.g. LPS, which maykn why we see only a
relatively mild increase in TIDA activation. Theoe¢, due to this fact, we also
measured the DOPAC content and the DOPAC:doparatieein the median
eminence, both of which have been utilized previotesmeasure dopamine activity
(Andrews and Grattan, 2003). The DOPAC contenti$ewere found to be higher in
virgin than early pregnant vehicle-treated miceyh not significant, likely due to
the high variability), which may account for theiease in basal prolactin secretion
in early pregnancy. DOPAC levels were appeareddanvePS-treated virgins
compared to vehicle-treated virgins. However, samgly, no change in DOPAC
levels were observed with LPS treatment in earbgpant mice, despite a robust
reduction in plasma prolactin. The ratio of DOPA@pdmine revealed a similar
pattern to DOPAC content alone in the median engeeAlthough the basal
DOPAC.:dopamine ratios tended to be higher in vsgiompared to pregnant mice,
we found that again LPS immune stress did not Bogmitly alter the
DOPAC:dopamine ratio in early pregnant mice. THRBPAC content and the
DOPAC:dopamine ratios did not reflect the stressratl prolactin levels observed in
early pregnant mice, or indeed the unaltered ptioldevels displayed in virgin mice.
Overall, alterations in dopamine activity in thedi@ eminence do not appear to
underlie the stress-reduced prolactin secretioerobs in early pregnant mice. In
addition, dopamine activity in the TIDA neuronenémals is not analogous to Fos
expression in TIDA neurones in early pregnant micethese data imply that
stressors do not alter prolactin levels via TIDAcdmine secretion, it is not likely

that a reduction in the prolactin-releasing factehich act to inhibit TIDA activity

265



are responsible e.g. kisspeptin (Szawka et alQR8add the opioids (Andrews and
Grattan, 2002). However, it is possible that stiedsiced reduction of other
prolactin-releasing factors which are reporteddiodarectly at the lactotrophs
contribute towards prolactin suppression e.g. @imtolrRH (Ben-Jonathan et al.,
2008). Although, regarding TRH, it has recentlyrbsbown that direct application
of TRH to mouse pituitary slices did not stimulptelactin secretion from
lactotrophs (unlike oxytocin) as observed in r&te €t al., 2011).

6.2.2 Prolactin negative feedback

In support of the conclusion that stress doesewaut to reduced prolactin release by
increased TIDA activity we also found that stresesinot alter prolactin negative
feedback to the TIDA neurones in early pregnancy.

As previously described, LPS administration and 2éhin early pregnancy both
robustly diminish circulating prolactin in mice. ditional treatment with oPRL was
found to decrease murine plasma prolactin in nogssed early pregnant mice as
expected, demonstrating that prolactin negativdldaek had been driven (DeMaria
et al., 1999, Anderson et al., 2006a). Howevehoaljh stress reduced plasma
prolactin, oPRL supplementation did not furtherrdase it in early pregnancy,
perhaps because levels have already been sublyamtiiced and further changes
are minimal. Although stress alone decreased plgsoiactin levels in early
pregnancy this was not the case with STATS5 sigmgllin stressed early pregnant
mice the percentage of pSTAT5-positive TIDA neuson@s found to be low and
comparable to non-stressed mice, indicating thgatine feedback via the pSTATS
signalling pathway was not altered by stress a{ahbasal prolactin levels).

In contrast, it is possible that at the time of birelaily prolactin surges in early
pregnancy enhanced prolactin negative feedback awesbute to the assumed
reduction in these prolactin peaks. We demonstmatetust increase in the
expression of pSTAT5 in TIDA neurones followingests (indicating elevated
prolactin signal transduction) in early pregnantertihat were co-administered
oPRL. This suggests that when prolactin levelshaglk (e.g. during prolactin surges
in early pregnancy) stress exposure enhances pirotegative feedback to the
TIDA neurones, suppressing further prolactin redessd consequently reducing

progesterone secretion, threatening pregnancy erante.

266



To conclude, enhanced prolactin negative feedbaalgrolactin receptor-induced
signalling, does not underlie stress-induced siggoe of basal prolactin in early
pregnancy. This further reinforces the idea thasstreduced prolactin is not due to
enhanced TIDA activity, responsiveness or sengjtiiihus, other stress-related
factors must be responsible, perhaps directly affggrolactin secretion at the

lactotrophs.

6.2.3 Stress-induced cytokines

One possible stress-related mechanism driving gtialauppression is increased
activity of cytokines associated with stress/LP& hdve found that both LPS and
24h fasting lead to an increase in circulating largl LPS treatment also robustly
increases plasma TNk early pregnancy. IL-6 and TNdare both known to be
detrimental to pregnancy maintenance and also carate the HPA axis (Chrousos,
1995, Tsigos and Chrousos, 200B)e principal action of these cytokines has been
suggested to be through stimulating the releas&R¥ and vasopressin from the
hypothalamus, however, we do not show this in gam®gnancy where the CRH
response to stress was attenuated. Proinflammeytwiines can also cause direct
effects at the pituitary level inducing ACTH reledsom the anterior pituitary

vitro andin vivo (McCann et al., 1994).

IL-6 administration to early pregnant mice was fouo mildly increase
corticosterone levels, indicating activation of thBA stress axis as expected,
however, it had no significant effect on eithecualating prolactin or progesterone
levels compared to vehicle. Therefore, it doesseein that stress-induced IL-6
release is responsible for prolactin suppressitbovitng stress in early pregnancy.
Conversely, TNFe treatment in early pregnancy significantly deceellsoth plasma
prolactin and progesterone levels, in additiorotoustly elevating corticosterone
levels. While we found that both pro-inflammatoggakines led to a mild increase
in TIDA activation (increased Fos expression), ofiNF-o reduced plasma
progesterone and prolactin in early pregnancy, #yasn supporting the notion that
TIDA activity is not accountable for stress-redugedlactin. So, as it does not
strongly induce TIDA activation data demonstrata t(iNFo may be partly
responsible for stress-reduced prolactin secrétioyugh other mechanisms such as

direct action at the pituitary lactotrophs.
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6.2.4 Sex steroids and TNF-

6.2.4.1 Effects of progesterone on prolactin regata

It has been reported in rodents that TIDA neurangsess steroid receptors
(progesterone and oestrogen) during pregnancy., These hormones may
contribute towards regulation of maternal prolastaretion by direct actions on the
TIDA neurones (Steyn et al., 2007). Progesteromdlis to suppress TIDA neurone
activity on the afternoon of proestrous and enhstice pre-ovulatory prolactin
surge in rats. Phosphorylated tyrosine hydroxylegels and tyrosine hydroxylase
activity in the median eminence are reported toekse concomitantly with the pre-
ovulatory rise in progesterone (Liu and Arboga®0&). In addition, progesterone
administration prior to the preovulatory progestergurge in rats also decreases
tyrosine hydroxylase phosphorylation state, whileréasing activity of phosphatase
2A (potential mediator of phosphorylation of sergies on tyrosine hydroxylase) in
the median eminence. These changes were also aan@dby a premature rise in
serum prolactin, indicating a role for progesteromstimulating prolactin release on
the afternoon of proestrous (Liu and Arbogast, 2008 and Arbogast, 2010).

Less is reported about the effects of progesteoonElDA neurones and prolactin
secretion in early pregnancy. Whether stress rapifiécts the level of
expression/action of progesterone receptors on TiBérones in early pregnancy is
unknown at present. However, this seems unlikelyeastave found that altered
TIDA responsiveness is not responsible for stredsiced prolactin in early
pregnancy.

A human study looking into the regulatory role odgesterone on decidual prolactin
production in early pregnancy reported that pragresie plays only a facilitatory
role in prolactin regulation. Patients were treatgith the anti-progestin mifepristone
for 24-36h before elective pregnancy terminatiod decidual tissue was collected
from these patients as well as from women who leadeen pre-treated. Production
of prolactin by decidual parietalis (part of thediia lining the uterus) decreased
over time and production from patients pre-treatéti mifepristone was found to be
significantly lower than controls. However, decitipeolactin production by decidua
capsularis (to which trophoblast was attached) wamitained over the 5 culture

days was unaffected by mifepristone pre-treatnemse findings suggest that
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progesterone may facilitate in prolactin productiyrmaintaining decidual
differentiation and other trophoblast derived fastare able to maintain decidual
prolactin production (Wu et al., 1990). Subsequndies also suggest that the
induction of prolactin synthesis is dependent upmyesterone-induced

decidualisation (Brosens et al., 1999).

6.2.4.2 Progesterone and pro-inflammatory cytokines

Progesterone is thought to play a facilitatory ial@roviding a pregnancy protective
immune milieu e.g. by reducing Thl cytokine produtt&nd increasing Th2
cytokine production (Arck et al., 2007). For exaept has been shown that
progesterone reduces levels of TMRRNA and protein production from LPS-
treated mouse macrophagewitro (Miller and Hunt, 1998). However, we have
shown that shown that TNé&administration to early pregnant mice robustlyuess
circulating progesterone levels and thereforeesstinduced increase in TNFmay

prevent or mask the inhibitory actions of progester

6.2.4.3 Oestrogen and TNfaction at the lactotrophs

Although receptors for progesterone and oestrogenegorted on the lactotrophs
little is known about a role for progesterone diseat the lactotrophs on prolactin
regulation, however more is reported on effectsastrogen at lactotrophs
(Stefaneanu, 1997). Typically oestrogen is considién be a prolactin releasing
factor. However, stress(restraint)-induced oestmaggeretion in early pregnant rats
(MacNiven et al., 1992) and chronic oestrogenisatibovariectomised rats is
reported to raise TNE-levels. In support of a proposed role for T+ stress-
reduced prolactin secretiom, vitro studies have revealed that LPS treatment
increases TNFerelease from lactotrophs while also decreasintaptio release
(Theas MS, 1998). TNE-abrogates oestrogen-induced prolactin releasetin b
lactotroph cultures and in the pituitary cells frornariectomised rats (Theas MS,
1998, Theas et al., 2000). Therefore, it seemssthegs-induced elevated oestrogen
levels counteract their stimulatory actions on actih release by enhancing TNF-
levels. It has been confirmed that TNFeduces anterior pituitary cell proliferation

and prolactin release in an oestrogen-dependemen&@andolfi, Zaldivar et al.
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2002). Thus, stress-induced changes in oestroggnmpueaact on TNFe activity at

the anterior pituitary and subsequently affectgecbh production and release.

6.2.4.4 Oestrogen-dependent ThR&ection on lactotrophs

Both mitosis and apoptosis occur during the oestoygle, pregnancy and lactation
in the pituitary cells (Yin and Arita, 2000, Canfi@lt al., 2006). Oestrogens are
widely accepted to be modulators of pituitary cefiewal and sensitise cells to
mitogenic and apoptotic signals (Seilicovich, 2028ldivar et al., 2011). It has been
recently suggested that oestrogen sensitises anpatuitary cells to TNFx and
LPS-induced apoptosis through suppression of gftarmnmatory NF«B (regulator

of cell survival) (Eijo et al., 2011) whose sigiadj is activated by LPS and TNE-

(Li and Stark, 2002). Oestrogen administrationrtteaor pituitary cells from female
rats increases expression of both TiN&~d TNFe receptors (TNFR1), particularly
in the lactotrophs (Zaldivar et al., 2011). Furthere, TNFe release and TNFR1
expression is higher in the anterior pituitary glaiof proestrous rats (when
oestradiol levels are elevated) compared to diestrats (Theas, Pisera et al. 2000;
Zaldivar, Magri et al. 2011). Thus, stress-induireniease in TNFe and oestrogen in
early pregnancy may directly impact on the pityitiactotrophs to enhance
apoptosis of lactotrophs and consequently decrgradactin secretion. However,
whether stress can rapidly induce lactotroph amiptaa TNFe in only 90min
remains to be determined as previously mentionatiets measured prolactin release
and active cell number from cell cultures afte8ar2d incubation with TNFe-.

6.2.4.5 TNFe induced activation of hypothalamic nuclei

We also found that TNE-robustly increased activation in the SON, pPVN and
VMH. Whether the pPVN response to TNHs similar to LPS and is attenuated in
early pregnancy compared to virgins (possibly o#figy oxytocin neurone response)
is currently unknown. Increased activation in 8@N (as indicated by Fos
expression) may imply an increase in oxytocin aigtisecretion, which would not
lead to suppression of prolactin release. Howedtere are studies which indicate
that Fos expression does not always correlatetivétspike activity of
magnocellular neurones in the SON (Luckman etl8P4) and enhanced Fos
expression in the SON does not necessarily refiectased peripheral oxytocin
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secretion. For example, central administratiorhefpeptider-melanocyte-
stimulating hormone or an agonist for its recepi@4 induces Fos expression in the
SON, however, they both reduce electrical actigitpxytocin neurones in the SON
(in vivo). Accordingly, central administration afmelanocyte-stimulating hormone
reduces oxytocin secretion into the bloodstreanais (Sabatier et al., 2003). In
contrast, central administration of MC4 receptasragts increase oxytocin release
from dendrites in isolated SONSs. Thus, it seemsdiraelanocyte-stimulating
hormone can induce different effects on systemécdendritic oxytocin release
which is dissociated from Fos expression and etattactivity (Sabatier et al.,
2003). Therefore, although following stress in yaregnant mice we observed
increased Fos expression in the SON, oxytocin 8enormay not have risen and thus

does not stimulate prolactin secretion.

6.2.4.6 Future ideas to investigate stress-indymeehflammatory cytokines and
prolactin secretion in early pregnancy

In order to investigate the role of proinflammatoggokines, including TNFe, on

the mechanisms controlling prolactin secretionffertexperiments need to be
conducted. A number of cytokines, including TMFactivate the JAK2/STAT3
signalling pathway (Miscia et al., 2002, Romanattal., 2007). The effect of stress
on pro-inflammatory cytokine signalling in the hypalamus and pituitary could be
carried out by immunocytochemistry for pPSTAT3 naelexpression in stressed and
control early pregnant mice. Furthermore, by blogka range of pro-inflammatory
cytokines (e.g. through direct administration afodyne specific antagonists to the
brain) prior to stress exposure in early pregnatieyyole of certain cytokines in
prolactin inhibition could be determined. This wabtnelp to ascertain the
mechanism(s) responsible for cytokine/stress-retipeelactin in early pregnancy.

A new powerful system to monitor hormone secretiom rodent pituitary slices
has recently been described. This is achieved iog @ adapted fluorescence
microscope and transgenic rodents with fluorespasteins targeted to specific
secretory vesicles e.g. prolactin granules of lagpdhs, and thus, these are co-
secreted with the hormone. Using this system imsgianic mice dopamine has been
shown to decrease fluorescence protein output aytda@n to increase it in a dose

dependent manner, which correlated to hormonedgtial) output (as measured by
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RIA) (He et al., 2011). It may therefore be possital introduce a range of (stress-
induced) pro-inflammatory cytokines (including TNI-to pituitary slices of virgin
and early pregnant mice and monitor their effecpanlactin secretion from the
lactotrophs. As this technique allows long perfagimnes (up to 8h) the same slice
may be stimulated multiple times with various fastoytokines (with sufficient
washing) which would reduce the number of animadgired and enhance the
reliability when comparing different experimentalriables. This system further
enhances our understanding of secretion from & lpogulation of cells in their
normal topographical organisation (which is impott®r secretory responses in the
pituitary) and importantly fills the void betweeimgle cell monitoring (exocytosis;
milliseconds) and release into the bloodstreanmtes) (He et al., 2011).

6.3 The effect of stress in early pregnancy orHRA axis

Our data demonstrate that stress, both immuneaatithd), activates the HPA axis,
leading to the expected hormonal secretory resgansearly and mid pregnant
mice, as observed in virgiiBrunton et al., 2008). This emphasises the refibais
the hyporesponsiveness of the HPA axis to strelsdarpregnancy does not emerge
until after d10.5 (Douglas et al., 2003). Consedlydrigh glucocorticoid levels
induced by stress exposure may impact on a vasfatyechanisms required for
pregnancy establishment and maintenance.

In early gestation, it has been suggested tha¢hens of glucocorticoids are
balanced between positive pregnancy-protectiveefi@.g. suppression of natural
killer cells (Krukowski et al., 2011), promotion wbphoblast growth and invasion,
stimulation of hCG) and adverse pregnancy-threatgeffects (e.g. inhibition of
placental growth, induction of placental/decidyabjgtosis) (Michael and
Papageorghiou, 2008). Although we do not addressilecific roles of
glucocorticoids, our data implies that high lev&iglucocorticoids are possible at
this stage in pregnancy and they may be detrimémta&productive success.
Analysis of the hypothalamic responses to LPS siresarly pregnancy
unexpectedly revealed that nur77 and CRH mRNA mesp®in the pPVN were
attenuated in early-mid gestation compared to nggextending previous reports of
attenuated responses in late pregnancy (Dougkls @003). This is in contrast to

the corticosterone response, thus, the CRH PVNoresgs seem to be dissociated
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from the secretory HPA axis responses to LPS &t lat this time-point after stress
exposure). As CRH responses were attenuated vewyie@regnancy it may be that
CRH neurone responses are adapted by early pregfetors such as the mating-
induced neurogenic reflex, pregnancy hormones gtokioes. It is not clear how
neuronal activity can be attenuated while secratesponses remain robust, although
we found that pPVN vasopressin mRNA responses ® ibRearly pregnancy were
maintained and similar to virgins. This is intriggias vasopressin is reported to be
synthesised in some of the same pPVN neurones Bisa@R appears to be co-
released with CRH at the median eminence (Wangdviajdoub, 2011). The robust
vasopressin response to LPS suggests that vasiopi®ssergistic secretagogue), in
the absence of CRH, may alone drive the high austerone responses observed. In
addition, LPS and other stress-induced cytokineg dir@ctly act at the pituitary and
adrenals to induce hormone secretion directly, bymassing the PVN (John and
Buckingham, 2003).

The reduction of CRH responses in the pPVN mirtioeslack of strong TIDA
neurone activation following stress in early pragna A study looking into the
distribution of CRH-receptor-like immunoreactivitythe rat hypothalamus found it
to be expressed in arcuate nucleus populationsidimg TIDA neurones. However,
CRH-immunoreactive fiber innervation of the arcuateleus was very sparse and
therefore it seems unlikely that they play a majpde in TIDA neurone regulation
(Campbell et al., 2003).

Unlike pPVN CRH neurones not all neuronal respoasesuppressed by stress, for
example the responses from brainstem nuclei (NM&MR and the vasopressin
responses from the pPVN are robust following stressrly pregnancy. The
discovery that stress-induced vasopressin and @3pbnses differ in early
pregnancy reveals a curious dissociation betweereint subsets of pPVN neuronal
populations and how this occurs remains to be oeted. Differential activation of
various neuronal populations in the hypothalamuklkaainstem following stress
exposure indicate that stress leads to selectiwea#ion of neurones through
complex and thus far unknown/untested pregnan@teelmechanisms. For
example, the distribution of sex steroid receptorsieurones and whether they

respond to the neurogenic reflex may be involveskeiectivity of activation.
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6.4 The effect of stress in early pregnancy orPi¥il and brainstem noradrenergic
pathways

LPS, via cytokines, is able to activate the bramshoradrenergic pathways to the
hypothalamus (Brunton et al., 2008). We found ti$ stress increases the
activation of LC neurones in early pregnant andimimice. However, neurones in
the LC appear to display a generally lower respamgarly pregnancy compared to
virgins, which may potentially contribute to théemtuated response of the pPVN
(e.g. lower CRH and nur77 mRNA and Fos nuclearaese compared to virgins
following LPS). In addition, although the LC resgerto stress appeared lower in
early pregnancy compared to virgins, the overathber of neurones activated in the
LC was low. However, the response to LPS was gré@atee noradrenergic
neurones of the NTS and RVLM, which respond moreR8 administration in early
pregnancy compared to virgin mice. This suggestsah adaptation has occurred in
these neurones to increase their sensitivity taestimuli which may contribute
towards to the mildly exaggerated response tostibserved by the TIDA neurones.
The release of noradrenaline in the hypothalamadbkan temporally linked with
plasma secretory surges of prolactin in the ratroes cycle (Szawka et al., 2007),
with the LC implicated to be involved in regulatipglactin surges during oestrous
(Szawka et al., 2005). However, evidence indicitasneurones of the LC are not
involved stress-induced changes in prolactin sexréPoletini et al., 2006).
Likewise, although the NTS and RVLM are activatgdciptokines, no association
with prolactin secretion has been reported at ptese

As with LPS, we also show a mild increase in TID&urone activation with 24h
fasting stress in early pregnancy but whetherighéecompanied by noradrenergic
activation in the NTS, LC or RVLM is not known dsg¢ was not analysed.
However, it has been reported that food ingessasritical for the expression of Fos
in the noradrenergic cells of the LC and NTS inematd (Johnstone et al., 2006) and
therefore in fasted mice we may not expect to alesan increase in Fos activation

in the brainstem.

6.5 The effect of immune stress in early pregnancgnxiety-related behaviour
A number of immune stressors, including LPS, haaentreported to activate the

HPA axis and induce anxiety-like behaviours in ridgLacosta et al., 1999).
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Therefore, we hypothesised that LPS administrationld increase anxiety-like
behaviours in virgin and early pregnant mice anthir postulated that in early
pregnancy the anxiogenic response following LP&sstwould be enhanced because
of the reduction in anxiolytic prolactin (and praetgrone). Increased prolactin levels
during pregnancy elevate neurogenesis in the stiiwaar zone of the lateral
ventricle of the maternal brain and is essentiahfirmal postpartum behaviour
(Larsen and Grattan, 2010). It has been reporedrirearly pregnancy low prolactin
leads to a reduction in neurogenesis and is agedandth later heightened
postpartum anxiety. In addition, the female offsgrof these mothers also display
increased anxiety (Larsen and Grattan, in pressjieer, it has not been reported
what the acute effects of stress or low prolaatehan maternal anxiety during early
pregnancy itself.

We found that LPS administration (24h before betwandl testing) had profound
anxiogenic effects on the virgin mice and also dased their locomotion activity
compared to vehicle-treated mice when tested okEBi. However, in early
pregnant mice LPS treatment appeared to have actefh the anxiety-behavioural
parameters measured compared to controls. Thisomaartly explained by the fact
that vehicle-treated pregnant mice displayed higinerety-like behaviours
compared to virgins and as anxiety levels wereadlyénigh in early pregnancy this
may be a ‘ceiling effect’ which masks any LPS-ingdichanges. Data indicate that
mice are generally more anxious in early pregnacypared to virgins which is in
contrast to reports in mid (d11) (Maestripieri &idmato, 1991) and in late
pregnancy (d18) (Neumann et al., 1998, Neumanri3)200

The lack of effect of stress on anxiety in earlgggrancy may be associated with the
relatively unaltered levels of circulating prolactollowing the EPM. It seems that
the EPM itself has a profound effect on prolactivells in early pregnant mice
reducing them (compared to mice not tested on BM)Eegardless of treatment.
However, stressed virgin mice displayed heightearedety responses to stress
compared to both controls and early pregnant mvbéh was accompanied by a
reduction in the anxiolytic prolactin (similar tevels in the pregnant mice).

Further analysis of anxiety-like behaviour usingG##T revealed a mild increase in

anxiety behaviour following LPS treatment but thiect was not more pronounced
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in early pregnant mice as was hypothesised. Onai@,ag early pregnancy a
difference in plasma prolactin levels with treattn&as not apparent following the
OFT which may partly explain why only very mild dhanges in anxiety-like
behaviours were observed.

In addition, the lack of predicted increase in atyresponsiveness in early
pregnancy may be related to the attenuated PVNonsgs to stress that we have
previously reported. It has been shown in manyistutthat CRH administration or
overproduction of CRH increases anxiety-like bebaxs in rodents (Van Gaalen et
al., 2002). In addition, vasopressin is also reggbtdb modulate anxiety-related
behaviours. Studies using rats that are bred tbeea high or low anxiety-related
trait reveal that the increased anxiety-leveldeformer are due to a polymorphism
in the promoter region of the vasopressin geneltieg in increased hypothalamic
vasopressin activity. High anxiety bred rats digptecreased expression of
vasopressin mMRNA in the PVN and release. In supgdah anxiogenic role for
vasopressin, studies using these high anxietyheats revealed that intra-PVN
treatment of a vasopressin receptor antagonistesdanxiety behaviours (Wigger et
al., 2004). In mice, preliminary data also indisatieat there is a correlation between
anxiety behaviour and the expression of vasopressire PVN. In mice bred for
high anxiety the intra-PVN expression of vasopresssignificantly higher than in
mice bred for low anxiety (Landgraf et al., 2007).

Therefore, a combination of high CRH and vasopreBSIN responses in virgin
mice may contribute towards the heightened anxbetyaviours observed on the
EPM following LPS. In contrast, in early pregnanbg attenuated CRH response
and lower PVN activation (Fos expression) followsigess compared to virgins may
partly explain why the anxiety responses to LPSevi@wer in early pregnancy than

virgins.

6.6 The effect of 24h fast in early pregnancy oxietg-related behaviour

It was also hypothesised that 24h fasting would teancreased anxiety-like
behaviour in early pregnant mice, possibly via pad increased corticosterone,
decreased prolactin secretion and elevated le¥eisonilating ghrelin which is
reported to increase with fasting in rodents (Cungset al., 2001, Briatore et al.,
2006) and is considered to be anxiogenic (Cartial.¢ 2002). We did not
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demonstrate this though and found that both viagid early pregnant fasted mice
displayed reduced anxiety-like and increased eafdoy behaviours (likely
motivated by hunger) despite increased corticoateresponses.

Although 24h fasting suppressed plasma prolactiel$ein early pregnant mice as
expected, plasma prolactin concentrations do reshge have an association with
anxiety behaviours. It would be interesting to knetat the circulating ghrelin
levels of our 24h fasted mice are to determinbafthave raised as is assumed. If
not this could also contribute to explaining why @enot see heightened anxiety-
like behaviour with 24h fasting as predicted. ldliidn, as previously indicated Fos
expression in the SON, VMH and PVN was very low ad not altered by 24h
fasting. Therefore, a change in the CRH and vasspreesponses to fasting (as seen
following LPS) are unlikely to be accountable foe tmild changes observed in
anxiety/exploratory behaviours. We did, howeveasiie an increase in activation
of neurones in the arcuate nucleus following fastilmich may indicate an impact on
appetite-regulating factors such as neuropeptigdY). Mild fasting (24h) in male
rats has been reported to increase NPY mRNA expressthe hypothalamic
arcuate and dorsomedial nuclei (Marks et al., 1992) NPY administration dose-
dependently suppresses prolactin secretion frototlaphsin vitro (Wang et al.,
1996). Therefore, it may be that fasting in earggmant mice heightens the NPY
response compared to virgins due to an unknowmparezy-related factor and thus
contributes to reducing plasma prolactin levelsaddition, NPY is considered a
potent anxiolytic agent and this role is suppoligdeports of the expression of
receptors for NPY in brain regions associated waitkiety such as the amygdala
(Sajdyk et al., 2004). Multiple studies have denti@ted that central administration
of NPY produces anxiolytic responses under stressxiety-inducing situations, for
example NPY treatment (i.c.v) in male mice reduaexiety-related behaviours on
the EPM, light/dark test and also increased locomattivity in the OFT (Karlsson
et al., 2005). Therefore, presumed increased NRtalasting in both virgin and
early pregnant mice may be partly responsibleHerreduced anxiety-like
behaviours and increased exploratory behavioursreed following 24h fasting.

In contrast to the EPM, the OFT did not indicataramease in anxiety behaviour or

exploratory behaviour in either virgins or pregnamt¢e with 24 fasting and although
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prolactin levels decreased by fasting in early pae mice as expected, circulating
prolactin levels once again did not reflect anxiethated behaviour levels.

Overall, data from both behavioural experimentsidosupport our hypothesis that
fasting would lead to enhanced anxiety-like behawio early pregnant mice and
due to the drive to explore (likely motivated byniger) 24h fasting may not have
been a suitable treatment to use to measure thetefif stress in early pregnancy on

anxiety behaviour.

6.6 Summary

To summarise, we have found in mice that the segrétPA response to stress in
early pregnancy is robust and comparable to thggngr although early pregnant
mice seem to display enhanced anxiety levels coedparvirgins. Stress in early
pregnancy profoundly reduces plasma progesterosh@ratactin levels, increases
circulating levels of pregnancy-threatening praniimatory cytokines (e.g. TNk}
and consequently threatens pregnancy maintenatress$nduced suppression of
prolactin is not entirely due to enhanced TIDA e activation, dopamine activity
or prolactin negative feedback as expected. Thexetither stress-related factors
must also be responsible, for example, stress ead/tb a decrease in prolactin-
releasing factors that act at the pituitary leteis(remains to be tested). Stress-
induced cytokines e.g. TNé-are likely contenders and may act directly at
lactotrophs to impede prolactin secretion in epriggnancy (see Figure 6.1). In
support of this theory lactotrophs are known toregp receptors for TNé&-and
TNF-a treatment reduces anterior pituitary cell proltesn and prolactin release in
an oestrogen-dependent manner. We have shown iat Treatment in early
pregnancy decreases both progesterone and prosectiion, while only mildly
increasing TIDA activation, suggesting that TMRcts directly at the pituitary to
suppress prolactin. Further work is required tdyfulvestigate the mechanism
behind this.

Furthermore, we propose that there is an overlapile for stress-increased
glucocorticoid action on reduced pregnancy hormssweetion by enhancing pro-
inflammatory cytokine release following stress amlg pregnancy (see Figure 6.2).
Increased glucocorticoid levels following stresganly pregnancy may drive the
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production and release of proinflammatory cytokifeeg. TNFe) and result in a
decrease of pregnancy hormone levels. Low ciradgtrogesterone and prolactin
would allow proinflammatory levels to further riae the inhibitory effect of these
hormones on pro-inflammatory cytokines would bepsapsed. A rise in
glucocorticoids/proinflammatory cytokine levels ébiger with depleted plasma
progesterone/prolactin in early gestation may iaseethe risk of pregnancy
complications such as pregnancy failure and adveetal programming.
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Figure 6.1
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Figure 6.2
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Appendix A: Suppliers/Chemicalsindex

Reagent Company Code

Acetic anhydride Sigma-Aldrich A6404
Anti-fos Ab Santa Cruz SC-52
Anti-TH Ab Millipore AB152
Ammonium chloride BDH 271495R
‘AnalR’ formamide BDH 103264R
Aprotinin Sigma-Aldrich Al1153 - 10MG
Biotinylated anti rabbit Ig| Vector BA-1000
Bovine serum albumin, | Millipore 82-045
fraction V

Chromium potassium BDH 2775845
sulphate 12 hydrate

Corticosterone RIA MP Biomedicals 7120102
Denhardt’s solution Sigma-Aldrich D2532
Deionised Formamide Sigma-Aldrich FO037
Developer Kodak D19 lIford/Lizars

Dextran Sulphate Sigma-Aldrich D8906
Diaminobenzidine Sigma-Aldrich D5637
tetrachloride (DAB)

Diethylpyrocarbonate Sigma-Aldrich D5758
(DEPC)

DPX mountant VWR 360294
Disodium hydrogen BDH 103834G
orthophosphate

Dithiothretol (DTT) Sigma-Aldrich D9779
Emulsion (liford) Calumet P9281
Ethylene diamine Sigma-Aldrich E5134
tetracetic acid (EDTA)

Ethylene glycol Sigma-Aldrich 102466
FBS (heat-inactivated) Invitrogen 10108157 (100ml)
Gelatine BDH 440454B
Glycerol Fisher Scientific G/0600/17
Heparin Sigma-Aldrich HO777-500KU
Hydrogen peroxide (30%) Sigma-Aldrich H1009
Interleukin-6 (recombinantR&D System 406-ML-005
mouse)

Lipopolysaccharide (LPS) Sigma-Aldrich L2880 - 10mg
E055:B5 (E.coli)

Metoclopramide Sigma-Aldrich MO763
hydrochloride (109)

Mouse IL-6 DuoSet R&D Systems DY406
ELISA

Mouse prolactin DuoSet | R&D Stems DY1445
ELISA

Nickel Il sulphate BDH 101674A
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Normal sheep serum Sigma-Aldrich S2263
Ovine prolactin Sigma-Aldrich L6520
Paraformaldehyde Sigma-Aldrich P6148
Phenol:Chloroform Sigma-Aldrich P3803
isoamyl alcohol

Phospho-Stat5 (Tyr694) | Cell Signalling Tech 9351-S

Antibody

(supplied by New Englan
Biolabs)

)

Potassium chloride

Sigma-Aldrich

P3911 or 9541

Progesterone Oxford Bioinnovations DSL 3900
radioimmunoassay (kit 1)

Progesterone MP Biomedicals 07814701
radioimmunoassay (kit 2)

Reagent Diluent (DuoSet| R&D Systems DY995
ELISA)

RNase A Sigma-Aldrich

QIAGEN quick nucleotidg QIAGEN 28304
removal kit

S35 dATP 9.25MB Perkin Elmer NEGO034H
Salmon sperm DNA Sigma-Aldrich D9156
Sodium acetate Sigma-Aldrich S9513
Sodium bicarbonate Sigma-Aldrich S8875
Sodium chloride Sigma-Aldrich S7663
Sodium dihydrogen BDH 1024555
orthophosphate

Substrate solution (DuoSeR&D Systems DY999
ELISA)

Sucrose Sigma-Aldrich S7903 or 179949
Toludine blue Sigma-Aldrich

Triethanolamine (TEA) Sigma-Aldrich T1377
Tris Sigma-Aldrich 18524
Tris-HCL VWR 441514A
Tri-sodium citrate Sigma-Aldrich S4641
Triton X-100 Sigma-Aldrich 179284
Tumour necrosis factar- | R&D Systems 410-MT-050
(recombinant mouse)

Vectastain ABC elite kit Vector Labs PK6101
Wash buffer (DuoSet R&D Systems WA126
ELISA)

Xylene BDH 1330-20-7
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Appendix B: General solutions

Solutionsfor perfuse fixation

Heparinised saline (0.9%): 1L dB + 9g NaCl + 129mg Heparin

Phosphate buffer (PB) (1L of 1M PB; pH 7.3-7.4):di,0 (heated) + 115¢g disodium
hydrogen orthophosphate (##P0,.2H,0) + 27.2g Sodium dihydrogen orthophosphate
(NaH,PO,.H,0).

4% paraformaldehyde in phosphate buffer (PB) (pH743: 500ml dHO (heated) +
40g PAF + few drops of 10M NaOH solution (to dissothe powder), + 500ml 0.2M
PB.

2% PFA + 15% sucrose in 0.1M PB: (for 500ml) 25080% sucrose + 250mls 4%
PFA.

30% sucrose: 30g sucrose / 100ml in 0.1M PB.

Cryoprotectant: (for 1L) 200ml glycerol + 300ml gigme glycol + 500ml 0.1M PBS.

Solutions for immunocytochemistry

Phosphate Buffer (see section above)

0.1M PB + 0.3% Triton X-100 (PBT): 3ml Triton X-1601000ml 0.1M PB.

0.1M phosphate buffered saline (PBS; 0.9%): 9g Na@00mI 0.1M PB.

3% normal sheep serum (NSS) in 0.1M PBT: 3ml N&ml 0.1M PBT.

0.3% hydrogen peroxide in 0.1M PB: 1ml 30%5+ 99ml 0.1M PB.

1M sodium acetate buffer: 82g sodium acetate amiugd+ 1000ml dkD, pH 6 with
glacial acetic acid.

DAB concentrate (25mg/ml):1g Diaminobenzidine tefdaride + 40ml d=HO (warm).
Nickel-DAB visualisation solution: (for 100ml) 50rl2M sodium acetate buffer + 2.5g
Nickel 1l sulphate + 0.08g ammonium chloride + 25mdml DAB + 49ml dHO
+100p! HO,.

DAB visualisation solution: (for 200ml) 50ml 0.2Mdium acetate buffer + 25mg in
1ml DAB + 49ml dBO +100ul HO,,

Tris buffered saline (TBS; 0.05M Trizma, 0.15M Na@H 7.6): 6.05g Trizma + 8.85¢g
NaCl + 1000m! dHO.

‘Incubation solution’ for pSTATS protocol (0.05M T80.3% triton X-100, 0.25%
BSA): 600ml TBS + 1.8ml triton-x +1.5g BSA.

0.01M Tris-HCI (pH 10): 0.157g Tris-HCL + 100ml ¢®l.
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Solutions for mounting and staining brain sections

Gelatine for subbing slides: 2.5g gelatine to 500RHO, add 0.25g chromium
potassium sulphate.

Acetic Alcohol Fixative (AAF): 10ml 40% formaldehgd+ 5ml glacial acetic acid
(100%) + 85ml absolute alcohol.

Toludine Blue: 1% toluidine blue in dB.

Solutionsfor in situ hybridisation

1M Phosphate buffered saline (PBS; pH7.3-7.4): HkQl(heated) + 115g Disodium
hydrogen orthophosphate (##P0,.2H,0) + 29.64g Sodium dihydrogen
orthophosphate (NalRG,.H,0) + 85g NaCL

4% Paraformaldehyde (PAF) in 0.1M PBS (pH 7.2)0§25 10g PAF + 250ml 0.1M
PBS + few drops of 10M NaCl.

Triethanolamine (TEA)/actetic anhydride solutior?Zoml TEA + 0.625ml acetic
anhydride + 1050p1 concentrated HCI, made up tar25dth ddHO.

RNase Buffer : 1.12g Tris 8.0 (10mM) + 23.2g Na@bM) + 0.32g EDTA (1mM),
made up tp 800ml in ddid.

Diethylpyrocarbonate (DEPC) water (0.01%): 1ml DEP@99mI ddHO.

Hybridisation Buffer: To make 50ml combine the éoling: 12ml 5M NaCl (292mg/ml)
+ 1ml Tris pH 7.6 (149mg/ml) + 1ml Denhardts saati{1.6% BSA 200mg/ml, 6%
Ficoll 200mg/ml, 6% PVP 100mg/ml) + 400ul EDTA (26M) + 5ml dextran sulphate
25% + 500l NaPPI 5% (50mg/ml) + 200ul yeast tRISBnig/ml) + 250l yeast total
RNA (20mg/ml) + 1ml salmon testes DNA (10mg/ml) 308 Poly(A) (15mg/ml) +
25ml formamide, made up to 50ml with dgH

20 X Standard sodium citrate (SSC) stock: 175.4GINa88.2g Tri-sodium citrate,
made up to 1L with sterile ddB.

Developer (Kodak D19): 157g + 500ml dg

Fixer (lIford Hypam): 100ml fixer stock + 400ml dg®l.

Solutions for haemotoxylin and eosin counter staining

Haemotoxylin: bought in ready made (0.4% haemdioky

70% Acid alcohol: 700ml absolute alcohol (100%)00@l dHO + 10ml HCI (conc)
Scott’'s Tap Water Substitute (STWS): 20g magnesulphate + 3.5g sodium
bicarbonate + 1000ml d©@

1% Eosin: 10g + 1000mls ¢dB

5% Potassium Alum: 5g aluminium potassium sulphateE00mls dHO
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Appendix C: Publications and presented abstracts

Publications;

Parker VJ, Menzies JR, and Douglas AJ (2011) Defieal changes in the
hypothalamic-pituitary-adrenal axis and prolacésponses to stress in early
pregnant miceJournal of Neuroendocrinolog®3: 1066-1078 (Original article).

Parker VJ, Arck PC, and Douglas AJ (2011) Recigrbcain-body neuro-endocrine-
Immune interactions: role in maintaining pregnargyvances in Neuroimmune
Biology (in press) (Review).

Parker VJ and Douglas AJ (2010) Stress in earlgnaecy: maternal neuro-
endocrine-immune responses and effelisrnal of Reproductive Immunolq@b:
86-92 (Review).

Conference Abstracts;

Parker VJ, Menzies JR and Douglas AJ (2011) Hypaithia mechanisms mediating
inhibition of prolactin secretion following stressearly pregnancy. Physiology
2011, The Physiological Society (Oral).

Parker VJ, Menzies JR and Douglas AJ (2011) Hypaithia mechanisms mediating
inhibition of prolactin secretion following stressearly pregnancy. British Society
for Neuroendocrinology Annual Meeting (poster).

Parker VJ, and Douglas AJ (2010) Hypothalamic meismas mediating inhibition
of prolactin secretion following stress in earlggnancy. The Parental Brain
international conference (Oral).

Parker VJ, and Douglas AJ (2010) Hypothalamic meismas mediating inhibition
of prolactin secretion following stress in earlggnancy. The"%7International
Congress of Neuroendocrinology (Poster).

Parker VJ, and Douglas AJ (2010) Mechanisms o$stireduced pregnancy failure
in mice: role of maternal neuro-endocrine-immurepomses. ENDO 2010 The§2
Annual Meeting & Expo (Poster).

Parker VJ, and Douglas AJ (2009) Pregnancy altedagtin and cytokine responses
to stress in mice. Thé"European Congress on Reproductive Immunology JOral

Parker VJ, and Douglas AJ (2009) Control of basdl stress-induced prolactin
secretion in early pregnancy. British Society fauxbendocrinology Annual
Meeting (Poster).

Parker VJ, Arck PC, and Douglas AJ (2008) Effecamimmune stress on
neuroendocrine responses in early pregnancy.sBr8bciety for
Neuroendocrinology Annual Meeting (Poster).

Parker VJ, and Douglas AJ (2008) Effect of an imenstmess on prolactin secretion
in early pregnancy. Thé"EMBIC Summer SchooAmerican Journal of
Reproductive Immunolodg0, 88-89 (2008) (Poster).

Parker VJ, Arck PC, and Douglas AJ (2007) Neuroende responses to immune
stress in early pregnancy. THEEMBIC Summer SchooAmerican Journal of
Reproductive Immunolod8, 177-180 (2007) (Oral).
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