
Dhaksshaginy Rajalingam

The impact of workplace bullying
and repeated social defeat on
health and behavioral outcomes:
A biopsychosocial perspective

2020

Thesis for the degree of Philosophiae Doctor (PhD)
University of Bergen, Norway



at the University of Bergen

Avhandling for graden philosophiae doctor (ph.d )

ved Universitetet i Bergen

.

2017

Dato for disputas: 1111

Dhaksshaginy Rajalingam

The impact of workplace bullying and repeated
social defeat on health and behavioral

outcomes: A biopsychosocial perspective

Thesis for the degree of Philosophiae Doctor (PhD)

Date of defense: 09.12.2020



The material in this publication is covered by the provisions of the Copyright Act.

Print:     Skipnes Kommunikasjon / University of Bergen

© Copyright Dhaksshaginy Rajalingam

Name:        Dhaksshaginy Rajalingam

Title: The impact of workplace bullying and repeated social defeat on health and behavioral
outcomes: A biopsychosocial perspective

Year:          2020



 

 

Table of contents 

 

TABLE OF CONTENTS ............................................................................................................................................. IV 

SCIENTIFIC ENVIRONMENT ................................................................................................................................... II 

ACKNOWLEDGMENTS............................................................................................................................................ III 

ABBREVIATIONS ...................................................................................................................................................... V 

ABSTRACT ................................................................................................................................................................VII 

LIST OF PUBLICATIONS ......................................................................................................................................... IX 

1. INTRODUCTION ............................................................................................................................................... 1 

1.1. THE OBJECTIVE OF THIS THESIS ..................................................................................................................... 2 

1.2. WORKPLACE BULLYING – A BRIEF BACKGROUND .......................................................................................... 6 

1.3. DEFINING WORKPLACE BULLYING ................................................................................................................. 8 

1.4. MEASURING WORKPLACE BULLYING ........................................................................................................... 10 

1.5. WORKPLACE BULLYING AND HEALTH OUTCOMES ....................................................................................... 12 

1.6. ALLOSTATIC LOAD ...................................................................................................................................... 15 

1.7. THE CONCEPT OF STRESS ............................................................................................................................. 17 

1.8. THE STRESS RESPONSE................................................................................................................................. 19 

1.9. THE INNATE IMMUNITY ............................................................................................................................... 23 

1.10. THE BI-DIRECTIONAL NEUROIMMUNE COMMUNICATION ......................................................................... 25 

1.11. STRESS AND MENTAL HEALTH ................................................................................................................. 27 

1.11.1. INSOMNIA .............................................................................................................................................................................. 30 

1.11.2. ANXIETY ................................................................................................................................................................................ 32 

1.12. GENETIC FACTORS .................................................................................................................................. 34 

2. AIMS OF THE THESIS .................................................................................................................................... 37 

3. METHODS ........................................................................................................................................................ 40 

3.1. HUMAN COHORT.......................................................................................................................................... 40 

3.1.1. CONTROL VARIABLES ........................................................................................................................................................ 41 

3.1.2. EXPOSURE TO BULLYING BEHAVIORS........................................................................................................................... 41 

3.1.3. INSOMNIA .............................................................................................................................................................................. 41 

3.1.4. SYMPTOMS OF ANXIETY ................................................................................................................................................... 42 

3.1.5. GENOTYPING ........................................................................................................................................................................ 42 



 

 

3.2. ANIMAL STUDIES ......................................................................................................................................... 42 

3.2.1. RESIDENT-INTRUDER PARADIGM.................................................................................................................................... 43 

3.2.2. SOCIAL INTERACTION TEST (SIT) .................................................................................................................................... 44 

3.2.3. BLOOD SAMPLING AND TISSUE HARVESTING ............................................................................................................. 45 

3.2.4. ENRICHMENT OF SPLENIC MYELOID CELLS ................................................................................................................. 46 

3.3. CELL CULTURE EXPERIMENTS ..................................................................................................................... 46 

3.4. STATISTICAL ANALYSES .............................................................................................................................. 47 

3.4.1. HUMAN DATA ....................................................................................................................................................................... 47 

3.4.2. ANIMAL DATA AND IN VITRO CELL CULTURE EXPERIMENTS................................................................................. 47 

4. RESULTS .......................................................................................................................................................... 49 

4.1. PAPER I........................................................................................................................................................ 49 

4.2. PAPER II ...................................................................................................................................................... 50 

4.3. PAPER III ..................................................................................................................................................... 50 

5. DISCUSSION .................................................................................................................................................... 53 

5.1. DISCUSSION OF RESULTS ............................................................................................................................. 53 

5.1.1. INSOMNIA AND MIR-146A GENOTYPE (PAPER I) .......................................................................................................... 53 

5.1.2. RESIDENT INTRUDER PARADIGM  (PAPER II) ............................................................................................................... 56 

5.1.3. Β2 – ADRENERGIC RECEPTOR GENOTYPE (PAPER III) ................................................................................................ 61 

5.1.4. SUMMARY OF THE DISCUSSION OF RESULTS............................................................................................................... 62 

5.2. METHODOLOGICAL CONSIDERATIONS AND DISCUSSION .............................................................................. 64 

5.2.1. SAMPLING, GENERALIZABILITY AND INTERNAL VALIDITY – HUMAN COHORT ................................................ 64 

5.2.2. THE RESIDENT INTRUDER PARADIGM ........................................................................................................................... 66 

5.2.3. SOCIAL INTERACTION TEST .............................................................................................................................................. 67 

5.2.4. ANESTHESIA ......................................................................................................................................................................... 68 

5.3. ETHICAL CONSIDERATIONS .......................................................................................................................... 69 

5.3.1. HUMAN STUDY ..................................................................................................................................................................... 69 

5.3.2. ANIMAL STUDY .................................................................................................................................................................... 70 

5.4. IMPLICATIONS ............................................................................................................................................. 72 

6. FUTURE PERSPECTIVES ............................................................................................................................... 74 

6.1. HUMAN STUDY ............................................................................................................................................ 74 

6.2. ANIMAL STUDY ........................................................................................................................................... 75 

7. CONCLUSION.................................................................................................................................................. 78 

REFERENCES............................................................................................................................................................. 80 



 

 

 
  

 

 





 

II 

 

Scientific environment  

 

The present PhD thesis is a part of the overarching research program and Toppforsk project 

called "Workplace bullying – from mechanisms and moderators to problem treatment" led 

by professor Ståle Valvatne Einarsen at the Department of Psychosocial Science, 

University of Bergen. The project is jointly financed by the Norwegian Research Council 

and the University of Bergen, with the National Institute of Occupational Health (STAMI) 

and Diakonhjemmet Hospital in Oslo, as co-partners. The work presented in this thesis was 

completed under the supervision of my main supervisor Professor Johannes Gjerstad 

(STAMI/ISP), and my co-supervisors Professor Ståle Valvatne Einarsen (ISP, head of 

FALK), and Professor Morten Birkeland Nielsen (STAMI/ISP). All data analyses and 

laboratory work presented in this thesis was conducted at the laboratory facilities at 

STAMI, Department of Work Psychology and Physiology in Oslo, from 2017 to 2020. 

During these three years, I have been employed at the Department of Psychosocial Science 

(ISP), yet having my daily work at STAMI. In addition, I have been a member of the Bergen 

Bullying Research Group also known as Forskningsgruppe for Arbeidsmiljø, Ledelse og 

Konflikt (FALK) and the Graduate School of Human Interaction and Growth (GHIG) both 

at the Faculty of Psychology, University of Bergen.  

 

 

 

 

 

 



 

III 

 

Acknowledgments 

 

First of all, I would like to express my gratitude to my supervisors, Professor Johannes 

Gjerstad, Professor Ståle Valvatne Einarsen, and Professor Morten Birkeland Nielsen for 

giving me the opportunity to work on this interdisciplinary project. I feel privileged to have 

been guided by you in this process! Thank you for all the time and resources you have 

devoted to my PhD project. I am grateful for all that you have done! It has been three 

incredible years with experiences I would never have been devoid of.  

 

I want to thank Johannes for your consistent guidance and support. I appreciate the 

opportunity you gave me and for letting me be a part of the inspiring environment at 

STAMI. Thank you for taking the time to discuss and for the critical reading of my thesis. 

Your dedication has been a great motivation for me.  

 

Thank you, Ståle, for introducing me to the field of workplace bullying. Thank you for 

including me in your Toppforsk/FALK group at the Faculty of Psychology at UiB. Thank 

you for your guidance, support and I am grateful to you for sharing your knowledge. Thank 

you for the critical reading of my thesis and for your excellent ability to keep having an eye 

for the details, while still retaining the big picture! Your insight and dedication have been 

a great inspiration for me.  

 

Morten, thank you for all that you have taught me about methodology and for sharing your 

knowledge about the bullying research field. Also, thank you for your creative ideas and 

for always being supportive and positive. You have been inspiring! 

 

Thank you to Ingeborg Nymoen, and Henriette Nyberg for great discussions and all the 

time we have spent together at the animal facility and in the lab. I would not have managed 

without you!  



 

IV 

 

Thank you to my colleagues at STAMI; Daniel Pitz Jacobsen, Anne-Mari Gjestvang Moe, 

Tiril Schjølberg, Mina Baarnes Eriksen, and Oda Helgesen Ramberg for all the excellent 

work, for always being supportive and for giving a helping hand whenever I needed it.  

Also, I would like to thank everyone in the neighboring group, Toxicology, for your 

helpfulness and willingness to answer my questions.  

 

I would also express my gratitude to the members of Toppforsk and FALK. You have all 

been very including, inspiring, and provided me with a helping hand whenever I needed it. 

Thank you! Also, I would like to thank the administration at ISP, in particular Helga Marie 

Meling, Anlaug Lid, and May-Britt Sande for always being available and answering my 

questions throughout these years. You made it easy and possible for me to work in Oslo, 

although being affiliated to the University of Bergen.  

 

Thank you, Erik Dissen, for teaching me the immune cell isolation protocol and for teaching 

me all that I know about flow cytometry. I am forever grateful!  

 

Lastly, I would like to thank my family and friends for always being supportive and 

encouraging. Menan, thank you for always believing in me, encouraging me, and for 

keeping me sane! 

 

 

 

Dhaksshaginy,  

 

Oslo, July 2020 



 

V 

 

Abbreviations 

 

ACTH Adrenocorticotropic hormone  

ADRB2 β2-adrenergic receptor 

ANS Autonomic nervous system  

ARRB2 β-arrestin-2 

BBB Blood-brain-barrier 

CORT Cortisol/corticosterone  

CNS Central nervous system  

CRH Corticotropin-releasing hormone  

DEX Dexamethasone 

DNA Deoxyribonucleic acid  

E Epinephrine  

GABA Gamma-aminobutyric acid  

GAS General adaptation syndrome  

HPA Hypothalamic-pituitary-adrenal 

HSCL  Hopkins symptom checklist  

IL Interleukin 

miRNA/miR MicroRNA 

mRNA Messenger RNA  

NAQ Negative acts questionnaire 

NE Norepinephrine  

NF-ĸB Nuclear factor kappa-light-chain-enhancer of activated B cells  

NO Nitric oxide  

NOS1 Nitric oxide synthase 1 

NR3C1 Nuclear Receptor Subfamily 3 Group C Member 1  

PFC Prefrontal cortex 



 

VI 

 

PNS  Peripheral nervous system  

POMC Pro-opiomelanocortin  

PVN Paraventricular nucleus  

qPCR Quantitative polymerase chain reaction  

RNA Ribonucleic acid  

SIT Social interaction test  

SNP  Single nucleotide polymorphism  

SNS  Sympathetic nervous system  

TNF Tumor necrosis factor  

  

  

 



 

VII 

 

Abstract 

 

Workplace bullying is a severe problem that needs further investigation from a range of 

disciplines. Yet, during more than twenty years of research on workplace bullying, few 

studies have addressed the bullying phenomenon from a biological perspective. Hence, the 

purpose of this thesis was to learn more about how stressors such as workplace bullying in 

humans and repeated social defeat in rats affect the physiological and psychological 

mechanisms of the body, seeing the latter as an animal model of bullying among humans.  

 

The purpose of this thesis was, therefore, to advance our understanding of how workplace 

bullying leads to severe health problems in those targeted. As such, the present research 

addresses individual susceptibility when exposed to workplace bullying and examines 

causative effects and mechanisms on the relationship between exposure to workplace 

bullying and subsequent health outcomes.  

 

The first paper addressed the potential moderating effect of the miR-146a genotype on the 

association between exposure to workplace bullying and insomnia through psychological 

distress, using a nationally representative survey of Norwegian employees. The findings 

showed that the relationship between distress and insomnia induced by exposure to bullying 

was stronger among GG genotype individuals compared with GC/CC genotype individuals. 

 

The second paper addressed the neuro-immune changes initiated by exposure to prolonged 

social stressors. Thus, an animal model of repeated social defeat – the resident-intruder 

paradigm – was implemented. The animal data demonstrated stress-induced health effects, 

including reduced weight gain, hypothalamic-pituitary-adrenal (HPA) axis changes, and an 

increased inflammatory profile of the isolated splenic myeloid cells. 

 



 

VIII 

 

The third paper addressed the changed expression of the β2-adrenergic receptor (ADRB2) 

during prolonged exposure to stressors and its role in the association between exposure to 

workplace bullying and anxiety. A moderating effect of the ADRB2 genotype on the 

workplace bullying-anxiety relationship in humans was also observed. Moreover, in vivo 

and in vitro experiments demonstrated reduced ADRB2 gene expression induced by the 

stress hormone norepinephrine (NE) and a stress-induced switch from an anti-inflammatory 

to a pro-inflammatory state of the immune cells.  

 

In conclusion, the findings of the present thesis indicate that persistent social stressors in 

the form of workplace bullying may lead to subjective health complaints such as insomnia 

and anxiety by promoting a state of low-grade systemic inflammation. Also, the findings 

from the animal model of repeated social defeat suggest that the systemic inflammation 

may be a consequence of the missing functioning of the “breaks” of the sympathetic 

nervous system (SNS) and HPA axis. The persistent inflammatory state following exposure 

to persistent social stressors, causing excess production of pro-inflammatory cytokines, 

seems to cause dysregulation and mal-adaptation of biological mechanisms central in the 

stress response system leading to physiological and psychological changes that may be 

damaging for overall health and well-being. Thus, the present thesis demonstrates a clear 

link between exposure to persistent social stressors, genetic factors, and severe health 

problems in targets of bullying.  
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1. Introduction 

 

Since the time of our primal ancestors, exposure to stressors have been a part of our 

everyday life. The primitive humans needed to hunt for food, escape from predators, and 

defend their territories to survive. As such, the type of stressors they encountered would 

often be physical and often episodic in nature. In contrast, humans in our time face stressors 

that are mainly psychological, ongoing, and often social in its nature. The evolution of stress 

may, therefore, reflect the changes in human lifestyles. Today, people spend a significant 

part of their day at the workplace outside of the family group. As such, working outside the 

home has become an important and closely interrelated aspect of our lives. Accordingly, it 

is not surprising that humans today commit themselves to high goals, particularly in their 

working life, where tough competition both within and between one’s organization may be 

a reality. The hectic lifestyle, with demanding work tasks can be tiring. Under such 

circumstances, irritation and frustration may be provoked among colleagues, consequently 

promoting to tensed working environments. It is also important to recognize that when at 

work, we are part of a group of individuals who have been assigned to each other by an 

employer and not by individual choice. Also, we are under the supervision and power of 

managers and leaders.  

 

Even if interpersonal conflicts at work can be positive, i.e., being constructive and promote 

new ideas (Tjosvold, 1991), conflicts of a negative and prolonged nature may have a 

damaging effect on those who are involved. Exposure to occasional single acts of incivility 

may gradually escalate to systematic and frequent exposure to social stressors at work if 

not solved - the latter describing a phenomenon often referred to as workplace bullying. 

Existing literature demonstrates that such ongoing social stressors at work are risk factors 

for developing health problems, e.g., depression, anxiety, and sleep problems (Einarsen & 

Nielsen, 2015; Nielsen et al., 2017; Nielsen et al., 2014; Reknes et al., 2016). Despite the 

evidence provided for measures like prevalence, outcomes, and predictors of workplace 
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bullying, there is so far only a limited understanding of how systematic exposure to 

workplace mistreatment leads to detrimental health effects among those targeted. Both 

physiological and psychological processes determine health when facing such stressors. As 

such, further investigations of the biological mechanisms affected by bullying behaviors 

are required to improve our knowledge about the bullying phenomenon and also to increase 

our understanding of the relationship between exposure to bullying and its adverse and 

well-documented health outcomes (Brousse et al., 2008; Hogh et al., 2012; Jacobsen et al., 

2019).  

 

1.1. The objective of this thesis  

 

In a little over three decades, we have been witnessing immense growth in the literature on 

prevalence, antecedents, and outcomes of workplace bullying, for review see (Neall & 

Tuckey, 2014). The extensive literature has provided an understanding of the bullying 

phenomenon. However, the number of studies investigating the underlying mechanisms of 

workplace bullying to explain how and when bullying occurs is limited (Nielsen & 

Einarsen, 2012; Trépanier et al., 2013). This thesis aims to examine the underlying 

biological mechanisms on the relationship between exposure to workplace bullying and 

health outcomes. In this, we will use human data, an animal model of repeated social defeat 

and in vitro cell culture experiments to increase our understanding of the bullying 

phenomenon and the underlying biological mechanisms leading to the physiological and 

psychological effects on targets of bullying. 

  

Bullying is a complex social phenomenon that may be characterized by a range of factors 

–  depending on whether we focus on the perpetrator or the target – at multiple levels, e.g., 

individual-, group-, organizational-, and cultural level (Einarsen, 2020; Notelaers et al., 

2018). The understanding of the causal relationship of bullying and other variables is, 

therefore, beneficial when developing theoretical models and effective interventions 
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(Nielsen & Einarsen, 2018). The choice of methodology and study design will thus be 

critical for attaining valid and reliable findings of the bullying phenomenon. So far, except 

for some qualitative interview approaches (Baillien et al., 2009; Strandmark & Hallberg, 

2007), the majority of studies in this field have relied on quantitative methods, in particular, 

surveys and questionnaire data with self-report only and often using cross-sectional study 

designs (Nielsen & Einarsen, 2012; Nielsen et al., 2010) and for review see (Neall & 

Tuckey, 2014). Few studies have included more objective biological variables or employed 

experimental designs. Also, the majority of studies conducted before 2001 focused mainly 

on examining the linear associations between antecedents, bullying, and outcomes, for 

review see (Rai & Agarwal Upasna, 2018). As a result, the number of studies examining 

underlying and intervening mechanisms of the relationship between bullying and its 

associated variables is insufficient, for reviews see (Nielsen & Einarsen, 2018; Rai & 

Agarwal Upasna, 2018). Investigating moderating and mediating factors and examining 

whether these factors attenuate or promote bullying or its aftermath, the latter being the 

focus of the present study, may enrich and extend our theoretical understanding of the 

phenomenon (Frazier et al., 2004).  

 

The association between exposure to workplace bullying and the subsequent adverse health 

outcomes, i.e., psychological and psychosomatic health complaints (psychological distress, 

low sleep quality, anxiety, depression, musculoskeletal complaints, and physical illness) 

has been convincingly documented and is well-recognized  (Berset et al., 2011; Glambek 

et al., 2018; Niedhammer et al., 2015; Nielsen & Einarsen, 2012; Nielsen, Harris, et al., 

2020; Vie et al., 2012). Although there are some studies examining social and psychological 

moderators and mediators on the bullying-health relationship, for review see (Rai & 

Agarwal Upasna, 2018), the knowledge on the underlying biological mechanisms affected 

by bullying exposure and the understanding of biological mechanisms explaining how 

bullying may develop into adverse health effects in targets of bullying, is scarce.  
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In this thesis, we try to overcome the shortcomings mentioned above by integrating survey 

data from a human study involving biological moderators in the form of genotypes, an 

animal model of repeated social defeat implemented to study behavioral and physiological 

outcomes, and in vitro cell culture experiments to examine possible underlying biochemical 

causations between exposure and health-related outcomes.  

 

The use of questionnaires may provide valuable information about exposure to workplace 

bullying, depending on the subject's appraisal of the situation, and its relation to 

psychological and psychosomatic outcomes. By including intervening and conditional 

factors, it is possible to explain in more detail how and when bullying is associated with 

health. However, despite the many advantages of such a method, it may be implausible to 

identify causative processes as previously described. Moreover, conducting experimental 

studies in humans to investigate the cause-effect relationship between workplace bullying 

and health outcomes may violate both ethical and legal frameworks that function to prevent 

research misconduct. Also, it is impossible and unethical to harvest tissues such as the brain, 

spleen, and bone marrow (BM) from humans. It may, for that reason, be difficult to 

investigate the physiological effects and mechanisms of how bullying in humans is related 

to health outcomes. Due to these limitations, we implemented an animal model of repeated 

social defeat to explore the underlying mechanisms of prolonged exposure to social 

stressors and the subsequent physiological and behavioral effects. The animal study was 

performed in two rounds in our lab, in which the second round included in this thesis was 

a refinement of the initial animal study conducted by Jacobsen et al. (2019).  

 

A considerable advantage of conducting animal studies is the ability to control the 

conditions, i.e., only one or a few variables are changed at a time, in order to conclude on 

cause-effect relationships with greater certainty. Moreover, examination of tissues that are 

vital for biological processes such as for the stress response, e.g., brain, heart, spleen, 

adrenal gland, BM and blood, may be facilitated by implementing animal experiments due 
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to the limitations with humans as mentioned above. Animals models and, in particular, 

rodent animal models have made an immense contribution to our understanding of human 

health concerning drug testing, but also to increase our understanding of the 

pathophysiology of human diseases. Hence, the use of animals in research stands out as an 

invaluable benefit. Information gathered from animal studies may be translated into 

humans, although with some care as there are cases where information may be partially or 

entirely lost during translation, for review see (Attarwala, 2010), to provide more clarity 

and understanding, in this case, of the bullying phenomenon. At the very least, it may 

provide us with hypotheses that may be used in studies on humans.  

 

Humans and rats have anatomical and physiological similarities, e.g., similar organs, 

similar nervous systems, and both use corresponding hormones, e.g., norepinephrine (NE) 

and glucocorticoids, to regulate body functions (La Perle & Dintzis, 2018; Snyder et al., 

2018). Also, studies show that the response to stressors is relatively conserved among 

mammals, for review see (Joëls et al., 2018; Joëls et al., 2012; McEwen, Bowles, et al., 

2015). Estimations indicate that approximately 90 % of the rat genes have orthologues – 

homologous gene sequences found in different species – in the human genome (Gibbs et 

al., 2004). Similar to humans and other mammals, rats are social creatures that prefer being 

with other individuals. They live in large colonies with a hierarchical structure where they 

engage in a range of social behaviors, e.g., grooming, exploration, play, aggression, and 

sexual behavior (Barnett, 1958). Hence, there are also some very basic social similarities 

with humans. Despite these similarities, however, it is apparent that humans are not rats 

and vice versa. Both species have different genetic backgrounds making them unique. 

Animal models are, however, extensively used in research as they are the closest whole 

complex organism to study.  

 

In the present study, an animal model of repeated social defeat – the resident-intruder 

paradigm – was implemented to study the physiological and behavioral effects of prolonged 
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exposure to psychological and social stressors. The resident-intruder paradigm of repeated 

social defeat is often used to model exposure to psychological stressors in rodents as it 

results in the emergence of anxiety-like behavior and potential mal-adaptive changes in the 

neuroendocrine responses (Finnell et al., 2017; Koolhaas et al., 2013; Wohleb et al., 2011). 

This model encompasses the three critical features of the bullying definition, i.e., prolonged 

and repeated exposure to stressors in which there is a power imbalance between the two 

parties involved (Einarsen et al., 2011), which will be elaborated in more detail in a later 

subsection. Hence, the resident-intruder paradigm of repeated social defeat was regarded to 

be highly relevant as a model to study mechanisms involved in the pathophysiology of 

exposure to persistent psychological stressors.  

 

The main purpose of this thesis, was as mentioned, to increase our knowledge about the 

underlying biological mechanisms of the relationship between workplace bullying and the 

development of adverse health problems, as seen from a biological or rather 

biopsychosocial perspective. Data collected from humans (questionnaires and saliva 

samples), rats exposed to repeated social defeat, and in vitro cell culture experiments were 

used to address how workplace bullying “gets under the skin” and may act to develop the 

detrimental and well-documented health effects. Moreover, the allostatic load model will 

be used as the theoretical framework to link persistent exposure to stressors with adverse 

health and well-being.  

 

1.2. Workplace bullying – a brief background  

 

The workplace bullying phenomenon was initially described by the American psychiatrist 

Carroll M. Brodsky in his book entitled The Harassed Worker (1976). Here he presented a 

variety of cases where employees at all organizational levels affirmed to have been 

systematically mistreated by coworkers or superiors while at work with negative 

consequences regarding productivity, health, and well-being. Unfortunately, Brodsky did 
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not receive much attention for his pioneering work until it was rediscovered years later by 

another pioneer Heinz Leymann and the members of the Bergen Bullying Research group 

(Einarsen, 1994; Einarsen, 1991). In his book Mobbing: Psychological Violence at Work 

(1986), Leymann described the concept of bullying among adults at the workplace – a 

phenomenon in parallel to ideas put forward by two pioneers in the field at that time; Peter-

Paul Heinemann and Dan Olweus, who researched bullying among children in the 

schoolyard (Heinemann, 1972; Olweus, 1978). Leymann argued that the issue of workplace 

bullying had less to do with those involved and had rather to do with organizational factors 

such as deficits in work design, psychosocial work environments, and leadership 

(Leymann, 1996).  

 

The growing awareness of the issue of bullying and harassment at work initiated extensive 

research initially in the Scandinavian countries, i.e., Norway (Einarsen et al., 1994; 

Einarsen & Skogstad, 1996), Sweden (Leymann, 1996) and Finland (Björkqvist et al., 1994; 

Vartia, 1996), but quickly spread to rest of Europe (Demirel & Yoldaş, 2008; Hubert & van 

Veldhoven, 2001; Kirchler & Lang, 1998) and America (Dingfelder, 2006; Keashly, 1997; 

Meyers, 2006). Despite being referred to as the "research topic of the 1990s" (Hoel et al., 

1999), a meta-analysis conducted by Nielsen et al. (2010) revealed that the greatest number 

of studies (81.8 %) were published between 2000-2008 in which the majority of the studies 

(60 %) originated in Europe.  

 

Over the past thirty years, the research field underwent a shift in focus and content, which 

was reflected by the rising multidisciplinary interest on the topic. While the initial 

investigations had a psychological perspective with attention on the nature, causes, and 

frequency of the bullying phenomenon, the research interest moved towards being focused 

on health-related issues. Consequently, understanding the link between exposure to 

bullying and severe health problems, i.e., depression, anxiety, and post-traumatic stress 

disorders, became of importance (Einarsen & Nielsen, 2015; Malinauskiene & Einarsen, 
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2014; Niedhammer et al., 2015). From there on, the interest evolved towards approaching 

the bullying issue from an organizational, national, and cross-cultural perspective (Harvey 

et al., 2007; Heames & Harvey, 2006; Skogstad et al., 2007). Moreover, intertwining 

theories from both conflict and stress fields have been essential in order to explain why 

bullying occurs and why the consequences of such exposure can evolve to become so 

detrimental to target health and well-being (Einarsen, 2011).  

 

1.3. Defining workplace bullying 

 

Despite the substantial advances that have occurred in the field, the researchers have met 

on challenges in developing an agreeable concept and a definition of this multicausal and 

complex phenomenon (Einarsen et al., 2011). Among the different labels and terms used 

interchangeably (which will not be elaborated here) the most commonly used are 

"workplace bullying" and "harassment" in English- and French-speaking countries, 

respectively, and "mobbing" along with national specific terms in European countries 

(Einarsen, 2020). However, irrespective of the different usages in each country, a 

considerable agreement regarding the concept within the European research community 

may be found.  

 

Despite the existence of different bullying definitions, Einarsen and colleagues (2011), 

presented a definition that is well-established and commonly used within the European 

research tradition: 

"Bullying at work means harassing, offending, socially excluding someone or 

negatively affecting someone's work task. In order for the label bullying (or 

mobbing) to be applied to a particular activity, interaction, or process, the bullying 

behavior has to occur repeatedly and regularly (e.g., weekly) and over a period of 

time (e.g., about six months). Bullying is an escalating process in the course of which 

the person confronted ends up in an inferior position and becomes the target of 
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systematic negative social acts. A conflict cannot be called bullying if the incident 

is an isolated event or if two parties of approximately equal strength are in conflict".  

This definition emphasizes three main features of bullying, which implies that the negative 

behaviors are systematic, persistent over a prolonged time, and involves a power imbalance 

between the two parties involved (Einarsen, 2020).  

 

Bullying is about the negative and unwanted behaviors that last for months and years rather 

than days and weeks (Einarsen, 2020). As have been discussed earlier (Einarsen, 1999; 

Leymann, 1990; Leymann, 1996) and again highlighted by Rosander and Blomberg (2019), 

there seems to be a discrepancy as to whether bullying is the process that leads to becoming 

a target or whether bullying is something that occurs when becoming a target. The essence 

of this problem may be due to the different ways of assessing and framing bullying 

(Rosander & Blomberg, 2019). However, Einarsen et al. (2011) suggested that any 

exposure to negative acts that are systematic and occurs over an extended time should be 

referred to as bullying.     

 

The nature of the behaviors involved in bullying may be distinguished as (1) work-related 

as opposed to person-related bullying, (2) passive and indirect behaviors versus active and 

direct behaviors, and (3) psychological versus physical aggression (Einarsen, 2020). While 

unmanageable workload, giving unreasonable deadlines, excessive monitoring of work, 

and being assigned to meaningless or even no tasks at all are referred to as work-related 

bullying behaviors, examples of person-related bullying behaviors may be excessive 

teasing, making insulting remarks, spreading rumors, persistent criticism, and intimidation. 

These mentioned behaviors may further be regarded as either being passive and subtle, i.e., 

gossiping, spreading rumors, and social isolation, or as active and direct, i.e., verbal threats 

and verbal aggression (Einarsen, 1999; Einarsen et al., 2009). Although earlier studies 

involved physical behaviors in their categorization of bullying (Leymann, 1996; Vartia, 
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1991), there is an increased recognition among researchers nowadays that behaviors 

engaged in workplace bullying are mainly psychological of nature (Einarsen, 2020).  

 

As recognized by Leymann (1990), some of the behaviors mentioned above may be 

experienced at a single occasion at the workplace and will not be referred to as bullying. It 

is the frequency and duration of the exposure to such negative behaviors that matter. This 

stresses the importance of the escalation process – from being exposed to single acts of 

incivility to becoming a target of severe bullying – in which the negative behaviors evolve 

to be more intense and personalized over time (Ågotnes et al., 2018; Zapf & Gross, 2001). 

While the initial stages of ongoing bullying involve work-related behaviors, the final stages 

of severe and extreme bullying involve behaviors that are person-related, e.g., emotional 

abuse (Escartín et al., 2009; Rodríguez-Carballeira et al., 2010; Rosander & Blomberg, 

2019). During this escalating process, the target may perceive oneself as incapable of 

stopping the negative behaviors (Einarsen et al., 2011; Einarsen & Skogstad, 1996; Olweus, 

1993; Zapf & Einarsen, 2005). Irrespective of a pre-existing or evolved imbalance of 

power, the frequency and persistence of the negative behaviors may, in the end, become 

unbearable and tending to drain the coping resources of the target, regardless of personal 

coping strategies (Nielsen et al., 2017). The person ending up in the inferior position may 

feel powerless, and at this point, the target may face severe trauma and suffer from 

numerous mental and somatic symptoms (Hansen et al., 2011; Hogh et al., 2012; Jacobsen 

et al., 2018; Nielsen et al., 2014). Hence the aftermath of such exposure is detrimental and 

traumatic for the target.  

 

1.4. Measuring workplace bullying  

 

The commonly used methods to measure exposure to bullying at work are both self-reports, 

the self-labeling method, and the behavioral experience method (Nielsen et al., 2010; 

Nielsen et al., 2009). When applying the self-labeling method, the participants are given a 
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single-item question in which they are asked if they have been bullied or not, within a 

specific period of time (Nielsen et al., 2011). In some studies, the definition of bullying is 

presented to the respondents, which gives an advantage as both researchers and respondents 

acquire a similar understanding of the phenomenon (Nielsen et al., 2011). Even though the 

method does not need much space in a questionnaire and is easy to administer, the 

researchers do not get an insight into the nature of the bullying behaviors. Also, since the 

method is subjective and measures whether the respondent has been bullied or not, personal 

thresholds may influence their experience of being bullied (Nielsen, 2020; Nielsen et al., 

2009).  

 

Another commonly used measurement method is the behavioral experience method such 

as the Leymann Inventory of  Psychological Terror (LIPT; (Leymann, 1990)), the negative 

acts questionnaire (NAQ/ NAQ-R; (Einarsen et al., 2009; Einarsen & Raknes, 1997)) and 

the Workplace Aggression Research Questionnaire (Harvey & Keashly, 2003). The 

respondents are here presented with various types of unwanted negative behaviors (without 

mentioning the label "bullying") that can be interpreted as bullying if they repeatedly occur 

over time. In the inventory, they are also asked to report the frequency of exposure to such 

behavior, e.g., in the case of NAQ; "Never," "Now and then," "Monthly," "Weekly," and 

"Daily." Thus, the method takes the nature, frequency, and duration of the bullying 

phenomenon into consideration but does not explicitly address power distance between the 

target and perpetrator. However, by including a single item question following the NAQ 

inventory, i.e., "If you have been exposed to one or more behaviors in the list above, did 

you find it difficult to defend yourself against this exposure?" it is possible to measure 

whether the respondent can defend him or herself against the negative behavior (Nielsen et 

al., 2017). A study doing so showed, however, that the latter variable had little impact and 

explanatory value as the exposure escalated. Compared to the self-labeling method, the 

behavioral experience method is regarded to be less subjective in the sense that the 

respondents do not need to label their experience as bullying. Furthermore, it measures the 
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full range of exposure from the occasional instances to systematic exposure and 

victimization from bullying, falling under the more strict definition presented above. In the 

studies comprising this thesis, we employ the term exposure to bullying behaviors when 

referring to this.  

 

Apparently, there are both advantages and disadvantages with the two above mentioned 

methods, and they both tend to emphasize different aspects of the bullying phenomenon 

(Nielsen, 2020). Moreover, several studies demonstrate that the choice of method may 

affect the prevalence measured, i.e., behavioral experience method report a higher 

prevalence of workplace bullying as compared to the self-labeling method (Nielsen et al., 

2010; Nielsen, 2020; Nielsen et al., 2009). Thus, it is important to be aware of the 

differences when implementing the methods and not compare studies using different 

methodological approaches.  

 

Although both methods (the self-labeling method presented with the bullying definition) 

were included in the questionnaire collected from the respondents, only the responses from 

the NAQ inventory were used in paper I and III included in this thesis. The reason being 

that this method provides a less subjective measure of workplace bullying and avoids 

subjectivity bias. Also, there is a higher risk of missing out on some targets of bullying with 

the self-labeling method, as some do not label themselves as targets (Nielsen et al., 2009). 

On the contrary, here we measure the whole range of exposure, including instances falling 

outside the strict definition, looking more at bullying as an escalating process existing on a 

continuum from not exposed to highly exposed.   

 

1.5. Workplace bullying and health outcomes 

 

Cross-sectional (Harb et al., 2019; Jacobsen et al., 2019; Jacobsen et al., 2018; Török et al., 

2016; Vie et al., 2012), and longitudinal studies (Einarsen & Nielsen, 2015; Glambek et al., 
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2018; Hoprekstad et al., 2020; Niedhammer et al., 2015; Nielsen et al., 2013), but also a 

few qualitative studies (Baillien et al., 2009; Strandmark & Hallberg, 2007) report a 

positive association between prolonged and systematic exposure to bullying behaviors and 

physical and mental health problems (Nielsen et al., 2014; Verkuil et al., 2015). Studies 

indicate that workplace bullying has a strong influence on mental health in the form of 

intrusive thoughts, avoidance behavior, and hyperarousal (Hogh et al., 2012). In light of the 

cognitive appraisal theory (Lazarus & Folkman, 1984), it is believed that the association 

between bullying and mental health is through cognitive factors, e.g., attributions and 

interpretation (Nielsen et al., 2014), suggesting that the effect of bullying on health depends 

on how the target experiences, evaluates and resists bullying behaviors, i.e., coping 

strategies (Dehue et al., 2012; Hewett et al., 2018).  

 

Exposure to strong stressors such as bullying has shown to challenge the fundamental 

beliefs about one's own worth and the world as meaningful and benevolent (Hamre et al., 

2020; Mikkelsen & Einarsen, 2002; Rodríguez-Muñoz et al., 2010). Going through a 

bullying process, assumptions become shattered, which is assumed to cause constant 

worrying, rumination, and negative thoughts. The psychological stress imposed on 

individuals exposed to bullying may lead to dysregulation of neurocircuits in the brain, for 

review see (McEwen, 2017; McEwen & Gianaros, 2011; Radley et al., 2015). This may 

involve neurocircuits that control the regulation of sleep (Henderson et al., 2017; D. W. Lee 

et al., 2016; Olini et al., 2017) – important for recovery (Berset et al., 2011; Demsky et al., 

2019; Kallestad et al., 2015) – and emotions that may lead to mental health problems, e.g., 

depression and anxiety, following exposure to persistent stressors (Nielsen et al., 2013; 

Schutte et al., 2014). Also, prolonged exposure to psychological stressors has been 

associated with allodynia – increased sensitivity towards pain – (Alexander et al., 2009; 

Crettaz et al., 2013; Sawicki et al., 2019), which may support previous findings on the 

association between bullying and physical health problems (Glambek et al., 2018; Jacobsen 

et al., 2019; Jacobsen et al., 2018; Vie et al., 2012).  
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Despite the clear association between bullying and its effect on health, there may be 

individual differences and risk factors, i.e., genetic dispositions, that may moderate the 

impact of bullying behaviors on health and well-being, for review see (Nielsen & Einarsen, 

2018; Rai & Agarwal Upasna, 2018). Individual differences at the genetic level involve 

variation due to the inheritance of two alleles – one from each parent. Genes that play 

crucial roles in specific biological systems, e.g., hypothalamic-pituitary-adrenal (HPA) 

axis, sympathetic nervous system (SNS), the immune system, and in brain neurocircuits, 

may affect how individuals react to strong stressors such as bullying. Although genetic 

differences may explain differences in susceptibility and vulnerability among individuals, 

studies indicate that the significance of psychological factors that theoretically should act 

to buffer the relationship between bullying and outcomes diminishes when the bullying 

behaviors are of high intensity (Nielsen et al., 2008; Vie et al., 2011; Vie et al., 2012).  Still, 

knowledge about genetic variation may improve our understanding of the underlying 

biological mechanisms that are involved in the bullying-health relationship. Examination 

of genes that are central in the stress response systems, and, which explains the bullying-

health relationship to some degree, may improve our understanding of how molecular 

mechanisms at the cellular level leads to pathophysiology and the development of negative 

health problems. As a result, improved knowledge of how bullying at work develops into 

detrimental health effects may be achieved.  

 

As briefly mentioned, most of the studies to date have been self-report studies with cross-

sectional study design, even though some prospective studies exist, see also (Nielsen et al., 

2014). The nature of the study designs so far has, therefore, made it challenging to conclude 

on cause-effect relationships between bullying and other variables. For instance, although 

negative health problems, e.g., sleep problems, have been reported by individuals exposed 

to bullying behaviors, there is still a basis for a reciprocal relationship between bullying 

and health issues, see also (Nielsen & Einarsen, 2012). Individuals with deprived sleep 

quality will most likely function poorly at work, which further may provoke irritation and 
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frustration among colleagues. Also, as the variables, i.e., exposure and outcome, are 

collected at the same time, conclusions about causality cannot be made (Munnangi & 

Boktor, 2020). Therefore, due to the limited understanding of cause-effect relationships, 

research designs that can provide knowledge on this aspect should be preferred. Such 

designs may include experimental study designs that are performed under highly controlled 

conditions, i.e., animal studies or cell-culture experiments.  

 

Altogether, workplace bullying has a strong influence on health and well-being, as reported 

by those exposed (Einarsen & Nielsen, 2015; Harb et al., 2019; Niedhammer et al., 2015). 

To understand the effects of bullying on health, we need to examine physiological processes 

that are affected, particularly those involved in the stress response, e.g., HPA axis and the 

SNS. It will also be important to look for theoretical biological models of stress to address 

the bullying phenomenon and its effects on health.     

 

1.6. Allostatic load 

 

The main theoretical framework in this thesis is the allostatic load model, proposed by 

Bruce McEwen and Eliot Stellar (1993). The model provides a theoretical basis to 

understand the relationship between stressors and adverse health outcomes by which it 

distinguishes between the protective and damaging consequences of the response to 

stressors (McEwen, 2005). The model is a reinterpretation of the general adaptation 

syndrome (GAS), which was proposed by Hans Selye, who also introduced the concept of 

stress (Selye, 1936). With his model, Selye proposed a physiological response that takes 

the form of a series of three stages that could explain the response to a stressor (McEwen, 

2005). In the first stage, which he called "the alarm reaction," primary mediators, i.e., 

epinephrine (E), NE, glucocorticoids, and cytokines, are released through the activation of 

the SNS and the HPA axis to reinstate homeostasis. The second stage, "the resistance," is 

when homeostasis is restored. If the stressor persists, the final stage of "exhaustion" follows, 
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and the adaptive responses cease (Selye, 1950). However, in the light of new and updated 

knowledge about stress, one may understand that the different stress responses may activate 

differently based on the type of stressor, e.g., acute stress activates the SNS ("fight-or-

flight" response) whereas longer-lasting stressors activate the SNS as well as the slower 

activated HPA axis, an aspect lacking in the GAS model. Also, both the protective and 

damaging consequences inflicted on the body by the same stress response mediators 

(McEwen, 2000) has not been taken into consideration by the GAS model. Hence, it may 

be regarded that the allostatic load model fit well to explain the physiological and 

psychological changes that occur following exposure to workplace bullying.  

 

The term "homeostasis" was initially coined by physiologist Walter Cannon (1926) to 

describe a relatively constant internal environment of systems that are essential for life, e.g., 

pH, body temperature, glucose level, and oxygen tension. Homeostasis may be maintained 

at different levels, e.g., whole-body level, the organ level, and at the cellular level, in which 

sensors, i.e., receptors, monitors the physiological value and relays the information to the 

brain, which compares the physiological value to the normal range (Ferrè et al., 2012; 

Kobayashi, 2015). In situations where the value deviates from the normal range, the brain 

initiates behavioral and physiological responses to reinstate homeostasis (McEwen, 2017). 

According to the allostatic load model, the system achieving stability through adaptation is 

termed allostasis (McEwen, 2005). Whereas allostasis gives protection to the body, the 

same systems may cause damage to the body and lead to disease when overused and 

dysregulated, referred to as allostatic overload (McEwen, 2012a).  

 

When exposed to a stressor, the stress response systems of the body, e.g., the SNS and the 

HPA axis, secrete mediators, e.g., NE and glucocorticoids, respectively, to help the body 

adapt and reinstate homeostasis. When these mediators are secreted in a balanced manner, 

the activated systems are turned off through negative feedback mechanisms when the stress 

exposure is over (Herman et al., 2012; Osterlund et al., 2016). However, if the exposure to 
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stressors persists and is long-term as during workplace bullying, the activated systems may 

not be turned off. The continuous activation of the systems may result in dysregulated 

functions of the uncontrollably secreted mediators (McEwen, 2007a). Chronic stressors 

may, therefore, cause wear and tear on the body, i.e., allostatic overload, which may 

progress and develop into diseases (Hering et al., 2015; Wiley et al., 2016), for review see 

(Silverman & Sternberg, 2012).  

 

The allostatic load model centers on the brain as the interpreter and responder to the 

environmental challenge (McEwen, 2000, 2012a, 2017). The subjective appraisal of the 

situation is what determines how the body reacts. If the situation is perceived as threatening, 

the brain may initiate behaviors to handle the threat ("fight-or-flight response). 

Accordingly, the allostatic load model does also take into consideration the individual 

differences in vulnerability to developing diseases following exposure to a stressor.    

 

1.7. The concept of stress  

 

The term "stress" is central to the present study. It may be defined as a "non-specific 

response of the body to any demand of change," and may, as such, refer to both the 

environmental challenge to an organism's homeostasis as well as the biological response to 

such a challenge (Moberg, 1987; Selye, 1975). However, throughout this thesis, a "stressor" 

will be referred to as the external environmental challenge, while the biological response 

will be referred to as the "stress response." In the present study, the social stressor inflicted 

on the organism will be denoted as workplace bullying in the case of humans and as 

repeated social defeat in the case of animals, i.e., rats. The term "stressor" will not be 

referred to when discussing the in vitro cell culture experiments. As will be described later, 

the in vitro cells were exposed to stress hormones, i.e., NE and dexamethasone (DEX, a 

synthetic glucocorticoid), to resemble the activation of the stress response following 

exposure to chronic stressors. Thus, only the physiological effects following exposure to 
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the stress hormones were examined at the cellular level. The exposure to stress hormones 

will, therefore, be referred to as a treatment, e.g., NE- or DEX- treated cells.  

 

As briefly described in the prior subsection, stress has been defined as a state in which 

homeostasis is threatened or perceived to be so (Asarian et al., 2012; Fink, 2009; McEwen, 

2007b). A stressor may, in nature, be physical, e.g., injury, hot/cold temperature or pain, or 

psychological, e.g., events, situations, individuals, or comments that are interpreted as 

negative or threatening. All living organisms have a complex set of mechanisms to maintain 

an internal steady state (homeostasis) of physical and chemical conditions when exposed 

to a stressor, for review see (Kotas & Medzhitov, 2015). When homeostasis is disturbed, 

various physiological and behavioral adaptive responses become activated through the 

brain to keep the dynamic equilibrium of certain variables, e.g., pH, temperature, 

concentrations of ions, and blood sugar level, within respective set-points (Koolhaas et al., 

2011; McEwen, 2012b, 2017). Even if external adverse effects continuously challenge the 

homeostasis, the equilibrium is, for the most part, re-established and kept in check through 

adaptation – allostasis. However, if stressors are persistent, as in the case of workplace 

bullying, and the demands on the organism surpass the available energy and adaptation 

capacity, a state of allostatic overload may lead to mal-adaptive processes (McEwen, 2000; 

Merkulov et al., 2017; Olini et al., 2017).   

 

In case of exposure to a psychological stressor, the elicited response may be positive or 

negative depending on the subject's appraisal of the situation (Han et al., 2017; Harvey et 

al., 2010). A positive response in which the stressor is perceived as manageable may give 

rise to positive feelings of excitement, meaningfulness, and strength to the organism 

(Gibbons et al., 2008; Rudland et al., 2020). Such a response is regarded to be beneficial 

for health and well-being, also referred to as eustress. The negative response to a stressor 

is regarded as distress and is associated with physiological and psychological changes that 

are negative to health and well-being (Alhurani et al., 2018; Yin et al., 2019; Zhang, Ge, et 
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al., 2018). Although earlier stages of bullying may be interpreted as less harmful on the 

target, the repeated and persistent exposure to bullying behaviors will cause distress through 

promoting a state of allostatic overload (Nielsen et al., 2017).   

 

1.8. The stress response   

 

The stress response is subserved by the stress system, which is situated both in the central 

and the peripheral nervous system, for review see (Charmandari et al., 2005). The 

immediate response to a threat is characterized by the activation of the locus coeruleus (LC) 

– a nucleus in the brainstem giving rise to extensive NE-containing projections throughout 

the brain – which releases NE to several stress-related limbic forebrain regions, e.g., 

amygdala, bed nucleus of the stria terminalis, medial prefrontal cortex (PFC) and the lateral 

septum (brain regions involved in behavioral and emotional responses) upon acute stress 

exposure (Ding et al., 2014; Giustino et al., 2020; McDevitt et al., 2009). The LC-NE 

system in the brain is, therefore, central in the acute stress-induced behavioral changes such 

as anxiety-like behavior and fear (Arnsten et al., 2015; Borodovitsyna et al., 2018; McCall 

et al., 2015). The LC-projections also relay signals to brain structures such as the 

paraventricular nucleus of the hypothalamus (PVN) (Wohleb et al., 2011). Activation of 

the PVN upon acute stress exposure initiates transmission of signals to pre- and post-

ganglionic sympathetic nerve fibers of the autonomic nervous system (ANS) that innervate 

the adrenal gland and spleen, respectively (Cano et al., 2001; Kesse et al., 1988). The 

principal effectors, i.e., E and NE (Figure 1), are released in the circulation and to tissues 

from the adrenal medulla and the sympathetic nerve fibers, respectively, to stimulate motor 

and hormonal tissues to initiate a "fight-or-flight" response (Flak et al., 2014). The acute 

response to threat is, hence, characterized by physical and physiological changes, e.g., 

elevated heart rate, increased blood flow to muscles, increased muscle contractility and 

elevated levels of glucose to supply the body with energy and to prepare the body for 

survival (Bola & Kiyatkin, 2018; Cavallotti et al., 2002; Emrick et al., 2010; Fu et al., 



 

20 

 

2013). However, this state of alertness is short-term and ceased by the parasympathetic 

nervous system (PNS).  

 

With a delay, a slower and longer-lasting neuroendocrine response, i.e., the HPA axis, 

becomes activated (Figure 1). The PVN also contains neurons that activate the HPA axis 

through the release of corticotropin-releasing hormone (CRH) (Roman et al., 2017; 

Wamsteeker Cusulin et al., 2013). By binding to its receptor on corticotropic cells in the 

anterior lobe of the pituitary gland, CRH stimulates these cells to secrete 

adrenocorticotropic hormone (ACTH) into the circulation (Deng et al., 2015). ACTH, in 

turn, binds to its receptor in the adrenal cortex, melanocortin type 2 receptor (MC2R), to 

stimulate glucocorticoid – cortisol in humans and corticosterone in rodents - synthesis and 

secretion (Osterlund et al., 2016). Glucocorticoids regulate physiological changes that 

involve metabolic, e.g., breakdown of glucose molecules, fat and proteins to enable energy 

mobilization (Christiansen et al., 2007), immune, e.g., both immunosuppressive and 

immunoregulatory functions (Franco et al., 2019; Xie et al., 2019; Yu et al., 2018), and 

behavioral processes, e.g., mood and cognitive behavior (Savas et al., 2020; van Donkelaar 

et al., 2014) and for review see (Vyas et al., 2016), through binding to its ubiquitously 

expressed intracellular receptor. Also, glucocorticoids play an essential role in regulating 

the magnitude and duration of HPA axis activation through a negative feedback mechanism 

(Goncharova et al., 2019; Thrivikraman et al., 2000). As such, activation of both the SNS 

and HPA axis is generally followed by counteractive and adaptive mechanisms to reinstate 

homeostasis.  

 

Although the short-term anti-inflammatory effects of the NE and glucocorticoids are well 

recognized (Auphan et al., 1995; Löwenberg et al., 2005; McNamee et al., 2010), 

accumulating evidence suggests a pro-inflammatory role of these stress hormones during 

chronic stress conditions (Cohen et al., 2012; Miller et al., 2008; Powell et al., 2013; R. 

Yang et al., 2014). When the threat persists, such as in ongoing bullying cases, the demands 
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may become unbearable. Irrespective of the persons coping resources, the target may feel 

distressed and powerless at this point, and the coping and adaptive mechanisms may fail to 

reinstate homeostasis, i.e., allostatic overload (Nielsen et al., 2017).   
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Figure 1. Schematic illustration of the sympathetic and neuroendocrine response to stressors.  Exposure to 

acute stressors activates norepinephrine (NE) containing neurons in the brain and induces activation of the 

hypothalamus. The hypothalamus transmits signals to the efferent sympathetic pre- and post-ganglionic neurons 

(red) that innervate the adrenal glands and the spleen, respectively. The adrenal innervation causes the release of 

epinephrine (E) in the circulation. The sympathetic innervation of the bone marrow (BM) stimulates the egress of 

immune cells from the BM and alters the morphology of monocytes that may migrate to the spleen. Sympathetic 

innervation of the spleen may also affect monocyte functions through NE-β2-adrenergic receptor interaction. 

Prolonged sympathetic activation may, for instance, enhance the release of cytokines, which may pass into the brain 

and affect neurocircuits important for cognition, emotion, and behavior. Activation of the slower and longer-lasting 

endocrine response, the HPA axis, following exposure to stressors induces the release of corticotropin-releasing 

hormone (CRH) from the hypothalamus to the pituitary gland, where the release of adrenocorticotropic hormone 

(ACTH) is induced. ACTH travels through the circulation and binds to its receptor in the adrenal gland, stimulating 

the release of glucocorticoids from the adrenal cortex. In addition to the various downstream effects of 

glucocorticoids, they also exert negative inhibitory feedback (green, stippled lines) on the pituitary and the 

hypothalamus, thus limiting the magnitude and duration of the HPA axis activation. Similarly, an autoregulatory 

mechanism of action has been proposed due to the findings of glucocorticoid receptors in the adrenal gland. The 

figure was created in Biorender. 
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1.9. The innate immunity  

 

Upon detection of harmful stimuli, e.g., injury, pathogens or irritants, the first line of 

defense – the innate immune system – initiates a state of inflammation. In this process, 

tissue-resident immune cells release chemicals (e.g., histamine, bradykinin, and 

prostaglandins) to promote vasodilation and vascular permeability to allow infiltration of 

white blood cells as well as fluid, ions and inflammatory proteins (e.g., cytokines and 

chemokines) into the damaged tissue (Jenne et al., 2013), for review see (Medzhitov, 2008). 

Macrophages with innate properties, which through phagocytosis1 remove non-self cells, 

are an important part of this process. The purpose of this defense mechanism is to eliminate 

the cause of injury and to clear out dead cells from the site so that the body can initiate 

restorative processes. As the name implies, the innate immunity is the inborn defense 

mechanism that acts immediately.  

 

White blood cells – cells of the innate immune system – are produced in the BM and consist 

of mononuclear leukocytes, i.e., monocytes, lymphocytes, and granulocytes (neutrophils, 

basophils, and eosinophils) (Ding & Morrison, 2013). Among these cells, monocytes flow 

through the bloodstream and perform important surveillance functions to ensure antigen 

detection and effective activation of the immune response (Auffray et al., 2007; Jakubzick 

et al., 2013). In contrast to granulocytes and lymphocytes, monocytes may differentiate into 

macrophages or dendritic cells upon tissue infiltration and perform phagocytosis and 

antigen presentation (J. Yang et al., 2014; Yona et al., 2013). Depending on the signals 

from their microenvironment, these macrophages may perform a range of effector 

functions, including phagocytic activity, antigen presentation, and immunomodulation 

(Gosselin et al., 2014; Lavin et al., 2014). As such, these cells make a crucial contribution 

                                              
1 Phagocytosis – A process by which a cell uses its plasma membrane to engulf particles such as bacteria, cell 

debris/fragment, or foreign matter. Phagocytic cells of the immune system consists predominantly of macrophages and 

neutrophils.     
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to the activation of the adaptive immune response, thus creating a bridge between the innate 

and adaptive immunity, for review see (Rivera et al., 2016).  

 

As briefly described, microglia are the principal resident innate immune cells in the central 

nervous system (CNS), i.e., the brain and spinal cord (Elmore et al., 2014; Ginhoux et al., 

2010) and are, as such, critical for maintaining homeostasis of the CNS. Depending on the 

microenvironment of the brain, which varies between brain regions due to different 

neuronal subtypes and neurotransmitter profiles, the microglia cells may exhibit a broad 

diversity of phenotypes and functions (de Haas et al., 2008; Doorn et al., 2015; Grabert et 

al., 2016). Also, the balance of pro- and anti-inflammatory cytokines may affect the role of 

microglia activation, which can be protective, i.e., surveilling, maintaining tissue integrity, 

and restoring the CNS, or damaging, i.e., causing neuronal damage by releasing harmful 

substances such as inflammatory cytokines and reactive oxygen species (Bellver-Landete 

et al., 2019; Cserép et al., 2020; Madry et al., 2018; Nimmerjahn et al., 2005; Pais et al., 

2008). Consistent with these functions, several studies emphasize the close interaction 

between microglial cells and neuronal synapses in the brain, signifying the important role 

of microglia cells during neuronal survival and neurodegeneration (Cserép et al., 2020; De 

Lucia et al., 2016; Pais et al., 2008; Zhan et al., 2014). This dual role of microglia cells may 

have an impact on brain activity and mental health when exposed to chronic psychological 

stressors, i.e., workplace bullying.  

 

The different components of the immune system communicate with each other using 

signaling molecules such as cytokines and chemokines, and cell-cell interactions to 

coordinate immune responses (Bruce et al., 2019; Johnson et al., 2019; Kawano et al., 

2018). With respect to cytokines, these signaling molecules are necessary to enhance 

immune activity to protect the body against pathogen invasion. However, during chronic 

exposure to stressors, excessive and dysregulated production of cytokines, which disrupts 

the balance of pro- and anti-inflammatory cytokines, may lead to low-grade systemic 
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inflammation (Miller et al., 2019; Niraula et al., 2018). This systemic condition has shown 

to increase central sensitization, i.e., increased sensitivity to pain (Jacobsen et al., 2019; 

Jacobsen et al., 2018; Sawicki et al., 2019), and affect brain neurocircuits that also are 

involved in regulating sleep and mood (e.g., anxiety and depression) (Niraula et al., 2018; 

Tang et al., 2018; Yin et al., 2019). Accordingly, further investigation of the immune 

system during exposure to chronic stressors may provide new insight into how exposure to 

workplace bullying causes mental health problems.  

 

1.10. The bi-directional neuroimmune communication  

 

The sympathetic nerve fibers innervate most of the organs in the body, including the 

lymphoid organs, i.e., the BM, thymus, spleen, and lymph nodes (Felten et al., 1985) and 

facilitate the direct release of NE into the innervated tissues. Since peripheral immune cells 

express adrenergic receptors (Araujo et al., 2019; Grisanti et al., 2010; Saygin et al., 2018; 

Wohleb et al., 2011), receptor stimulation may result in functional responses that affect 

differentiation, migration capacity and inflammatory profile of the immune cells (Bierhaus 

et al., 2003; Grisanti et al., 2010; Reader et al., 2015).  

 

Prolonged sympathetic signaling has been associated with increased production and release 

of myeloid cells, which includes monocytes, macrophages, neutrophils, granulocytes, 

erythrocytes, and platelets, from the BM to the periphery (Dhabhar et al., 2012; Hanke et 

al., 2012). Studies report that exposure to persistent stressors causes a significant increase 

in the number of circulating myeloid cells (from now on only concerning 

monocytes/macrophages), which may be supported by the findings of increased numbers 

of myeloid cells in the spleen (Engler et al., 2004; McKim et al., 2018). The monocytes 

released from the BM have been demonstrated to have an enhanced capacity to traffic and 

induce pro-inflammatory signaling throughout the body (Engler et al., 2004; Hanke et al., 

2012; Wohleb et al., 2015). Wohleb et al. (2015) stated that many of the observed pro-
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inflammatory effects of chronic stressors are merely a result of enhanced myelopoiesis, i.e., 

production of immune cells, particularly the cells of the myeloid cell lineage, in the BM. 

The purpose of the increased production of immature myeloid cells is to provide a rapid but 

non-specialized immune response (Heidt et al., 2014; Powell et al., 2013). The immature 

nature of the released monocytes may also be relevant to the development of 

glucocorticoid-insensitivity (the reduced sensitivity of immune cells to glucocorticoids) 

since the immature monocytes in the BM are functionally glucocorticoid-resistant (Avitsur 

et al., 2002). These findings may indicate that prolonged exposure to stressors increases the 

number of pro-inflammatory myeloid cells in the circulation that may enter tissues and 

provoke pathological states through promoting inflammation.  

 

Accumulating evidence indicates that pro-inflammatory signaling in the brain affects 

cognition, mood and behavior (Hodes et al., 2015; Reader et al., 2015; Réus et al., 2015; 

Wohleb et al., 2011; Wood et al., 2015; Zhang, Ge, et al., 2018). The predominant innate 

immune cells in the CNS, namely microglia cells, express adrenergic and glucocorticoid 

receptors and are, as such, sensitive to the physiological stress response mediated by NE 

and glucocorticoids (Carrillo-de Sauvage et al., 2013; Qian et al., 2011; Sugama et al., 

2019; van Olst et al., 2018). It has been demonstrated that exposure to stressors is 

accompanied by enhanced microglia activation and neuroinflammatory signaling (Frank et 

al., 2007; Iwata et al., 2016) to influence behavior, for review see (Weber et al., 2017). 

However, it is believed that microglia cells are not alone in the enhancement of the 

neuroinflammatory and behavioral responses to stressors. Studies show that peripheral 

monocytes are recruited to the capillaries in the brain via ligand-receptor signaling, i.e., 

CX3CL1-CX3CR1 and CCL2-CCR2 (Auffray et al., 2007; D'Mello et al., 2009). It is 

assumed that the recruited monocytes secrete pro-inflammatory cytokines, which may have 

an impact on neurocircuits in the brain, which may further affect cognition, mood, and 

behavior. Also, exposure to stressors has indicated dysfunction of the blood-brain-barrier 

(BBB), which has been characterized by BBB leakage and inflammation (Dudek et al., 
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2020; Welcome, 2020; Wohleb et al., 2014), suggesting that pro-inflammatory components 

from the periphery may affect the neurocircuits and functions of the brain under chronic 

stress conditions.  

 

The stress-induced bi-directional communication pathways between the brain and the 

immune system are, as described above, important for promoting the enhanced 

neuroinflammatory environment in the CNS and the periphery. Further understanding of 

the bi-directional communication may help elucidate the relationship between exposure to 

psychological stressors, i.e., workplace bullying, and the subsequent health problems that 

affect physical and mental health (Einarsen & Nielsen, 2015; Hamre et al., 2020; Jacobsen 

et al., 2018; Nielsen et al., 2017; Verkuil et al., 2015). Also, the actions of NE and 

glucocorticoids transmit signals from the autonomic (SNS) and neuroendocrine (HPA axis) 

pathways, emphasizing the important role of these mediators in the communication 

between the CNS and immune system (Engler et al., 2004; Powell et al., 2013; Wohleb et 

al., 2015; Yin et al., 2019). Thus, investigating the actions of NE and glucocorticoids on 

the components of the immune system, i.e., myeloid cells, may provide valuable 

information on the peripheral-to-central immune interaction.  

 

1.11. Stress and mental health  

 

According to the World Health Organization (WHO), mental health has been defined as "a 

state of well-being in which the individual realizes his or her abilities, can cope with the 

normal stresses of life, can work productively and fruitfully, and is able to make a 

contribution to his or her community" (World Health Organization, 2014). Both mental- 

and physical- health are central factors in achieving the state of well-being in which a 

person experiences positive emotions, high life satisfaction, a sense of meaning or purpose, 

and the ability to cope with stress (Fergusson et al., 2015; Kok et al., 2013; Puvill et al., 

2016). The reciprocal relationship between mental- and physical- health (Bacon et al., 2015; 
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Chen et al., 2017; Soysal et al., 2017) has been described and should be emphasized and 

taken into account when examining the physiological and psychological consequences of 

exposure to ongoing psychological stressors, as in the case of workplace bullying.  

 

Repeated and persistent exposure to stressors at the workplace has been associated with 

distress and negative rumination (Giorgi et al., 2016; Hannibal & Bishop, 2014; Nielsen, 

Christensen, et al., 2020; Nielsen et al., 2012). Exposure to bullying behaviors (e.g., making 

insulting remarks, spreading rumors, gossiping, persistent criticism, social isolation, giving 

unmanageable workloads, unreasonable deadlines, or excessive monitoring of work) may 

cause concerns and worries (Einarsen, 2020). This may result in increased arousal and may 

eventually develop into sleep problems and negative emotions, i.e., anxiety and depression 

(Berset et al., 2011; Nielsen et al., 2017; Nielsen, Harris, et al., 2020). The etiology of 

mental health problems is complex and involve dysregulation of many neurocircuits in 

brain regions that are important for mood, motivation, reward, and emotions (Capuron et 

al., 2011; Eisenberger et al., 2010; Miller et al., 2013; Reichenberg et al., 2001).  

 

Accumulating evidence suggests that abnormal inflammatory signaling in the brain 

following persistent exposure to stressors is associated with subsequent negative mental 

health and altered behavior – highlighting inflammation as a link between exposure to 

persistent psychological stressors and the development of subsequent mental health issues 

(Miller et al., 2013; Reichenberg et al., 2001; Weber et al., 2017). As summarized by Miller 

et al. (2013), there are three major pathways by which cytokines can access the brain; 1) 

the humoral pathway in which circulating cytokines enters the brain through leaky regions 

of the BBB, e.g., in circumventricular organs where the BBB is incomplete or during BBB 

disruption, (Dudek et al., 2020; Geng et al., 2018; Menard et al., 2017), 2) the neural 

pathway involving activation of cytokine receptors on nerve fibers that transduce cytokine 

signals in the brain (Gougeon et al., 2013; Igaz et al., 2006), and 3) cellular route in which 

CNS-resident immune cells secrete signals upon activation or chemokines in the CNS 
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recruit peripheral immune cells (Wohleb et al., 2014; Wohleb et al., 2015; Yin et al., 2019). 

Cytokines in the brain may then affect neurocircuits by influencing and disturbing the 

synthesis, uptake, and release of neurotransmitters that are necessary to relay signals 

between neurons. Despite the important roles of cytokines under physiological conditions, 

e.g., neurogenesis, and long-term potentiation (Bialas & Stevens, 2013; Prieto et al., 2019), 

the excessive production, and mal-adaptive functions of cytokines following exposure to 

persistent stressors may cause low-grade systemic inflammation (Miller et al., 2019). 

Hence, it is plausible that persistent exposure to stressors, as in ongoing exposure to 

workplace bullying, causing low-grade systemic inflammation may induce harmful effects 

on brain activity and result in negative mental health. As a matter of fact, blood analyses of 

patients suffering from mental health illnesses reported upregulation of pro-inflammatory 

cytokines such as IL-6, IL-1β, and TNF (Dowlati et al., 2010; Tang et al., 2018; Voorhees 

et al., 2013).  

 

Furthermore, numerous studies show that exposure to prolonged stressors disrupts 

neuroplasticity in critical brain regions causing structural changes in the brain, i.e., impaired 

neurogenesis in the PFC and hippocampus and amygdala hyperactivity 

(Lakshminarasimhan & Chattarji, 2012; Patel et al., 2018; Radley et al., 2008; Rosenkranz 

et al., 2010; Vyas et al., 2002). Less connectivity between the PFC and different brain areas 

following exposure to long-term stressors has been associated with reduced cognitive 

functions (Arnsten, 2009; Liu et al., 2020; Patel et al., 2018; Yuen et al., 2012). As the 

neurogenesis in the PFC and hippocampus impair during exposure to persistent stressors, 

orchestration of the brain responses shift from thoughtful reflective PFC to the more rapid 

reflexive regulation of the amygdala – a brain structure important for regulating emotions 

such as fear (Giustino et al., 2020). As such, the hyperactive and highly reflexive amygdala, 

which is present following chronic exposure to stressors, may easily trigger stress responses 

when sensing danger.   
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As described, controlled regulation of neurotransmitters – the key functional molecules in 

the brain – and neuroendocrine functioning is crucial for optimal brain wellness. 

Disturbance of neurotransmitter balance in brain neurocircuits may lead to the development 

of mental illnesses (Miller et al., 2013). Decreased activity in the PFC (Steffens et al., 2003; 

Taylor Tavares et al., 2008), and hippocampus (Campbell et al., 2004), as well as other 

regions in the brain that are involved in emotion and reward functioning (e.g., nucleus 

accumbens (Golden et al., 2013), anterior cingulate cortex (Boes et al., 2008) and lateral 

septum (Brady & Nauta, 1953)), have been associated with anxiety and depression (Iniguez 

et al., 2014; Liu et al., 2020). Also, increased activity in the amygdala, which may be related 

to enhanced negative emotion, has been observed in individuals suffering from depression 

(Sheline et al., 2001; Zhong et al., 2011).  

 

Prolonged exposure to chronic stressors affects, as mentioned above, neurocircuits in 

critical brain regions. The disrupted regulation of neurocircuits affect cognition and mood, 

but may also affect behavior. Several studies report that long-term stressors in the form of 

workplace bullying are related to sleep problems (Berset et al., 2011; Nielsen et al., 2018), 

which may partly be explained by increased arousal and prolonged physiological activation 

(Hansen et al., 2011; Hansen et al., 2006). Sleep problems following persistent exposure to 

stressors have been associated with dysregulation of cortisol (Cui et al., 2018; Wang et al., 

2015). As will be described in the next subsection, the mediators of the HPA axis are 

equally important for sleep regulation. The hyperarousal state following persistent exposure 

to stressors may, therefore, affect sleep regulation and cause sleep problems (Fernández-

Mendoza et al., 2010; Jansson & Linton, 2007).  

 

1.11.1. Insomnia  

 

The understanding of the many functions of sleep is incomplete, and scientists are working 

to identify and clarify this phenomenon. However, what is clear is that proper sleep is 
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necessary for optimal functioning and survival (Freiberg, 2020). An altered state of 

consciousness in which sensory and motor activity is moderately inhibited may characterize 

sleep, for review see (Arrigoni et al., 2016; Olcese et al., 2018). Additionally, the bodily 

systems may during sleep be in an anabolic state – involving metabolic processes that use 

energy to build molecules from smaller units – in which the immune, nervous, skeletal, and 

muscular systems are restored and recovered (Lucassen et al., 2017; Mackiewicz et al., 

2007; Xie et al., 2013), for review see (Briançon-Marjollet et al., 2015). Accordingly, sleep 

is essential for positive mental health and well-being.  

 

The sleep system, mainly located in the ventrolateral preoptic area (VLPO), induces sleep 

through the inhibitory actions of the gamma-aminobutyric acid (GABA)-ergic signaling on 

the ascending arousal system (Gaus et al., 2002; Saito et al., 2018; Wang et al., 2015), for 

review see (Saper & Fuller, 2017). This ascending arousal system includes neurons that 

innervate the thalamus and extends to the hypothalamus and the forebrain (Fuller et al., 

2011). The neurotransmitters, i.e., acetylcholine, dopamine, histamine, NE, and serotonin, 

for review see (Schwartz & Roth, 2008), in the ascending arousal system, stimulates 

wakefulness and, more importantly, inhibit the sleep system (Luo et al., 2018; Ouyang et 

al., 2004; Zant et al., 2011). The interaction between neurons in the VLPO and neurons 

from the ascending arousal system reciprocally inhibits each other and operates as a switch 

that regulates and stabilizes sleep-wake states, for review see (Saper & Fuller, 2017). As 

described earlier, exposure to acute stressors induces a state of fight-or-flight in which the 

individual experiences increase alertness and arousal (Purvis et al., 2018; Qi & Gao, 2020). 

When exposed to persistent stressors, i.e., workplace bullying, regulatory mechanisms may 

become mal-adaptive. Exposure to chronic stressors, which is associated with long-lasting 

activation of the stress response, involves prolonged secretion of NE. The persistent 

secretion may be related to enhanced activation of the ascending arousal system and 

deactivation of the sleep system – dysregulation of the sleep-wake system – that may 

advance into sleep problems.  
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Insomnia is one of the common sleep disorders and involves difficulty in sleep onset, 

maintenance of sleep, and early morning awakening (American Academy of Sleep 

Medicine, 2014; American Psychiatric Association, 2013). The initial stages of sleep 

involve a reduction of the ACTH and cortisol levels, and this reduction suppresses HPA 

axis activity, for review see (Baillien et al., 2009; Balbo et al., 2010b). In the later stages, 

before awakening, HPA axis activity increases, which is evident by enhanced ACTH and 

cortisol levels (Akerstedt, 2006; Wilhelm et al., 2007), also see for review (Balbo et al., 

2010a). As the pathways stimulating wakefulness needs to be inhibited for sleep to occur, 

it is plausible that elevated activation of the stress pathways, SNS and HPA axis, interfere 

with the sleep system (Irwin et al., 2016; Rodenbeck et al., 2002).  

 

Despite the dysregulation of sleep systems in the brain following persistent exposure to 

stressors, the causes of sleep problems are complex and may be multifactorial. However, 

several studies have now established exposure to workplace bullying as an important 

precursor for sleep problems (Linton et al., 2015; Litwiller et al., 2017; Nielsen, Harris, et 

al., 2020; Nielsen et al., 2018). Worrying and rumination, following exposure to workplace 

bullying, has been demonstrated to be disruptive to sleep (Berset et al., 2011). Sleep 

problems may in itself also cause further health problems such as anxiety, depression, or 

other somatic health complaints. As such, sleep problems may be both an outcome and a 

mediating variable (Nielsen, Harris, et al., 2020). Further examination of these two 

variables, i.e., exposure to workplace bullying and sleep problems, may help us understand 

the impact of workplace bullying on other outcomes.   

 

1.11.2. Anxiety  

 

The amygdala is a brain region consisting of multiple interconnected nuclei. It is part of the 

limbic system and is associated with emotional processing, e.g., fear and other aversive 

stimuli, but also positive emotion such as reward (Adhikari et al., 2015; Cunningham & 
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Kirkland, 2013). The amygdala has direct and indirect connections with many brain 

regions, for review see (Janak & Tye, 2015). The dynamic interactions between the 

amygdala and PFC are important under physiological conditions in which the PFC limits 

the activity of the amygdala to prevent inappropriate emotion expression (Motzkin et al., 

2015; Quirk et al., 2003; Rosenkranz & Grace, 2001), as previously described.  

 

The symptoms of anxiety, which involves excessive feelings of nervousness, fear, and 

worry, seem to be a result of dysregulation of amygdala activity. As described earlier, 

chronic stressors have shown to cause structural alterations of the brain in which 

neurodegeneration occurs in the PFC and hippocampus, whereas the opposite occurs in the 

amygdala (Felix-Ortiz et al., 2016; Liu et al., 2020; Patel et al., 2018; Zhang et al., 2019), 

for review see (Roozendaal et al., 2009). Consequently, exposure to chronic stressors 

impairs the control of PFC on amygdala activity, and the hyperactive amygdala takes 

charge.  

 

Moreover, the imbalance of monoamine neurotransmitters in the amygdala, i.e., dopamine, 

serotonin, and NE, may affect the monoaminergic system – systems involved in the 

regulation of emotion, arousal, and memory – and has been evident in mental health 

illnesses such as anxiety (Martin et al., 2009). For instance, elevated levels of NE is 

associated with symptoms of anxiety (Purvis et al., 2018). Also, the insufficiency of the 

inhibitory neurotransmitter GABA, which is highly necessary to sustain the inhibitory 

control of the amygdala under resting state, may explain symptoms of mental illnesses 

(Almeida-Suhett et al., 2014; Sanders & Shekhar, 1995).  

 

As described, the structural changes in critical brain regions, e.g., amygdala and PFC, and 

disruption of neurotransmitter systems following exposure to chronic stressors may give 

rise to abnormal and mal-adapted regulation of the amygdala and PFC. The dominating 

function of the reflexive amygdala may counteract the slow and attentive regulation of the 
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PFC, which may be associated with mental health problems such as anxiety (Liu et al., 

2020). Irrespective of the stress-induced alterations, genetic variations may also have an 

impact on the susceptibility and vulnerability of developing mental health issues such as 

anxiety from ongoing stressors such as workplace bullying. Accordingly, the influence of 

genetic differences should be taken into account when examining the associations between 

exposure to workplace bullying and negative mental health, here in the form of anxiety.   

 

1.12. Genetic factors  

 

Although exposure to stressors activates the stress response, there may be individual 

differences. The subject's appraisal of the situation and coping strategies may influence the 

effect of bullying on health and well-being (Hewett et al., 2018). These inter-individual 

variations may again be explained by genetic differences.  

 

Genetic variation between individuals is the presence of differences in the DNA sequence 

that constitute the genome. Genetic variation is caused by variation in the order of which 

the bases are incorporated in the DNA sequence. Such variation includes single nucleotide 

polymorphisms (SNPs), insertions, deletions, and rearrangements. Some genetic 

polymorphisms, also called mutations, do not change the amino acid sequence of the protein 

and are therefore called synonymous mutations. Other genetic polymorphisms do change 

the amino acid sequence of the protein and are referred to as nonsynonymous mutations 

(Yang & Nielsen, 2000).   

 

A SNP is defined as a single nucleotide substitution occurring in a specific position in the 

genome and is presented at more than 1 % in the population. SNPs are stable, highly 

abundant, and distributed throughout the genome, for review see (Fareed & Afzal, 2013; 

Shastry, 2002). Such variation is associated with diversity in the population, susceptibility, 

and vulnerability to diseases and individual responses to drugs, for review see (Shastry, 
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2002). Earlier findings show that individual genetic differences may affect susceptibility to 

stress (Cousijn et al., 2010).  

 

SNPs occur in genes, including those coding for microRNAs (miRNAs), which are small 

non-coding RNA molecules that have important protein regulatory functions 

(Harnprasopwat et al., 2010; Sun et al., 2009). Such miRNAs are 21-22 base pairs in length 

and suppress gene expression by binding to complementary strands on mRNA molecules, 

thus preventing translation and production of proteins (El Gazzar et al., 2011). Moreover, 

the miRNA molecule may even induce degradation of the mRNA molecule through binding 

to proteins belonging to the Argonaute family – a process called RNA interference 

(Hammond et al., 2000; Meister et al., 2004). Despite the size of these miRNA molecules, 

they operate complex regulatory mechanisms that one still lacks knowledge around. 

However, what is clear is that among the many targets of miRNAs, many of them are 

involved in inflammatory processes (Davis et al., 2012; H. M. Lee et al., 2016; Lopez et 

al., 2014; Smalheiser et al., 2012). As such, it may not be surprising that these regulatory 

molecules may be of importance in chronic stress conditions.   

 

Extracellular miRNAs are found in most bodily fluids, and their aberrant expression is 

generally observed in diverse diseases and altered physiological states. Previous studies 

show that the regulation of miRNAs in the circulation may be affected by exposure to 

stressors (Gidron et al., 2010). Moreover, sympathetic (Hou et al., 2012) and glucocorticoid 

(Smith et al., 2010) signaling has been shown to affect miRNA expression in the target 

tissues. Furthermore, several findings, including our own (Jacobsen et al., 2019), suggest 

that these regulatory miRNA molecules exert important functions peripherally (Pauley et 

al., 2008; Shu et al., 2019), but also in the CNS – directly or indirectly at the neuro-immune 

interface (Andolina et al., 2016; Li et al., 2019; Satoorian et al., 2016; Smalheiser et al., 

2012). Previous studies also suggest that dysregulation of miRNAs may be associated with 

mental disorders such as anxiety (Andolina et al., 2016; Haramati et al., 2011), depression 
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(Lopez et al., 2014; Smalheiser et al., 2012) and sleep problems (Davis et al., 2012; 

Goodwin et al., 2018). As such, it may be of value to examine genetic variations in 

regulatory molecules, i.e., miRNAs, which may have functional effects on important 

biological mechanisms that are affected by persistent exposure to stressors.  
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2. Aims of the thesis 

 

In spite of the massive global volume of the workplace bullying literature (Einarsen, 2020), 

few studies address the “how and when” of bullying in its causal relationship to other 

variables, in our case mental health variables (Nielsen & Einarsen, 2018; Rai & Agarwal 

Upasna, 2018). For example, the use of questionnaires may provide valuable information 

about the association between exposure to bullying and the outcome but is implausible to 

identify causative processes. In addition, it is impossible to harvest tissues to examine the 

physiological effects of bullying on tissues such as the brain, spleen, and BM from humans.  

 

In this thesis, we, therefore, try to overcome these shortcomings by integrating data from a 

human study, an animal model, and in vitro cell culture experiments. Earlier observations 

show that bullying in humans is a strong environmental stressor. Moreover, data from our 

group show that the resident-intruder paradigm that leads to social defeat in animals may 

induce behavioral and physiological changes (Jacobsen et al., 2019) that could help to get 

a better understanding of the health effects of such psychological stressors.    

 

Recent data from our lab show that repeated social defeat increases the expression of several 

miRNAs (Jacobsen et al., 2019). One of these small non-coding RNAs is the miR-146a – a 

miRNA playing a central role in inflammation (Saba et al., 2014). In paper I, we follow-up 

this and address the role of miR-146a on the association between bullying, inflammation, 

and insomnia in humans.  

 

Also, since bullying is a dynamic process, the use of cross-sectional or longitudinal study 

designs may not address the development, escalation, and de-escalation of the bullying 

phenomenon. To understand the causal effects of bullying on physiological and 

psychological processes, laboratory experiments under controlled conditions may be 
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necessary. In paper II the effect of repeated social defeat in animals under controlled 

conditions was examined to address the causal nature between bullying and its correlates.  

 

Since NE is one of the central mediators in the stress response, it was also of interest to 

investigate the biological mechanisms of its receptor, β2-adrenergic receptor (ADRB2). 

Previous research shows that psychological stressors such as exposure to bullying in 

humans and repeated social defeat in animals may result in strong activation of the 

sympathetic nervous system and activation of the peripheral ADRB2 (Araujo et al., 2019; 

Powell et al., 2013). In paper III, using three different models; in vivo, in vitro, and in 

humans, we, therefore, address the effect of these psychological stressors on the function 

of the ADRB2 receptor.  

 

The overarching aim of this thesis was to investigate behavioral, neuroendocrine, and 

immunological changes following exposure to stressors in the form of workplace bullying 

in humans and repeated social defeat in rats, which may provide essential information for 

further understanding of the effects of bullying exposure in humans. More specifically, we 

aimed to:  

1. Investigate the association between exposure to workplace bullying and insomnia, 

moderated by the miR-146a genotype rs2910164 – a central regulator during 

inflammation.  

 

2. Examine behavioral and physiological changes in rats following exposure to repeated 

social defeat using a resident-intruder paradigm, as an essential animal model employed 

to possibly better understand the effects of bullying exposure in humans. In this we will: 

 

a. Examine behavioral consequences of exposure to repeated social defeat 

employing a social interaction test.  
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b. Examine expression of genes central in the HPA axis, i.e., Nr3C1 (glucocorticoid 

receptor), POMC (ACTH precursor), and MC2R (ACTH receptor) in the 

pituitary and adrenal gland.  

 

c. Examine gene expression of β2-adrenergic receptor (ADRB2), β-arrestin-2 

(ARRB2), and interleukin-6 (IL-6) in isolated myeloid cells from rat spleen.  

 

3. Examine the behavioral consequences of exposure to stressors, in the form of repeated 

social defeat in rats and workplace bullying in humans, concerning the β2-adrenergic 

receptor ADRB2 using three different models; in vivo, in vitro, and in humans.  

 

a. Examine changes in the β2-adrenergic receptor gene expression in rats exposed 

to social defeat.   

 

b. Examine norepinephrine- and/or dexamethasone-induced changes in the β2-

adrenergic receptor gene expression in a human macrophage cell line (EL-1).  

 

c. Investigate the association between exposure to workplace bullying and anxiety, 

moderated by the β2-adrenergic receptor genotype rs1042714 in a human cohort. 
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3. Methods  

 

The thesis was based on human, animal, and in vitro cell culture data. The human arm of 

the project allowed us only to investigate associations between exposure to workplace 

bullying and health outcomes, and not the causal relationships between workplace bullying 

and other variables. Hence, an animal model of repeated social defeat was implemented to 

study the cause-effect relationships between exposure to persistent stressors and the 

physiological and behavioral changes. Although animal studies may provide valuable 

information about causative processes in disease states, verification in humans are 

compulsory (Hackam & Redelmeier, 2006). The in vitro cell culture experiments were 

performed to investigate the physiological changes in more detail at the cellular level and 

to support the in vivo findings. Below is a summary of the methods used, and further details 

may be found in the respective studies.  

 

3.1. Human cohort  

 

A random sample of the Norwegian working population was used to perform the human 

analyses included in this thesis. With help from Statistics Norway, a total of 5000 subjects 

between the ages of 18 to 60 from The Norwegian Central Employee Register were 

randomly selected. The questionnaires were sent through the Norwegian Postal Service, 

and those of the subjects who gave consent (32 %, 1608 persons) were sent saliva collection 

kits. Among these, 1204 persons returned their saliva samples. The data were collected at 

three time points (T1, T2, and T3) over 18-20 months. However, in paper I and III, only the 

T2 data were analyzed due to a higher rate of missing data in T1 and T3. Finally, 1179 and 

1090 subjects were included in paper I and III, respectively.  
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3.1.1. Control variables  

 

Age (Christensen et al., 1999) and gender (McLean et al., 2011) are variables expected to 

impact bullying and health. Thus, the T2 measures of these variables were included as 

control variables in the respective studies.  

 

3.1.2. Exposure to bullying behaviors  

 

Exposure to bullying behaviors at work was measured with the 9-item version of the 

Negative Acts Questionnaire-Revised (NAQ-R) (Einarsen et al., 2009). This instrument 

measures exposure to negative and unwanted behaviors during the last six months – of a 

personal and a work-related nature – that may typically be perceived as bullying when 

occurring systematic and over time. The items are formulated in behavioral terms and do 

not present the definition of bullying. Response categories range from 1 to 5 ("never," "now 

and then," "monthly," "weekly," and "daily"). Cronbach's alpha values, measuring the 

internal consistency of the items, for this scale was .86 at T2.  

 

3.1.3. Insomnia  

 

The three items reflecting problems with sleep onset, maintenance of sleep, and early 

morning awakening was used to assess insomnia. The response categories ranged from 1 

to 4 ("not bothered," "a little bothered," "considerably bothered," and "seriously bothered"). 

A composite insomnia score was calculated by adding the score of the three items and 

dividing the sum by three. The Cronbach alpha for the insomnia scale was .81 in the present 

study.  
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3.1.4. Symptoms of anxiety  

 

Five items from the Hopkins Symptom Checklist (HSCL-25) reflecting typical symptoms 

of anxiety, i.e., "feeling fearful," "nervousness or shakiness inside," "heart-pounding or 

racing," "trembling" and "feeling tense or keyed up" during the last week were used. 

Response categories ranged from 1 to 4 ("Not at all," "a little," "moderately," "extremely"). 

Cronbach's alpha for this scale was .74.  

 

3.1.5. Genotyping  

 

Genomic DNA was extracted from collected saliva samples using an OrageneRNA sample 

collection kit. SNP genotyping for rs2910164 (paper I) and rs1042714 (paper III) was 

carried out on a Quantstudio 5 machine, using predesigned TaqMan SNP genotyping 

assays. Both the miR-146a rs2910164 genotype (GG versus GC/CC) and the ADRB2 

rs1042714 genotype (CC versus CG/GG) were included as a dichotomous variable.  

 

3.2. Animal studies  

 

The Norwegian Food Safety Authority approved all animal experiments (application ID: 

11671), and the experiments were performed in conformity with the laws and regulations 

controlling experiments and procedures on live animals in Norway.  

 

A resident-intruder paradigm was applied to study exposure to repeated social defeat in 

animals. Ten outbred (retired breeders) Long Evans rats (500-550 g) were used as residents, 

each living with their companion female (200-250 g), (Envigo; USA) in a purpose-made 

0.56 m2 cage. Ten male Sprague Dawley rats (300-400 g) were used as intruders, and ten 

as controls (Janvier Labs; France), and they were all housed in pairs in a separate room at 
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the animal facility. All animals were acclimatized to an artificial 12 h light/ 12 h dark cycle 

for two weeks before the start of the stress conditioning week.  

 

3.2.1. Resident-intruder paradigm  

 

A screening procedure to ensure the dominant behavior of Long Evans males was 

performed before the stress conditioning week. The rats were selected based on the highest 

frequency of attacks within 10 minutes of interaction. 

 

One hour before the stress conditioning, the female Long Evans rats were removed from 

the resident cage. One hour later, the Sprague Dawley rats were placed in the resident cage. 

The social defeat was defined as submissive supine posture, flight, or freeze behavior 

(Miczek, 1979). Upon social defeat, or after 10 minutes, the resident and the intruder rat 

were separated by a perforated plastic wall for one hour. As such, the rats would still be 

able to smell, see, and hear each other (Figure 2). The intruder rats were introduced to a 

new resident rat each day of the stress conditioning week to prevent habituation to the 

dominance establishment with the resident rat. Ten Sprague Dawley rats that served as 

controls were placed into new empty cages in another room for one hour each day.  

 

During the stress conditioning week, latency until defeat was registered. A median split (75 

sec) was used to define the stress exposed subgroups in which long latency (LL) and short-

latency (SL) were those who showed defeat behavior later and before 75 sec, respectively.  
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Figure 2. Resident-intruder paradigm. (A) The Long Evans females were removed from the resident cage 60 

minutes before the experiment. (B) An intruder Sprague Dawley rat (white) was placed in the home cage of a 

resident male Long Evans rat (black). (C) Upon social defeat or after 10 minutes of interaction, a perforated plastic 

wall was used to separate the resident and intruder rats. (D) Sensory interaction was allowed for the remaining time. 

Both the male Sprague Dawley rat and the female Long Evans rat were returned to their home cages (Illustrated by 

Nymoen, I.).  

 

3.2.2. Social interaction test (SIT)  

 

A modified version of the social interaction test was implemented to assess the social 

interaction behavior of the stress-induced Sprague Dawley rats (Kaidanovich-Beilin et al., 

2011). The arena was a purpose made box (0.56 m2) divided into three compartments that 

were separated by two gated plastic walls. A small wire-like container was placed in each 

flanking compartment (Figure 3).  

 

The test rat was placed in the middle compartment and allowed for habituation for four 

minutes. Then, a novel rat of the same strain (did not take part in the resident-intruder 

paradigm) was placed into one of the containers. The subsequent gates were opened, 

allowing the rats to move freely between the three compartments for six minutes. The 

movement and behavior of the rats were recorded by a camera placed above the box. The 

changes in behavior were examined later by a purpose-made software program 

(programmed and developed in C by our group).  
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Figure 3. Social interaction test. The test was used to assess behavioral changes following one week of exposure 

to repeated social defeat. The test arena consisted of a box separated into three chambers by gated plastic walls. The 

test rat was allowed to habituate the middle chamber for four minutes. Then, a novel rat of the same strain was 

placed in a small wire-like container in one of the flanking compartments. Subsequently, the gates were opened for 

six minutes, allowing the test rat to explore all parts of the box. The movement was recorded for later analyses. The 

figure was created in Biorender. 

 

3.2.3. Blood sampling and tissue harvesting  

 

Following the SIT and one hour of rest in their home cages, the Sprague Dawley rats were 

sedated with 5 % isoflurane in air in a gas box before being moved to a 3 % isoflurane 

anesthetic mask. The absence of withdrawal reflexes was considered as adequate for 

surgery.  

 

Fixation of the animal in a dorsal recumbence position, and a v-cut through the skin and 

abdominal wall and subsequent opening of the thoracic cage exposed the heart and enabled 

blood withdrawal. Portions of the blood were immediately placed in liquid nitrogen and 

sent to the Norwegian Institute of Public Health (NIPH) for analysis of NE and CORT 

levels (Bergh et al., 2018).  
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Following euthanasia by dislocation of the neck, tissues such as the pituitary gland, adrenal 

glands, spleen, and BM were harvested and frozen on liquid nitrogen and later frozen at – 

80 o C for later analyses, e.g., gene expression analyses (qPCR).  

 

3.2.4. Enrichment of splenic myeloid cells   

 

The harvested spleen tissue was processed and homogenized to make a single-cell 

suspension. Isolation of mononuclear cells was by density centrifugation, and subsequent 

labeling of a myeloid cell-specific marker, OX41 (SIRP α), enabled purification of myeloid 

cells from the rest of the mononuclear cell fraction. The immuno-magnetic bead separation 

allowed only OX41-biotin positive cells to bind to the streptavidin coupled magnetic beads 

through biotin-streptavidin interaction. The final cell suspension consisting of OX41 

positive myeloid cells were further quality controlled by a multicolor flow cytometry 

analysis (details may be found in the paper). Due to potential unspecific antibody binding, 

cell-type-specific surface markers for B cells, T cells, and NK cells were used to detect 

possible contamination in the myeloid cell-enriched samples.  

 

3.3. Cell culture experiments  

 

The human macrophage cell line EL-1 was seeded as suspensions of 0.5 x 106 cells/well in 

6 well plates and exposed to 100 nM NE for 24 h and/or 100 nM DEX for 3 h. After 24 h, 

cells were separated from the surrounding medium by centrifugation. The conditioned 

medium was collected, and the cell pellet was directly lysed prior to storage at – 80o C. 

RNA was isolated from lysed cells to perform gene expression analyses of the ADRB2 

gene. Luminex analysis of the conditioned cell medium was performed to measure cytokine 

release from EL-1 cells.  
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3.4. Statistical analyses  

 

3.4.1. Human data  

 

Statistical analyses were conducted with IBM SPSS 25.0 and PROCESS v3.1 (paper I and 

III). The level of significance was set to p<0.05. Exposure to bullying behaviors at work, 

insomnia, and symptoms of anxiety were calculated as the mean score of the nine items in 

the NAQ inventory (paper I and III), the three items reflecting sleep problems (paper I) and 

the five items in the HSCL inventory (paper III), respectively.  

 

To investigate the mediating and moderating effects on the association between exposure 

to bullying behaviors and subsequent sleep problems (paper I), a moderated mediation 

regression analysis was conducted (PROCESS, model 14). Here, we tested for the linear 

associations between exposure to negative social acts and insomnia via distress and the 

interaction between distress and miR-146a genotype rs2910164 (GG versus GC/CC) with 

regard to insomnia. Likewise, moderation analysis was conducted (PROCESS, model 1) to 

test for interactive effects of exposure to negative social acts and the ADRB2 genotype 

rs1042714 (CC versus CG/GG) with regard to anxiety (paper III).  

 

3.4.2. Animal data and in vitro cell culture experiments 

 

The data were shown by representative examples and mean ± standard error of the mean. 

Statistical analyses were conducted with Sigmaplot 14.0, and the level of significance was 

set to p<0.05.  

 

In paper II, the differences in body weight, social interaction, locomotion, gene expression 

levels, and differences in the percentage of splenic myeloid cells between exposed and 

control groups were analyzed using Student's t-test.  
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In paper III, the in vivo data of the rats were analyzed with linear regression (Sigmaplot 

14.0), whereas the in vitro data from EL-1 cells were analyzed by linear mixed models 

(StataCorp 2019. College Station, TX: StataCorp LLC). In all mixed models, treatment was 

included as a fixed effect, with control as a reference category. Furthermore, all mixed 

models included a random intercept for triplicates to take into account the dependency 

between these observations. 
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4. Results 

 

4.1. Paper I  

 

Based on the established link between stress-induced inflammation and sleep, and the fact 

that miR-146a has a central role in inflammation, we wanted to address the role of miR-

146a genotype rs2910164 on the relationship between workplace bullying and insomnia 

through distress. As elaborated in the paper, the G allele was associated with low expression 

levels of the anti-inflammatory miR-146a. Thus, it was hypothesized that the miR-146a 

rs2910164 G allele would strengthen the relationship between exposure to workplace 

bullying and insomnia through distress.  

 

The direct associations between the predictor and outcome variable demonstrated a 

significant association between exposure to workplace bullying and insomnia, after 

adjusting for age and gender (b = 0.55; p < 0.001). When including the mediator (distress) 

and the moderator (miR-146a GG versus GC/CC genotype) in the analyses, the findings 

demonstrated that exposure to workplace bullying had an indirect association with insomnia 

through distress. An interaction term showed that this indirect effect was stronger among 

individuals with the GG genotype (B = 0.31; 95 % CI: 0.23 – 0.41) compared with 

individuals with the GC/CC genotype (B = 0.16; 95 % CI: 0.08 – 0.023).  

 

Thus, the moderated mediation analysis demonstrated that exposure to negative social acts 

was indirectly associated with insomnia, through distress in which individuals with the 

miR-146a GG genotype had a strengthened effect on the indirect relationship between 

exposure to negative social acts and insomnia compared with individuals having the GC/CC 

genotype. The present study, therefore, emphasizes the importance of taking biological 

factors into account since genetics causes individual differences in vulnerability and 
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susceptibility to diseases and may be of importance during treatment and rehabilitation of 

targets of bullying.  

 

4.2. Paper II  

 

The aim of paper II was to examine the physiological and behavioral effects of exposure to 

persistent stressors, i.e., workplace bullying. For this reason, an animal model of repeated 

social defeat was conducted. While ten Sprague Dawley rats were exposed to a resident 

bully rat for one hour each day for one week, ten control rats were placed in empty cages.  

 

The resident-intruder paradigm changed the behavior of the intruder rats as the number of 

rats demonstrating subordinate defeat behavior increased for each passing day.  Behavioral 

assessments (SIT) following the conditioning week showed increased locomotion in 

stressor exposed rats compared with control rats. Moreover, the resident-intruder paradigm 

significantly attenuated body weight gain in stress exposed rats compared with control rats. 

Gene expression analyses of isolated myeloid cells from the spleen showed significant 

downregulation of the ADRB2 and β-arrestin-2 (ARRB2), and an increase in IL-6 

expression in stress exposed rats compared with control rats.  

 

Overall, these results suggest that exposure to repeated social defeat in rats is a potent 

stressor that triggers neuroendocrine and immunological changes that may affect behavior.  

 

4.3. Paper III  

 

The aim of paper III was to examine the behavioral consequences of exposure to stressors 

concerning the NE targeted receptor, ADRB2. This paper was partly a follow-up of the 

ADRB2 findings in paper II. The reduced expression level of ADRB2 on enriched myeloid 
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cells from the spleen was further examined and supported by genotyping analyses on the 

human cohort and in vitro cell culture experiments using the EL-1 cell line.  

 

When subgrouping the rats exposed to stressors in two, with respect to latency until defeat, 

the expression of ADRB2 in isolated myeloid cells from rat spleen gradually decreased 

with increasing stress exposure, i.e., SL subgroup < LL subgroup < control group. Median 

split (75 sec) was used to define the stressor exposed subgroups; long latency (LL), and 

short-latency (SL). Similarly, data from the in vitro cell culture experiments showed that 

cells exposed to NE and DEX – stress hormones of the SNS and HPA axis, respectively – 

showed a decrease in ADRB2 expression compared with control cells. Moreover, the 

analyses of secreted cytokines in the external environment of the cell showed a significant 

increase of MCP-1 levels following NE and DEX treatment compared with cells in the 

control condition.  

 

Furthermore, analyses of the human data, concerning the ADRB2 genotype rs1042714, 

showed a significant linear association between exposure to negative social acts and 

anxiety. Interestingly, the inclusion of the interaction term (NAQ*ADRB2 genotype) 

revealed a moderating effect in which subjects with the CC genotype had a stronger 

relationship between exposure to negative social acts and anxiety compared to carriers of 

the G allele. As elucidated in paper III, prolonged exposure to NE, as in the case of 

prolonged activation of the SNS, is associated with low membrane-bound receptors and 

attenuated immunosuppression. As such, these data suggest that the G allele (retain more 

membrane-bound receptors during long-term NE exposure) contributes to the maintenance 

of the NE driven immunosuppressive processes, thus dampening the damaging health 

effects that are promoted by persistently activated inflammatory processes.  

 

To sum up, the study shows that exposure to persistent social stressors trigger the immune 

system through an ADRB2 associated mechanism and also links the low membrane-bound 
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ADRB2 rs1042714 C allele genotype to stress-induced anxiety. The findings suggest that 

exposure to workplace bullying may promote anxiety and threaten well-being through an 

ADRB2 associated mechanism.  
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5. Discussion 

 

The central objective of this thesis was to understand the mechanisms underlying the 

consistently observed detrimental health effects of bullying behaviors by employing human 

data, animal data, and in vitro cell culture experiments. This section comprises a general 

discussion of the main findings in the three papers and will also include methodological 

considerations, implications, and suggestions for future research.  

 

5.1. Discussion of results  

 

5.1.1. Insomnia and miR-146a genotype (paper I) 

 

The findings in paper I show that the relationship between exposure to workplace bullying 

and insomnia through distress is moderated by the miR-146a genotype in which the 

magnitude of this relationship is strengthened in individuals with the miR-146a genotype 

GG compared with those having the GC/CC genotype.  

 

The comprehensive understanding of the workplace bullying phenomenon and its 

associations to variables such as insomnia may be multifactorial and is far from completely 

understood. However, based on theoretical reasoning, it is conceivable that both the 

perspective of the world as meaningful and benevolent and the views of self as worthy and 

capable of controlling external events may be challenged in targets of bullying (Hamre et 

al., 2020; Mikkelsen & Einarsen, 2002; Rodríguez-Muñoz et al., 2010). When these 

fundamental thoughts are contradicted, such situations may easily cause worries and 

rumination, and it can be challenging to avoid thinking about the negative experiences 

(Finne et al., 2011; Kivimäki et al., 2006). Such mental distress has already been proposed 

as a risk factor for sleep problems (Fernández-Mendoza et al., 2010) and as an intervening 
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factor in the relationship between workplace bullying and sleep problems (Berset et al., 

2011; Magee et al., 2015; Nielsen, Harris, et al., 2020).  

 

As previously described, prolonged activation of the stress response systems, i.e., SNS and 

HPA axis, following persistent exposure to psychological stressors such as in the case of 

workplace bullying, has been associated with dysregulation of neurocircuits in the brain 

(Radley et al., 2008; Zhang et al., 2019), for review see (McEwen, 2017; Radley et al., 

2015). Also, findings in rodent models demonstrate dysregulation and excessive production 

of inflammatory cytokines following exposure to chronic stressors (Miller et al., 2013; 

Sawicki et al., 2019; Zhang et al., 2019), for review see (Wohleb et al., 2015). This allostatic 

overload may lead to chronic inflammatory conditions in the body – low-grade systemic 

inflammation – that has been associated with sleep problems (Motivala, 2011). Moreover, 

genetic variability may explain differences in coping strategies as well as the differences in 

vulnerability and susceptibility to diseases (Hewett et al., 2018; Vie et al., 2012). Therefore, 

studying genetic variation regarding the bullying-health relationship may be of importance 

with respect to clinical purposes, e.g., treatment and rehabilitation of targets of bullying. 

Based on the reasoning above, i.e., the link between stress-induced inflammation and sleep, 

there were grounds to examine the role of miR-146a rs2910164 in the relationship between 

exposure to workplace bullying and insomnia through distress.  

 

As elucidated in paper I, the miR-146a is well-known for its anti-inflammatory effects 

during the innate immune response where it acts as a molecular brake on the NF-ĸB 

signaling pathway (Gao et al., 2015; Hou et al., 2009; Li et al., 2015). Examinations of the 

prefrontal cortex (PFC) of depressed suicide victims have reported reduced levels of miR-

146a (Smalheiser et al., 2012), suggesting that miR-146a may be involved in stress-induced 

mental health disorders. MiR-146a expression levels in monocytes have been reported to 

be lower in patients with major depressive disorder (Hung et al., 2019). Moreover, reduced 

levels of circulating miR-146a were reported in patients suffering from insufficient sleep 
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compared with control groups (Hijmans et al., 2019). These findings suggest that 

dysregulation and, more specifically, the insufficiency of the miR-146a may contribute to 

increased inflammatory conditions in the body, which may lead to allostatic overload in 

which biological processes involved in sleep regulation become mal-adaptive.  

 

Among the many targets of miR-146a, nitric oxide synthase 1 (NOS1) – an enzyme 

responsible for nitric oxide (NO) production – is also one (Perske et al., 2010; Zhang, Huo, 

et al., 2018). NO is a signaling molecule produced by macrophages and other immune cells 

and governs a diversity of processes in the immune system involving differentiation, 

proliferation, and apoptosis of immune cells, for review see (Bogdan, 2001). In contrast to 

cytokines, which exert their effector functions through receptor binding, NO may also react 

with structures in the DNA, inorganic groups (e.g., oxygen) or prosthetic groups (e.g., 

heme) and thereby exert a broad range of effects, for review see (Bogdan, 2001). Also in 

the CNS NO may under physiological levels be neuroprotective, i.e., promote neuronal 

proliferation, survival, and differentiation (Carreira et al., 2015; Sülz et al., 2009), while 

excessive levels of NO may be neurotoxic (Nakaizumi et al., 2012), indicating its 

importance in neuropsychiatry, for review see (Calabrese et al., 2007; Chen et al., 2015). 

Accordingly, the miR-146a has a significant regulatory role during inflammation that may 

affect both the central and peripheral immune systems. Since the regulatory effects of miR-

146a may become disrupted following chronic exposure to stressors, the fine-tuning of the 

innate immune response may be impaired. The absence of the anti-inflammatory 

mechanisms exerted by miR-146a may result in low-grade systemic inflammation. 

Neuroinflammation, due to increased levels of pro-inflammatory cytokines and excess 

levels of NO in the brain, following persistent exposure to stressors may cause 

dysregulation of neurocircuits and neurodegeneration that may affect mental health and 

behavior (D. W. Lee et al., 2016; Miller et al., 2013; Zhang et al., 2019).  
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Chronic exposure to psychological stressors is associated with prolonged activation of the 

SNS and the HPA axis (Lowrance et al., 2016; Raone et al., 2007; Ulrich-Lai et al., 2006; 

Zhou et al., 2018). The stress response becomes continuously active, resulting in a 

hyperarousal state, which may affect sleep regulation (Fernández-Mendoza et al., 2010; 

Jansson & Linton, 2007; Lorton et al., 2006). The chronic stress condition may burden the 

physiological and psychological processes in the body, i.e., allostatic overload, leading to 

mal-adaptation (McEwen, 2000). While these mal-adaptations may occur irrespective of 

genetics and personal coping strategies (Nielsen et al., 2017), genetic variation may explain 

why some individuals may tolerate more than others. The findings in this paper 

demonstrated that individuals with the miR-146a GG genotype have a strengthened 

association between exposure to workplace bullying and insomnia through distress 

compared to individuals with miR-146a GC/CC genotype. Overall, this paper emphasizes 

the importance of acquiring knowledge about genetic variations, which may also be 

essential to understand the underlying biological aspect of the outcomes of bullying.   

  

5.1.2. Resident intruder paradigm  (paper II) 

 

The animal study in the present thesis intended to improve our knowledge about causal 

relationships between exposure to workplace bullying and associated health-related 

variables. The animal model of repeated social defeat incorporates the main features of the 

bullying definition, i.e., the negative behaviors are repeated and persistent over a long 

period, and there is a power imbalance between the two parties involved (Einarsen et al., 

2011), which is parallel to what is seen in targets of systematic and long-term bullying 

(Einarsen, 2020; Hamre et al., 2020).  As such, the resident-intruder paradigm served as a 

suitable model to resemble the bullying situation in humans. Moreover, the time scale of 

normal biological processes is different in humans and rats (one rat day is around 27 human 

days) wherein rats live shorter and accelerated lives (Agoston, 2017). This allows for a 

more rapid observation of the physiological and psychological consequences of workplace 
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bullying, which takes weeks and months in humans. Hence, the different time scales need 

to be considered during the translation of experimental findings to humans.  

 

The resident-intruder paradigm conducted in this study demonstrated stress-induced 

physiological and behavioral changes in the form of increased defeat behavior throughout 

the stress-conditioning week (for each cycle of social defeat), which suggests that the 

implemented paradigm was successful. It may also indicate that this animal model of 

repeated social defeat had some resemblance to an on-going bullying situation where one’s 

ability to defend is gradually reduced, in which the inability to defend is one of the main 

criteria in the definition of workplace bullying (Einarsen, 2020). Reduced weight gain and 

changes to the stress response system, i.e., reduced pro-opiomelanocortin (POMC) and 

increased Nr3c1 (glucocorticoid receptor) expression in the pituitary, were furthermore 

observed in stress-exposed rats. The isolated myeloid cells from the spleen showed reduced 

ADRB2 and ARRB2 as well as an increased IL-6 expression, demonstrating a pro-

inflammatory profile of the isolated myeloid cells.  

 

Earlier findings in murine models show that stress-induced physiological and behavioral 

changes may be cycle-dependent, i.e., it increases for each stress episode (Wohleb et al., 

2011). While increased neuronal activity has been reported in the PFC, hippocampus, and 

amygdala after one cycle of social defeat, altered glucocorticoid sensitivity in peripheral 

macrophages, increased microglial activity, and anxiety-like behavior has been 

demonstrated between cycle three and six of social defeat in rats (Avitsur et al., 2002; 

Kinsey et al., 2007; Wohleb et al., 2011). Although the understanding of the mechanisms 

underlying our observation of increased social defeat behavior is out of scope for this thesis, 

it is theoretically plausible that the reduced tendency to fight back may involve learned 

helplessness behavior (Landgraf et al., 2015) and enhanced punishment avoidance (Paulus 

et al., 2003), again something that may resemble what is seen in targets of systematic and 

long-term bullying (Einarsen, 2020; Hamre et al., 2020). 
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Supported by our findings, evidence suggests that exposure to repeated social defeat is 

associated with attenuated body weight gain (Flak et al., 2014; Zelena et al., 1999). This 

may be explained by the reduced release of growth hormones (Sjörs Dahlman et al., 2019) 

or altered metabolism following exposure to persistent stressors. Earlier studies 

demonstrate an increased sucrose preference (Iniguez et al., 2014), increased glucose 

absorption in the intestine (Toyoda et al., 2015), and altered lipid metabolism (Chuang et 

al., 2010) following exposure to persistent stressors. Besides being central in the stress 

response regulation, the hypothalamus is also prominent for feeding behavior, for review 

see (Elmquist et al., 2005). Since prolonged exposure to stressors may dysregulate 

hypothalamic activity, it is plausible that the regulation of feeding behavior may be affected 

as well. These findings imply that the association between exposure to repeated social 

defeat and bodyweight may be multifactorial.   

 

To study the impact of persistent exposure to social stressors on behavior the Crawley’s 

sociability test – investigating anxiety-like behavior concerning social interaction –  was 

conducted (Iniguez et al., 2014; Kaidanovich-Beilin et al., 2011). Due to methodological 

challenges, discussed later, a proper assessment of the social behavior was not achievable. 

However, a significant difference in locomotion between the stress-exposed group and the 

control group was observed. It is reasonable to believe that the observed increase in 

locomotor activity may be explained by the structural changes reported to occur in the brain 

following exposure to prolonged stressors (Liu et al., 2020; Patel et al., 2018; Zhang et al., 

2019). Dendritic hypotrophy and synaptic loss in the PFC and hypertrophy of the amygdala 

following exposure to chronic stressors may support the reported dominating role of the 

amygdala and lack of the cognitive functions of the PFC, for review see (McEwen et al., 

2016). The abnormal functions of the brain may explain the impulsive and hyperactive 

behavior and the observed increase in locomotor activity among the stress-exposed rats.  
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The functions of glucocorticoids are diverse and involve the regulation of energetic 

metabolism, immune suppression, neuronal regulation and behavioral, memory, and 

emotional adaptation to stressors (Achuthan et al., 2018; Roozendaal et al., 2006; van 

Donkelaar et al., 2014; Xie et al., 2019), for review see (Vyas et al., 2016). However, 

persistent exposure to stressors has earlier been shown to disrupt the normal functions of 

glucocorticoids (Quan et al., 2001), thus weakening its negative feedback function on the 

HPA axis and its anti-inflammatory effects on the immune system, which may promote 

low-grade systemic inflammatory conditions (Cohen et al., 2012; Silverman & Sternberg, 

2012). The resilience towards exposure to chronic stressors, i.e., coping style, has shown to 

be reliant on how the neuroendocrine system is activated (Han et al., 2017). 

Mineralocorticoid receptors (MR) – mainly expressed in the hippocampus – and 

glucocorticoid receptors (GR) – expressed throughout the brain with higher expression in 

the hippocampus and the paraventricular nucleus (PVN) – bind to glucocorticoids with 

different affinities (MRs bind to glucocorticoids with a tenfold higher affinity than GRs) 

(Brinks et al., 2007) and may as such affect emotion, learning, and memory. The 

coordinated activation of these receptors and the balance of the MR/GR system seems to 

be crucial for the emotional and cognitive functioning (Brinks et al., 2007; Calfa et al., 

2006; Donley et al., 2005). While MR activation with additional moderate GR activation 

shows low anxiety and high motivation, MR activation with substantial GR activation may 

lead to high anxiety, increased arousal, and impaired cognition (Brinks et al., 2007). As 

exemplified, the physiological effects of glucocorticoids are manifold and play a crucial 

role in the magnitude of HPA axis activity and the functioning of neurocircuits in critical 

brain regions, e.g., PFC and amygdala, when exposed to stressors. The dysregulation of 

glucocorticoids following exposure to chronic stressors may, therefore, cause wear and tear 

of the body and lead to pathophysiology, e.g., low-grade systemic inflammation, impaired 

cognition and memory, and mental health disorders.  
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Our results further show increased Nr3c1 expression (glucocorticoid receptor) in the 

pituitary gland following one week of exposure to social defeat in rats. This finding may 

be indicative of an adaptive response in which the glucocorticoids attempt to downregulate 

key mediators of the HPA axis, such as the POMC (the precursor for ACTH), to reduce the 

peripheral load of glucocorticoids (Bilodeau et al., 2006). Hence, many of the physiological 

and behavioral changes observed following exposure to repeated social defeat in rats seem 

to be related to the mal-adapted regulation of glucocorticoids. Accordingly, further 

investigation of the role of glucocorticoids in chronic social stress may be valuable.  

 

As described in the introduction, exposure to stressors activate the SNS, which transmits 

signals from the CNS by utilizing its primary post-synaptic neurotransmitter, NE, to affect 

immune cell development, inflammatory phenotype and migrational capacity (Bierhaus et 

al., 2003). Empirical studies show that the binding of NE to adrenergic receptors may 

induce anti-inflammatory signal transduction2 through a PKA- and cAMP-dependent 

pathway, which may suppress NF-ĸB signaling (Chen & Rothenberg, 1994; Neumann et 

al., 1995; Sternberg, 2006). The NE binding to its receptor may also, through an ERK 1/2 

and MAPK-dependent mechanism, induce the expression of pro-inflammatory cytokines 

such as IL-6 and TNF-α (Powell et al., 2009). Signal transduction through the ADBR2 may 

be dependent on the concentration and duration of the NE signaling, for review see (Lorton 

& Bellinger, 2015). In our study, we observed decreased expression of ADRB2 and ARRB2 

– a cytoplasmic adaptor molecule that interacts with ADRB2 but also stabilizes the inhibitor 

of NF-ĸB, thus, preventing NF-ĸB activation – accompanied by increased IL-6 mRNA 

levels in isolated myeloid cells from the spleen. Persistent NE exposure has been associated 

with increased desensitization of ADRB2 through decreased expression (Kizaki et al., 

                                              
2 Signal transduction – also referred to as cell signaling, is the process by which molecular signals from the cell’s 

exterior is transmitted to the cell’s interior to generate cellular responses such as changes in enzyme activity, gene 

expression or ion-channel activity.  
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2008) and/or increased internalization3 (Hadcock & Malbon, 1988). Reduced levels of 

ARRB2 may further lead to increased NF-ĸB translocation to the cell nucleus and increased 

transcriptional activity of NF-ĸB, which could explain the observed increase in IL-6 

expression. These findings suggest that long-term NE signaling, as a result of exposure to 

repeated social defeat in rats, disrupt normal ADRB2 functioning. Fewer ADRB2 at the 

cell membrane, thus, less anti-inflammatory effects of ADRB2 following prolonged SNS 

activation may lead to a pro-inflammatory profile of the immune cells. This may eventually 

lead to a chronic inflammatory condition in the body.  

 

5.1.3. β2 – adrenergic receptor genotype (paper III) 

 

The findings in paper III demonstrated a stress-induced decrease in ADRB2 gene 

expression in isolated rat splenic myeloid cells. We observed a dose-dependent effect where 

short-latency animals (rats showing defeat behavior less than 75 sec after being introduced 

to the resident rat) presented the highest reduction in ADRB2 gene expression compared 

with control animals. Likewise, the cell culture experiments showed that the NE+DEX 

treatment – a stimulus resembling the SNS and HPA axis activation – decreased the 

ADRB2 gene expression and increased the release of MCP-1 from the treated EL-1 cells. 

Finally, the regression analysis of the human data demonstrated a moderating effect of the 

ADRB2 genotype rs1042714 on the relationship between workplace bullying and anxiety 

in which carriers of the C allele had a strengthened association on the bullying-anxiety 

relationship compared with carriers of the G allele.  

 

The bidirectional communication between the central nervous system (CNS) and the 

immune system is well recognized (Lorton et al., 2006; Niraula et al., 2018; Wohleb et al., 

2014; Yin et al., 2019), for review see (Reader et al., 2015; Wohleb et al., 2015). Both NE 

                                              
3 Receptor internalization – A process that results in the movement of receptor from the plasma membrane to the 

inside of the cell.  



 

62 

 

and glucocorticoids released from the CNS stimulate immune cells and trigger activation 

of inflammatory processes (Cohen et al., 2012; Miller et al., 2008; Powell et al., 2013; R. 

Yang et al., 2014). Since NE exerts its effects through binding to adrenergic receptors, it 

was of interest to understand the mechanisms of the ADRB2 as they are abundantly 

expressed on immune cells.  

 

Earlier studies have demonstrated that long-term NE exposure induces receptor 

desensitization to reduce the cellular response, thus, impeding overactivation of the immune 

response (Green et al., 1994; Hadcock & Malbon, 1988), for review see (Lorton & 

Bellinger, 2015). Therefore, it was reasonable to believe that lack of anti-inflammatory 

signaling due to less membrane-bound ADRB2 may be associated with anxiety (Wohleb et 

al., 2011). Supportive of the earlier findings, our animal and cell culture experiments 

demonstrated NE-induced decrease of the ADRB2 receptor expression. Moreover, analyses 

of the human data showed that the ADRB2 genotype rs1042714 affecting the levels of 

membrane-bound ADRB2 had a moderating effect on the bullying-anxiety relationship. 

Moreover, individuals with the rs1042714 C allele had a significantly stronger association 

on the bullying-anxiety relationship as compared with G allele carriers. Again, information 

about genetic variation demonstrates how some individuals might be more resilient than 

others when exposed to psychological stressors. Also, such studies may provide some 

insight into the mechanism of how the receptor operates during chronic stress conditions. 

 

5.1.4. Summary of the discussion of results 

 

Taken together, exposure to persistent psychological stressors in the form of workplace 

bullying in humans or repeated social defeat in rats induces a state of inflammation. 

Insufficient anti-inflammatory signaling due to the missing “breaks” of the SNS and HPA 

axis, i.e., parasympathetic activity and negative feedback functions of glucocorticoids, may 

be a consequence of chronic exposure to stressors that causes overload on the adaptive 
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mechanisms of the body. Failure of the adaptive mechanisms to reinstate homeostasis may 

then again lead to mal-adaptation and pathophysiology.  

 

All three papers in the present thesis present findings that link exposure to persistent 

psychological stressors to inflammation. Chronic inflammation, also known as low-grade 

systemic inflammation, is generally found to be associated with negative health outcomes 

(Jacobsen et al., 2019; Jacobsen et al., 2018; Liu et al., 2020; Miller et al., 2019; Tang et 

al., 2018). As described, inflammatory cytokines may interfere with neurocircuits and affect 

mental health (Geng et al., 2018; Niraula et al., 2018; Tang et al., 2018). Chronic 

inflammation has also been reported to be associated with increased pain sensitivity 

(Crettaz et al., 2013; Jacobsen et al., 2019; Sawicki et al., 2019) for review see (Walker et 

al., 2013). The condition of low-grade systemic inflammation seems to initiate a vicious 

circle that tears down both mental and physical health. Therefore, more effort should be 

invested in examining the underlying biological mechanisms of workplace bullying in 

humans. Though the aim of most bullying researchers is to understand how and when 

workplace bullying is related to other variables such as health, it is equally important to 

understand the biology and pathobiology of bullying exposure to understand how targets 

suffer as they do and to provide efficient treatments to the targets of bullying.  

 

In that respect, the present thesis provides results that may be supportive of earlier findings 

indicating low-grade systemic inflammation as a link between exposure to chronic stressors 

and health (Miller et al., 2019; Niraula et al., 2018). Investigating the bullying-health 

relationship from a biological perspective revealed stress-induced physiological and 

behavioral changes. Moreover, the pro-inflammatory profile of the isolated myeloid cells, 

i.e., diminished anti-inflammatory effects of the ADRB2 and increased IL-6 expression, 

was suggestive of the possible stress-induced mal-adaptations of the stress response 

systems. Overall, the presented studies suggest that exposure to chronic psychological 

stressors, in the case of workplace bullying, leads to mal-adaptation of the stress response 



 

64 

 

systems, causing a chronic inflammatory condition, which may eventually progress to cause 

detrimental mental and physical health effects.  

 

5.2. Methodological considerations and discussion 

 

5.2.1. Sampling, generalizability and internal validity – 

human cohort 

 

Both studies (paper I and III) used data collected from the Norwegian workforce. Among 

the 5000 questionnaires sent out by mail, 1608 persons returned their questionnaires (32 % 

response rate), and of these, 1204 individuals returned their saliva samples (24 %).  

 

The response rate is of importance as it may be used as an indicator for the validity of the 

results in which a  high response rate is associated with larger data samples, high statistical 

power, and smaller confidence intervals around sample statistics (Baruch & Holtom, 2008). 

Instead, if the response rate is low, the respondents may have a greater influence on the data 

and may affect the representativeness of the population. This type of bias may generate 

inaccurate conclusions and may prevent generalizing the results (Draugalis & Plaza, 2009).     

 

Although a high response rate is important, the method used to obtain the sample may be 

equally important. As described in the method section, the collected sample was based on 

randomly selected subjects from the Norwegian working population between the ages of 

18 to 65. Probability sampling gives each subject an equal chance of being selected (Shorten 

& Moorley, 2014). However, since the response rate was only 30 %, we cannot be certain 

if the collected sample is representative of the general working population in Norway. Also, 

the generalizability of the results may be threatened by nonresponse bias since the responses 

may not adequately reflect the population as a whole. However, since the nonresponse rate 
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has a limited impact on internal validity (Schalm & Kelloway, 2001), it should not be a 

problem concerning our findings.  

 

All the main instruments used in the present thesis had a Cronbach's alpha value above the 

recommended 0.7 value, indicating strong internal stability of all scales (Cronbach, 1951). 

Even though this measure of internal consistency and scale reliability is within the 

acceptable range, issues related to construct validity can emerge. The NAQ-R inventory 

used in this thesis, to measure bullying, does not include one key element of the bullying 

definition – the power imbalance between the target and perpetrator. As such, the 

instrument does only ask the respondents for the frequency and duration of potential 

bullying behaviors in the workplace. Hence, we do not know if the respondents perceive 

the negative behavior as bullying or not.  

 

Common method variance, i.e., variance that is attributable to the measurement method 

rather than to the constructs, represent a general problem in cross-sectional surveys, for 

review see (Podsakoff et al., 2003). In such surveys, the data on both stressors and potential 

outcomes are collected at the same time from the same respondent, which may threaten the 

validity of the conclusions made about the observed relationship. For instance, towards the 

end of a long questionnaire, the respondent may feel exhausted and be less thorough and 

less willing to provide accurate responses, for review see (Podsakoff et al., 2012). Although 

this may be a weakness also in the present study regarding the human data, the strength of 

our studies (paper I and III) is the inclusion of objective genetic variables, i.e., genotypes. 

These variables are determined using the DNA extracted from the respondents' saliva, 

which is then not a source of such a bias, and which should reduce somewhat the problems 

of common method variance inherited in the employed cross-sectional survey data.    
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5.2.2. The resident intruder paradigm  

 

In the present thesis, the resident intruder paradigm was conducted to study the effects of 

exposure to psychological stressors in the form of repeated social defeat in rats. As 

previously explained, it was believed that the paradigm had some resemblance to ongoing 

bullying in humans and is a frequently used model to address the effects of psychological 

stressors by inducing social defeat in the intruder rats (Finnell et al., 2017; Koolhaas et al., 

2013; Wohleb et al., 2011). A benefit of using rats, in this context, is their clearly defined 

hierarchy system (Lozano-Montes et al., 2019; Raab et al., 1986), which enables them to 

successfully induce a situation of a power imbalance between the resident and intruder rat. 

Also, the use of animals that can be sacrificed facilitates tissue harvesting, which is crucial 

when examining neuroendocrine and immunological changes following exposure to 

persistent psychological stressors.  

 

The resident bully rats were selected based on aggressivity and superior body weight to 

assure the establishment of the power imbalance in the stress-conditioning week. Long 

Evans rats met both conditions. The most aggressive resident rats were screened prior to 

the stress-conditioning week based on latency to attack and endurance (Koolhaas et al., 

2013). The Long Evans rats were housed in a 0.56 m2 along with the female companion, to 

assure a more protective scene, to increase territoriality. Cleaning of the resident cages was 

also avoided since territoriality is strongly related to the presence of olfactory cues 

(Koolhaas et al., 2013). Seven weeks old Sprague Dawley rats – lower in body weight 

compared to Long Evans rats – were used as intruder rats. Group housing has shown to 

blunt the effects of social defeat in male rats due to positive interactions (Ruis et al., 1999) 

and for review, see (Beery & Kaufer, 2015). However, since isolation is a known stressor 

to rats and was not the intention of the present study, all animals were housed in pairs 

(Koolhaas et al., 2013). Moreover, since rats are nocturnal animals, the stress-conditioning 

was conducted in the dark phase when their activity is at the peak.  
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Handling of the rats induces stress but is necessary when cleaning cages and during 

transportation. Similarly, skin injuries due to biting may also affect the integrity of repeated 

social defeat as the only causative factor (Engler et al., 2004; Kollack-Walker et al., 1997). 

Therefore, only two caretakers performed all handling and husbandry routines throughout 

the entire study to avoid unnecessary exposure to stressors. Also, the interplay between the 

resident and intruder rat was closely monitored, and the rats were separated from the 

resident rats upon social defeat, as defined earlier, or after 10 minutes of interaction to 

prevent injuries (Merlot et al., 2003).  

 

5.2.3. Social interaction test  

 

A modified version of Crawley’s sociability test (Nadler et al., 2004) was conducted one 

day after the last defeat exposure to investigate the effects of repeated social defeat on social 

interaction behavior (Kaidanovich-Beilin et al., 2011). To avoid disturbing their light-dark 

cycle and because increased illumination may decrease social interaction (File & Hyde, 

1978), the test was performed in their night phase with minimal lighting conditions (15 lux) 

that was still sufficient for the camera recording. Also, since the unfamiliarity of the test 

box has shown to decrease the social interaction time of the rats (File & Hyde, 1978), four 

minutes were given for habituation before allowing the rat to explore the rest of the box.  

 

The size of the sociability chamber used in the present study was relatively small, 0.56 m2, 

which may have caused less sensitive measures. One way of overcoming this issue would 

have been to study social vigilance – a state in which exploratory behavior is substituted 

with scanning behavior (Abrams et al., 2005). Exposure to social stressors may increase 

social vigilance behavior in which the animal orients to an unfamiliar individual without 

approaching (Duque-Wilckens et al., 2018; Williams et al., 2020), which may be associated 

with anxiety-like behavior. Such scoring would perhaps give an insight that signifies social 
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withdrawal (Cryan & Holmes, 2005), commonly observed following social defeat, and is a 

common symptom observed in depressed individuals (Derntl et al., 2011).  

 

Opposed to our observations, the mainstream of studies report that social defeat suppresses 

locomotor activity (Mul et al., 2018; Ota et al., 2018). The increase of locomotor activity, 

as observed in our data, may, however, be argued by structural changes in the brain in which 

the slow and attentive PFC regulation is dominated by the reflexive controlling of the 

amygdala (Giustino et al., 2020; Liu et al., 2020; Patel et al., 2018; Zhang et al., 2019). 

Also, the absence of exploratory behavior may result in a more continuous movement 

compared with control rats that may have fragmentary movements due to their exploratory 

behavior. The inter-individual differences may also influence the result and should, 

therefore, be considered in future studies. Also, due to contradictory findings, further 

investigations should be performed.  

 

5.2.4. Anesthesia  

 

The animals were anesthetized by isoflurane – a stable gas for inhalation-induced general 

anesthesia. It gives sedation, muscle relaxation, and may also affect nociceptive processes 

(Hung et al., 2011). Although isoflurane enabled rapid adjustment of anesthetic depth, the 

rats were exposed to a stressful event when exposed to the anesthesia induction chamber. 

Despite being short-lasting, this exposure could mask differences in circulating NE levels, 

which may partly explain why we did not observe any group differences when measuring 

NE concentrations in the circulation. Moreover, though the induction time of 1-2 minutes 

should not be sufficient to mask differences in circulatory glucocorticoids (Thrivikraman 

et al., 2000), the circadian and ultradian fluctuations of glucocorticoids made it challenging 

to hit right on time to measure potential group differences.  
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5.3. Ethical considerations  

 

5.3.1. Human study  

 

Performing research on humans includes retaining person sensitive data in which ethical 

considerations are highly important. Participation should be voluntary, and the 

anonymization of the respondents is compulsory, as is the case in the present study (World 

Medical, 2001). The respondents should be offered the ability to withdraw their consent at 

any time point in the study, without any explanation (World Medical, 2001). In the present 

thesis, the respondents were asked to return their saliva samples in addition to the 

questionnaires. As described in the method section 1204 out of 1608 responders returned 

their saliva samples. Although the respondents were assured that the details would be 

anonymized and undisclosed, it may be intimidating to send biological samples that contain 

genetic material, which may explain the drop in the number of respondents.  

 

When examining genetic variation as an explanation for the various outcomes of exposure 

to workplace bullying, one should tread carefully to avoid being accused of “blaming the 

victim” (Zapf & Einarsen, 2003). “Blaming the victim” involves making arguments that 

the personalities, actions, and inactions of the target are partly the reason for the 

wrongdoing of the predator (Cortina et al., 2017). This also involves approving that it is the 

target who is responsible for the misconduct of another.   

 

Although genetics play an important role in most human characteristics (Polderman et al., 

2015), e.g., personality, behavior, and coping strategies, the present study did not examine 

the probability of certain genetic traits as a risk factor for exposure to workplace bullying. 

Rather, the present study investigated the direct and moderating effect of genetics on the 

outcome, i.e., insomnia and anxiety, when exposed to bullying behaviors. For example, 

exposure to workplace bullying is associated with insomnia. However, the association 
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between the predictor and outcome was shown to be stronger among individuals with the 

miR-146a GG genotype compared with individuals with the GC/CC genotype. Assigning 

certain genetic traits as being more sensitive or vulnerable to negative behaviors may be 

problematic ethically. It may be misused to “blame the victim,” to take the focus away from 

perpetrators and situational and organizational risk factors, and may allow for genetic 

discrimination. However, this issue may be overcome by examining genetic variations as a 

health factor rather than a causal factor, as done in the present thesis. Despite the ethical 

challenges of studying genetics, knowledge, and information about genes and genetic 

variation may be of importance to understand the differences in health problems and, in the 

end, to provide better and more personalized treatments to the individual.    

 

5.3.2. Animal study 

 

Ethical considerations in animal research are also essential. The ethical guidelines followed 

in the present study are the three R’s of Replacement, Reduction, and Refinement (Russell 

& Burch, 1959). Replacement is the substitution of living animals with other methods such 

as in vitro biological systems or computerized models. It is important to weigh the use of 

animals up against the benefits. The use of animals in experiments has benefited humans, 

but it is important to recognize that the life of animals is also valuable. As such, the use of 

animals should be substituted as often as possible. Currently, there are no other methods in 

which exposure to repeated social defeat and the following physiological effects can be 

assessed. Although cell culture experiments can substitute animal experiments to some 

degree, the biological systems and the dynamic interactions occurring in the body are 

impossible to study in cell culture experiments where you have single cells on a plastic cell 

plate. Hence, a replacement of the animal model – to study behavioral and physiological 

effects following exposure to persistent stressors – was not possible in the present study.  
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Reduction refers to the use of a minimal number of animals required to obtain reliable data. 

In the present study, 15 male and 15 female Long Evans rats were initially purchased for 

the purpose of this study to select the ten most dominant and aggressive resident rats. Since 

only ten male and ten female Long Evans rats were used in the animal study, in the end, it 

may seem unnecessary with the additional rats. However, even though the Long Evans rat 

strain is aggressive, there may be individual variations (Blanchard et al., 1984). Since the 

dominant and aggressive behavior of the resident rat is essential in the paradigm, the 

screening procedure was considered as unavoidable. Also, eight Sprague Dawley rats were 

used only for the purpose of the screening procedure. With this in mind, the minimal 

number of animals were used for the purpose of this study.    

 

Refinement is to minimize the overall impact on the animals used. That is to choose less 

invasive methods. In our study, the rats were not exposed to any invasive procedures before 

the day of euthanasia. Also, bits and wounds during the resident-intruder paradigm were 

avoided by closely monitoring the interaction between the resident and intruder rat and by 

separating the rats after defeat or after ten minutes of interaction. However, during the 

stress-conditioning week, the experimenters (during handling) observed muscle fatigue and 

exhaustion in intruder rats (those exposed to a resident bully rat) compared with control 

rats. Also, throughout the stress-conditioning week, the intruder rats showed defeat 

behavior much earlier than the previous days of the week, indicating a reduced tendency to 

fight back (Landgraf et al., 2015). These observations may indicate – although invasive 

procedures and bits and wounds were avoided – that the repeated social defeat model 

imposed a strong sociopsychological stressor with a strong impact on the intruder rats. 

These observations might raise the question of whether conducting such experiments is 

ethically appropriate, even if the guidelines of the three R’s were followed.  
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5.4. Implications  

 

The results in this thesis show that targets of bullying develop health problems such as 

insomnia and anxiety, which may be explained by the low-grade systemic inflammatory 

state of the body following exposure to persistent stressors. Similarly, the animal study 

demonstrated physiological changes in the stress response system and a pro-inflammatory 

shift of the immune system following exposure to repeated social defeat. These findings 

are supportive of the allostatic model. Even though the adaptive mechanisms following 

acute stress exposure were not examined in the present thesis, the findings following 

exposure to persistent stressors are indicative of disturbances and mal-adaptation of 

mechanisms of the stress response system and the immune system.  

 

Examinations of genes important in the stress response system and inflammation, e.g., the 

ADRB2, may improve our knowledge of how targets of bullying may react to stressful 

situations and that there are individual health-related differences in vulnerability, resilience 

and coping strategies when exposed to such stressors. Although individual variations and 

personal coping strategies do not seem to matter in high bullying intensity cases (Hamre et 

al., 2020; Nielsen et al., 2017; Reknes et al., 2016), such knowledge may help us understand 

how adaptive mechanisms shift to becoming mal-adaptive, leading to pathophysiology and 

severe health problems.  

 

The findings of the present study emphasize the importance of investigating underlying 

biological mechanisms that are affected when exposed to persistent social stressors such as 

workplace bullying in humans. Investigating the bullying phenomenon from a biological 

perspective has given insight into how such strong psychological stressors leads to adverse 

health problems. Although genetic predispositions and personal coping strategies do not 

matter during high-intensity bullying, the understanding of genetic variations may be 

important in the understanding of why individuals respond differently to treatments. 
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Genetics is the basis for how biological components, e.g., proteins, interact with each other, 

and orchestrate cellular activities. At the organismal level, these genetic variations may 

affect how the physiological and psychological processes function during normal 

conditions and how they become mal-adapted during chronic exposure to stressors. Thus, 

the understanding of genetics and the underlying biological mechanisms of the bullying-

health relationship may improve our knowledge about the bullying phenomenon and its 

associations with other variables. Also, these findings may be of value when developing 

treatment strategies for targets of bullying in which genetics should be taken into 

consideration. The present study, thus, emphasizes the importance of investigating the 

bullying phenomenon, at least the health-related part of the problem, from a 

biopsychosocial perspective. In the future, similar studies should be performed to improve 

our knowledge about the bullying phenomenon further, as biology is a central part of human 

experiences and may provide valuable information and understanding of the underlying 

mechanisms on the bullying-health relationship.  
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6. Future perspectives  

 

6.1. Human study  

 

The human arm of the project was based on a probability sample of the Norwegian working 

population. Replication in a different cohort should be conducted in order to validate the 

current findings on other cultures. While our sample should be quite relatable to the general 

working population in Europe, the detrimental effects of bullying may be less protruding 

in our sample due to the low prevalence of bullying in Norway (Jacobson et al., 2013; 

Nielsen et al., 2009). The hierarchical system in Norwegian organizations is relatively low 

compared to other European countries (Jacobson et al., 2013). As such, there is a chance 

that the biological effects may be diluted. It may, therefore, be reasonable to choose a cohort 

with a higher incidence of bullying and perhaps higher power distance when assessing the 

underlying biological systems that are affected, e.g., organizations with known high 

bullying rates. Studying such a cohort, which is more homogenous, may be valuable and 

help improve our knowledge about the underlying biological mechanisms that are affected 

by persistent exposure to stressors.  

 

The results of paper I and III highlighted the importance of genetic variations and their 

effect on the studied outcome. Examinations of the moderating effects of miR-146a and 

ADRB2, central in the stress response system and inflammation, was performed. However, 

other genes in these systems may be more important and may play an even more crucial 

role in the vulnerability of developing adverse health effects (needle in a haystack problem). 

One way to conquer the problem may, therefore, be to perform screening analyses on the 

biological material collected from persons that are exposed to and not exposed to a 

psychological stressor, as previously done by Jacobsen et al. (2019) of which stress-induced 

changes in circulating miRNAs in rats were screened for and further analyzed. Examining 
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the differences between the two groups may identify genes that become significantly 

altered. The selected genes should then be prioritized based on their importance in stress 

response-related biological pathways or the immune system that are of interest.   

 

6.2. Animal study  

 

Studies have demonstrated the presence of gender differences in depression, anxiety 

disorders, and subjective pain (Glambek et al., 2018; McLean et al., 2011). However, the 

majority of studies on repeated social defeat conducted so far, including the present thesis, 

have been conducted exclusively in male rats (Finnell et al., 2017; Henderson et al., 2017; 

Patel et al., 2018). The reason being that male rodents are often more territorial than female 

rats. Also, initiating an attack behavior in females is more challenging (Golden et al., 2011; 

Miczek et al., 2008; Takahashi et al., 2017). While male rats tend to react to the exposed 

stressor, female rats have been found to respond by avoiding the stressor (Takahashi et al., 

2017). Thus, it has been undemanding to conduct animal studies using male rats. However, 

females are part of the working population and are equally vulnerable as men to be exposed 

to workplace bullying. As such, future experiments should consider using female rats to 

understand the physiological and psychological effects that may be different from the 

findings in male rats, which may explain any gender differences in subjective health 

complaints (Glambek et al., 2018). Also, the intruder rats used in the present study were 

young adolescence (seven-eight weeks) at the time of exposure to repeated social defeat. 

At this stage of life, the brain is under substantial development, particularly in the PFC and 

amygdala – important for cognition and emotion – and maturation of the HPA axis, for 

review see (Eiland & Romeo, 2013; McCormick & Mathews, 2010). This period may, 

therefore, increase the vulnerability of rats to stressor induced negative health-related 

outcomes. On should bear in mind these differences when translating the findings to 

humans. Also, studies using adult rats should be preferred in future research as we study 

the effects of bullying in a working population consisting of adults.  
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As previously discussed, the social interaction test to assess social avoidance behavior did 

not result in any clear findings. However, in future studies, behavioral assessments such as 

sucrose preference test to measure stress-induced anhedonia – the inability to experience 

pleasure – may be used (Willner et al., 1987). Reduction in the sucrose preference in stress-

induced rats compared with control rats is often indicative of depression-like behaviors. 

The light/dark preference test is also a tool to measure behaviors that are characteristic of 

anxiety (Arrant et al., 2013). Even though physiological changes following exposure to 

repeated social defeat are examined, behavioral assessments – to examine depression- and 

anxiety-like behavior – are needed to validate the reliability of the repeated social defeat 

model. As such, conducting multiple evaluations of behavior may be convenient in future 

studies. 

  

Examination of the isolated splenic myeloid cells from rats showed a reduced ADRB2 and 

ARRB2 gene expression and increased expression of IL-6. Myeloid cells are essential 

components of the innate immune system and perform crucial functions to trigger the 

adaptive immune response, e.g., antigen presentation. However, examination of every 

immune cell population would have given a broader overview, and an insight into the 

changes caused to the immune system following persistent exposure to stressors. The 

different percentages of the different cell populations may indicate the priorities of the 

immune system following chronic exposure to stressors. Also, it would have been possible 

to estimate the degree of egress of immune cells from the BM to the periphery following 

exposure to chronic psychological stressors.  

 

Future studies should place more emphasis on stratifying susceptible and resilient 

individuals, which may be more informative concerning individual variations. 

Understanding the causative processes that may be different depending on resiliency may 

help researchers understand the depth of the harmful effects in the different individuals 

(Hamre et al., 2020). Such knowledge may be helpful in interventions and treatments of 
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targets of bullying. Due to the low number of rats in the present study (ten in each group), 

the sub-grouping of the stress-exposed rats was not statistically achievable. Hence, studies 

employing a larger number of rats should be conducted in the future. 

 

The study of epigenetic mechanisms – changes in gene expression that do not involve 

changes to the DNA sequence – may be indicative of gene silencing or gene activity 

following exposure to chronic social stressors (Hollis et al., 2010; McEwen, Gray, et al., 

2015). Our group has already initiated this study in which the methylation profile of 

pituitary DNA is analyzed. These modifications are chemical compounds that are added to 

the DNA strand, which alters DNA accessibility and subsequent transcription of the gene. 

Such whole-genome analysis may give cues to various pathways that may be dominating 

in the pituitary gland following persistent exposure to psychological stressors. Such data 

may provide an idea of the altered signaling pathways in pituitary cells when exposed to 

chronic psychological stressors. Such knowledge may improve our understanding of how 

the pituitary gland (at the cellular level) – an important component of the HPA axis – 

respond to chronic stressors. This understanding may further be applied to investigate the 

downstream pathways and to obtain a better idea of how the physiological alterations lead 

to negative health outcomes following exposure to chronic stressors.  
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7. Conclusion 

 

The present thesis demonstrated that persistent psychological stressors (workplace bullying 

humans and repeated social defeat in rats) may induce behavioral, neuroendocrine, and 

immunological changes that may be important in order to understand the relationship 

between exposure to workplace bullying and the development of health problems.  

 

 The findings in the first article showed that exposure to bullying is associated with 

insomnia through distress. This association was shown to be moderated by the miR-

146a genotype rs2910164, which may suggest an inflammatory link between 

exposure to workplace bullying and the development of negative health problems.  

 

 The findings in the second paper showed that exposure to repeated social defeat may 

induce negative health effects, including increased locomotion, reduced weight gain, 

hypothalamic-pituitary-adrenal (HPA) axis changes, and an increased inflammatory 

profile of the isolated myeloid cells. These data support the idea that persistent 

exposure to stressors may cause behavioral and physiological changes.  

 

 The findings in the third paper showed that exposure to persistent psychological 

stressors also changes the expression of the β2-adrenergic receptor (ADRB2). A 

moderating effect of the ADRB2 genotype rs1042714 on the bullying-anxiety 

relationship was observed. The pro-inflammatory effects of exposure to social 

stressors were also emphasized by the subsequent in vitro experiments.  

 

Hence, the present thesis supports the idea that exposure to persistent stressors in the form 

of workplace bullying may have severe biological consequences. Our data, therefore, 

support the hypothesis that the burden of exposure to chronic stressors leads to allostatic 

overload. This may also promote a state of low-grade systemic inflammation and mal-
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adaptive processes, which involve changes in the bi-directional communication between 

the brain and the immune system. Thus, workplace bullying may alter the regulation of 

neurocircuits in the brain as well, which in turn may be linked to negative health effects 

such as anxiety and insomnia.  

 

In addition, the findings of the present thesis show a clear link between exposure to 

persistent psychological stressors, genetic factors, and severe health problems seen in 

targets of bullying. Therefore, we conclude that chronic activation of the neuroimmune 

system arising following exposure to bullying behaviors may cause harmful physiological 

changes. How these physiological changes affect individual differences in resilience and 

coping strategies and the role of genetic factors concerning these aspects of the bullying 

phenomenon remains to be investigated.  
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Several lines of evidence show that systematic exposure to negative social acts at
the workplace i.e., workplace bullying, results in symptoms of depression and anxiety
among those targeted. However, little is known about the association between bullying,
inflammatory genes and sleep problems. In the present study, we examined the indirect
association between exposure to negative social acts and sleep through distress,
as moderated by the miR-146a genotype. The study was based on a nationally
representative survey of 1179 Norwegian employees drawn from the Norwegian Central
Employee Register by Statistics Norway. Exposure to workplace bullying was measured
with the 9-item version of Negative Acts Questionnaire – Revised (NAQ-R) inventory.
Seventeen items from Hopkins Symptom Checklist (HSCL-25) was used to measure
distress. Insomnia was assessed with three items reflecting problems with sleep onset,
maintenance of sleep and early morning awakening. Genotyping with regard to miR-
146a rs2910164, previously linked to inflammatory processes, was carried out using
Taqman assay. The data revealed that individuals systematically exposed to negative
social acts at the workplace reported higher levels of sleep problems than non-exposed
individuals. Moreover, the relationship between distress induced by exposure to negative
social acts and insomnia was significantly stronger for individuals with the miR-146a GG
genotype. Thus, the miR-146a genotype moderated the association between distress
and insomnia among individuals exposed to negative social acts. The present report
support the hypothesis that inflammation could play a role in stress-induced insomnia
among individuals exposed to workplace bullying.

Keywords: bullying, distress, insomnia, genotype, miR-146a, rs2910164

INTRODUCTION

Exposure to bullying at the workplace, be it from one’s peers or one’s superiors, is a prevalent social
stressor with severe consequences in those targeted (Nielsen and Einarsen, 2012). Representing a
systematic form of exposure to workplace mistreatment, the term “bullying” refers to a situation
in which a person repeatedly is subjected to negative social acts in a situation, where the target is
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unable to defend him/herself (Einarsen and Skogstad, 1996;
Gredler, 2003). Bullying is not an either or phenomenon, but
rather a gradually escalating process ranging from single acts
of incivility to systematic exposure to aggression and social
exclusion at work. To this date, most research on outcomes
of bullying has focused on mental distress and has established
bullying as a significant predictor of depression and anxiety
in targets (Hansen et al., 2011). The empirical evidence for
an association between bullying and sleep is; however, more
scarce. Yet, from a bio-physiological perspective, it is theoretically
plausible that systematic exposure to bullying-related stress at
work also affects sleep via elevated levels of distress. For example,
exposure to negative social acts may induce mental distress
caused by cognitive rumination and persistent central nervous
system (CNS) activation – which in turn could be associated
with sleep problems (Akerstedt, 2006; Fortunato and Harsh, 2006;
Han et al., 2012).

Exposure to negative social acts is a strong stressor that
may affect both the hypothalamus in the brain stem and
the autonomous nervous system (ANS). Thus, an alternative
explanation for an association between exposure to negative
social acts and sleep is that the exposure may lead to a
disturbed balance between the parasympathetic and sympathetic
branch of the ANS, i.e., reduced acetylcholine (Ach) and
more norepinephrine (NE) release close to the ANS target
organs (Mineur et al., 2013; Won and Kim, 2016). Moreover,
exposure to systematic negative social acts, through the
sympatho-adreno-medullary connections, increase the release
of circulating catecholamines. Exposure to negative social acts
also activates the hypothalamic-pituitary-adrenal (HPA) axis,
which promote release of corticotrophin releasing hormone
(CRH), adrenocorticotrophic hormone (ACTH) and cortisol
(Akerstedt, 2006).

Interestingly, reduced parasympathetic or increased
sympathetic activity following exposure to negative social
acts may promote inflammatory processes in circulating immune
cells through the influence on the spleen and other lymphoid
tissues. Such stress-induced autonomic influence on lymphoid
tissues, may be associated with low-grade systemic inflammation,
which in turn could be linked to sleep problems (Motivala,
2011). In addition, in the initial stage of sleep, the level of ACTH
and cortisol is reduced. This suppresses the activity of HPA axis
and induces sleep. In the later stage, before awakening, HPA
axis activity increases. Accordingly, the rise of ACTH in the
morning controls the end of sleep (Akerstedt, 2006). Therefore,
increased HPA axis activity due to distress, will most likely
also cause insomnia.

Stress-induced changes in the immune system involves many
innate immune cells i.e., lymphoid and myeloid cells, which
release circulating cytokines (Chrousos, 1995; Turnbull and
Rivier, 1995). Over time this could be a threat to homeostasis
of the immune system (Turnbull and Rivier, 1995) and is
therefore, maladaptive (Wohleb et al., 2015). Thus, chronic stress,
including exposure to bullying, may be associated with many
negative physiological and immunological changes (Chrousos,
1995; Wohleb et al., 2015). Increasing evidence support the idea
that microRNAs (miRs), RNA molecules of ∼ 22 nucleotides

in length, play key roles in these immunological processes
(McDonald and Ajit, 2015). The miRs bind to messenger RNA
(mRNA) and inhibit translation of mRNA to proteins by binding
to complementary sequences in the 3′ untranslated region
of a specific mRNA target. Alternatively, miR-binding to the
complementary sequence can result in degradation of the mRNA.

A crucial protein complex controlled by the ANS efferents
to the spleen, which also influences systemic inflammatory
processes, may be the NF-κB (nuclear factor kappa-light-chain-
enhancer of activated B cells). Interestingly, activation of the
NF-κB pathway in circulating monocytes or other immune cells
results in up-regulation of many inflammatory cytokines, but
also miR-146a – which in turn targets upstream proteins and
further modulate the inflammatory response (Saba et al., 2014).
Therefore, the gene encoding miR-146a (Baltimore et al., 2008;
Saba et al., 2014), has been implicated to play a central role
in regulating the innate immune response (Saba et al., 2014;
Lee et al., 2016). Given that low-grade systemic inflammation
promotes insomnia (Motivala, 2011), the miR-146a rs2910164 G
allele that supports inflammatory processes (Shen et al., 2008),
may also affect sleep.

Several lines of evidence show that miR-146a may be a
dominant, negative regulator of the innate immune response
(Saba et al., 2014; Lee et al., 2016). For example, miR-146a
can target mRNA of proteins in the NF-κB pathway, which
in turn may regulate the expression of a cluster of cytokines
including IL-1 and TNFα. Interestingly, it has been proposed
that miR-146a may influence on Toll-like receptor and cytokine
signaling in monocytes through a negative feedback loop
involving down-regulation of IL-1 receptor-associated kinase 1
and TNF receptor-associated factor 6 protein levels (Taganov
et al., 2006). Moreover, nitric oxide synthase 1 (NOS1), an
important retrograde signaling molecule in the CNS that also
affects peripheral inflammatory processes, is reported to be a
target of miR-146a (Zhang et al., 2018). Therefore, based on the
link between stress-induced inflammation and sleep – and the
fact that miR-146a may control both IL-1, TNFα and NOS1 – we
hypothesized that the relationship between distress and insomnia
may be amplified by the miR-146a rs2910164 GG genotype.
A graphical illustration of the proposed relationship investigated
in the present study is shown in Figure 1.

MATERIALS AND METHODS

Design and Sample
This study is based on a probability survey of the Norwegian
workforce. A random sample of 5000 employees was drawn
from The Norwegian Central Employee Register by Statistics
Norway. The Norwegian Central Employee Register is the
official register of all Norwegian employees, as reported by
employers. Sampling criteria were adults from 18 to 60 years of
age employed in a Norwegian enterprise. Questionnaires were
distributed through the Norwegian Postal Service during spring
2015. Altogether 1608 persons returned the questionnaire (32%)
and all respondents provided usable responses. Subjects who
gave consent were also sent saliva collection kits. Among these,
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FIGURE 1 | A graphic illustration of the proposed relationship between
workplace bullying, distress and insomnia moderated by the miR-146a
genotype (adjusted for the covariates age and sex).

1204 returned the saliva sample kit. The analyses were; however,
performed with 1179 subjects due to missing data. The survey
was approved by the Regional Committee for Medical Research
Ethics for Eastern Norway. Responses were treated anonymously,
and informed consent was given by the respondents.

Mean age was 45.19 (SD = 10.04) years with a range from
21 to 61 years. The sample consisted of slightly more women
(52.1%) than men (47.8%). In total, 54.9% were married, 24.5%
were common-law partners, 13.8% were unmarried, and 6.8%
were widowed, separated, or divorced. Altogether 8.4% had less
than 11 years of education, 30.8% had between 11 and 13 years,
32.3% had between 14 and 17 years, and 28.5% had 18 or more
years. A total of 89.6% were in a full-time employment, 6.6%
were in part-time employment, 3.5% were on a sick leave or
occupational rehabilitation, and 0.3% were disabled pensioners
or retired. Moreover, 36% had a leadership position with
personnel responsibilities. Comparisons of sample characteristics
with available data from Statistics Norway suggested that the
sample distribution was somewhat skewed compared to the
overall working population with regard to gender (53% men in
population), educational level (less than 11 years of education:
17%; between 11 and 13 years: 42%; more than 14 years: 41% in
population), and age mean of 41.8 years in population.

Instruments
Exposure to negative social acts at the workplace was measured
with the 9-item version of the Negative Acts Questionnaire –
Revised (NAQ-R) inventory (Einarsen et al., 2009). NAQ-R
describes negative and unwanted behaviors that may be perceived
as bullying if occurring on a regular basis. All items are
formulated in behavioral terms and hence, focus on the mere
exposure to inappropriate behaviors while at work with no
references to the term bullying (Einarsen and Nielsen, 2015).
The NAQ-R contains items referring to both direct (e.g., openly
attacking the victim) and indirect (e.g., social isolation, slander)
behaviors (Einarsen et al., 2009). The items do also distinguish
between personal and work related forms of bullying (Einarsen
et al., 2009). Example items are “Being ignored or excluded,”
“Repeated reminders of your errors or mistakes,” and “Someone

withholding information which affects your performance.” The
respondents were asked to indicate how often they had been
exposed to each specific item in questionnaire at their present
worksite during the last 6 months. Response categories ranged
from 1 to 5 (‘never,’ ‘now and then,’ ‘monthly,’ ‘weekly,’ and
‘daily’). This nine item version of the NAQ-R had a Cronbach’s
alpha of 0.86 in this study.

Seventeen items from Hopkins Symptom Checklist (HSCL-
25) reflecting typical symptoms of anxiety and depression
measured symptoms of psychological distress during the last week.
The HSCL is a valid and reliable (Rickels et al., 1976) self-
administered instrument measuring mental distress (anxiety,
depression, and psychosomatic complaints) in population
surveys (Derogatis et al., 1974). Earlier comparisons show that
shorter versions perform as well as the more extensive versions
of the inventory (Strand et al., 2003). Responses were given on a
four-point scale, ranging from “1 = not at all” to “4 = extremely.”
Example items are “Feeling no interest in things” and “Feeling
hopeless about the future.” Cronbach’s alpha for this scale was
0.87 in the current study.

Insomnia was assessed with three items reflecting problems
with sleep onset, maintenance of sleep and early morning
awakening. Response categories ranged from 1 to 4 (‘not
bothered,’ ‘a little bothered,’ ‘considerably bothered,’ ‘seriously
bothered’). These symptoms are core nocturnal characteristics of
insomnia, in line with modern nosology (American Psychiatric
Association, 2013; American Academy of Sleep Medicine, 2014).
A composite insomnia score was calculated by adding the score
of the three items and dividing the sum by three. The Cronbach
alpha for the insomnia scale was 0.81 in the present study.

Genotyping
As previously described (Jacobsen et al., 2018), genomic DNA was
extracted from saliva using an OrageneRNA sample collection
kit (DNA Genotech Inc., Kanata, Ontario, Canada). Single
nucleotide polymorphism (SNP) genotyping was carried out
using predesigned TaqMan SNP genotyping assays (Applied
Biosystems, Foster City, CA, United States). Approximately 10 ng
genomic DNA was amplified in a 5 µl reaction mixture in a 384-
well plate containing 1x TaqMan genotyping master mix (Applied
Biosystems) and 1x assay mix, the latter containing the respective
primers and probes. The probes were labeled with the reporter
dye FAM or VIC to distinguish between the two alleles. After
initial denaturation and enzyme activation at 95◦C for 10 min,
the reaction mixture was subjected to 40 cycles of 95◦C for 15 s
and 60◦C for 1 min on an ABI 7900HT sequence detection
system. Negative controls were included in every run. Genotypes
were determined using the SDS 2.2 software (Applied Biosystems,
Foster City, CA, United States). Approximately 10% of the
samples were re-genotyped and the concordance rate was 100%.

Statistical Analysis
Exposure to negative social acts was calculated using the mean-
score of the 9 items in the NAQ-R inventory. Since we in
our sample had 759 GG subjects, 401 GC subjects, but only
45 CC subjects, the miR-146a genotype was included as a
dichotomous variable, GG versus GC/CC. To investigate the
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hypotheses about main and moderating effects, we conducted
a moderated mediation regression analysis using a modeling
tool, SPSS; PROCESS v3.1, to test for linear associations between
exposure to negative social acts and insomnia, as well as the
interactive effects of negative social acts and miR-146a genotype
(GG versus GC/CC) with regard to insomnia. Deviation from the
Hardy–Weinberg equilibrium was tested by the Chi-squared test
(Chi2 = 0.7936).

As discussed in the introduction of this manuscript, there are
theoretical reasons for expecting that the impact of workplace
bullying on insomnia is mediated by psychological distress,
and that the magnitude of this relationship is conditioned
by miR-146a rs2910164 genotype. Specifically, we hypothesized
that bullying is expected to increase levels of distress and
the increased levels of distress is further expected to lead
to insomnia among employees with the GG genotype. To
empirically test this theoretical relationship we analyzed a
moderated mediation model.

A mediation model is one that seeks to identify and explain
the mechanism or process that underlies an observed relationship
between an independent variable and a dependent variable via
the inclusion of a third variable (i.e., mediator variable), in
our case between bullying and insomnia. According to Baron
and Kenny (1986), there is evidence that a variable mediates
the relationship between a predictor variable and an outcome
variable when each of the following conditions have been met:
(a) there is a significant relationship between a predictor (e.g.,
exposure to workplace bullying) and an outcome (e.g., insomnia),
(b) there is a significant relationship between a predictor and
a proposed mediator variable (e.g., psychological distress), (c)
there is a significant relationship between a proposed mediator
and an outcome (with the predictor controlled), and (d) the
strength of the relationship between a predictor and an outcome
decreases significantly when a proposed mediator is controlled
(Frazier et al., 2004). A full mediation is supported when a
predictor variable is no longer significantly associated with the
outcome after adjusting for the mediating variable. A moderated
mediation model is supported if the magnitude of the indirect
association between the predictor and outcome variable through
the mediator is conditionally dependent upon the values of the
moderator variable (e.g., in our case, miR-146a rs2910164).

The hypothesized moderated mediation model was tested in
full by means of the PROCESS macro (model 14) developed for
SPSS. PROCESS uses an ordinary least squares (OLS) or logistic
regression-based path analytical framework for estimating
indirect effects in both un-moderated and moderated mediation
models with a single or multiple mediators and moderators
(Hayes, 2013). Bootstrap methods are implemented in PROCESS
for inference about indirect effects in both unmoderated as well
as moderated mediation models. Bootstrapping is a statistical
procedure that allows for the calculations of effect sizes even
when you do not know the underlying distribution. The analysis
was adjusted for age and sex, as covariates. A significant
interaction term and a significant increase in explained variance
(R2) were considered as indicative of an interaction effect.

As the scores on the NAQ-R (skewness: 4.18, kurtosis: 26.85)
were non-normally distributed, all analyses were conducted

using bootstrapping (5000 resamples). The bootstrap method has
the advantage that it does not need to meet the assumptions
of normality, equal variances and homoscedasticity that are
required in ordinary regression analyses. Multicollinearity was
not an issue in the current study (VIF = 1.01). The level of
significance was set to p< 0.05.

RESULTS

The present data showed that 55% of the individuals included
in our probability sample reported exposure to at least one
negative act; NAQ> 1 at the workplace during the last 6 months.
Mean negative acts scores were similar for men and women;
NAQ = 1.18. The mean insomnia scores for men and women
were 1.64 and 1.72, respectively. ANOVA analyses with age and
gender as covariates showed no significant differences between
genotypes with regard to scores on NAQ, insomnia, and distress.

The characteristics of the subjects are presented in Table 1. As
expected, genotyping demonstrated that the majority, i.e., 63%,
of the subjects had the ordinary variant GG, whereas the rest,
i.e., 37%, carried the rare variant GC/CC. No deviation from the
Hardy–Weinberg equilibrium was observed.

The data from the moderated mediation analysis is presented
in Table 2. Analyses of direct associations between the predictor
and outcome variables in the hypothesized model showed that,
after adjusting for age and gender, exposure to negative acts, i.e.,
elevated NAQ score, was associated with insomnia (b = 0.55;
p < 0.001). Negative acts and the control variables explained
eight percent of the variance in insomnia. Exposure to negative
acts was also significantly associated with distress (b = 0.37;
p< 0.001), and explained 13.9% of the variance in distress. When
including the mediator (distress) and the moderator (miR-146a
GG versus GC/CC) variables in the analyses of the association
between exposure to negative acts and insomnia, the findings
showed that exposure to negative acts had an indirect (mediated)
association with insomnia through distress for both genotypes
(see Table 2). However, a significant interaction term showed that
this indirect effect was stronger among individuals with the GG
genotype (B = 0.31; 95% CI: 0.23–0.41) than among individuals
with the GC/CC genotype (B = 0.16; 95% CI: 0.08–0.23). Hence,
the present data revealed that there was an indirect relationship
between exposure to negative acts and insomnia through distress
and that the magnitude of this indirect relationship was stronger
for individuals with GG than for individuals with GC/CC
(Figure 2 and Supplementary Figure S1). When including the
mediator and the interaction term in the model, the variables
explained 19% of the variance in insomnia.

DISCUSSION

In the present study, we demonstrated that individuals
systematically exposed to negative social acts at the workplace
report higher levels of sleep problems than non-exposed
individuals. Our data also demonstrated that this association
may be strengthened among individuals having the miR-
146a rs2910164 GG genotype. Since previous observations
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TABLE 1 | Characteristics of the subjects grouped by the miR-146a genotype rs2910164; GG versus GC/CC.

Range GG GC/CC Sum T-test

N % Mean SEM N % Mean SEM

Subjects 758 62.9 446 37 1204

Insomnia 1 to 4 1.71 0.027 1.64 0.315 1.50

NAQ 1 to 5 1.18 0.011 1.21 0.017 −1.77

Distress 1 to 4 1.36 0.013 1.37 0.018 –0.51

Age 46 0.813 44.5 0.465

Male 378 49.8 200 44.8

Female 380 50.1 246 55.2

Education

Secondary school or less 20 2.6 6 1.3

High school 277 36.5 169 37.9

University ≤ 4 years 237 31.3 149 33.4

University ≥ 4 years 222 29.3 119 26.7

NAQ, Negative Acts Questionnaire; SEM, Standard error of the mean.

TABLE 2 | Regression analysis SPSS PROCESS model 14 with the miR-146a genotype rs2910164; GG versus GC/CC (bootstrapping with 5000 samples).

B SE P-value 95% CI

Distress

NAQ 0.3668 0.287 0.0000 0. 3104 to 0.4232

Age −0.0006 0.0005 0.2425 −0. 0016 to 0.0004

Sex 0.0954 0.0194 0.0000 0. 0573 to 0.1335

Insomnia

NAQ 0.3188 0.0600 0.0000 0. 2011 to 0.4366

Age 0.0043 0.0010 0.0000 0. 0023 to 0.0063

Sex 0.0182 0.0384 0.6356 −0.0571 to 0.0935

Distress 0.6752 0.0571 0.0000 0. 5632 to 0.7872

miR-146a GG∗ vs. GC/CC −0.0813 0.0394 0.0391 −0.1585 to -0.0041

Distress x miR146a GG∗ vs. GC/CC −0.4337 0.1080 0.0001 −0.6457 to -0.2218

∗reference group. The analysis were adjusted for the covariates age and sex. SE, standard error; CI, confidence interval.

FIGURE 2 | The relationship between psychological distress and insomnia
after correction for age and sex. Subjects were divided into groups based on
miR-146a genotype rs2910164; GG versus GC/CC.

show that miR-146a may be upregulated in, but also is a
regulator of inflammatory processes, the present data suggest that
inflammation could play a role in stress-induced insomnia among
individuals exposed to negative social acts.

Over the last 20 years, there has been an evolving
understanding of the bidirectional communication between the
CNS and the immune system (Krueger and Majde, 2003), which
also provides the network for sleep regulatory circuits in the brain
(Davis and Krueger, 2012). The important roles of cytokines
as signaling molecules in this communication and their ability
to bypass the blood-brain-barrier has also been recognized.
Several lines of evidence show that cytokines, i.e., IL-1 and TNFα

through their influence on neuronal signaling regulates sleep and
enhance non-rapid eye movements (Krueger and Majde, 2003;
Del Gallo et al., 2014). Studies also show that variation in plasma
levels of IL-1 and TNFα are associated with sleep quality in
patients with chronic inflammation (Krueger et al., 2011). The
correlation between cytokine levels, sleep and pathology support
the hypothesis that a low-grade systemic inflammation induced
by chronic stress, in our case social stress, could cause changes
in circulating cytokine levels, which influence on sleep circuits in
the brain (Olini et al., 2017).

Previous data show that miR-146a targets mRNA of proteins
in the NF-κB pathway in circulating monocytes and that miR-
146a therefore may attenuate the innate immune response
(Saba et al., 2014). A study performed by Shen and colleagues
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(Shen et al., 2008) shows that the rs2910164 G allele results in
reduced levels of expression of the anti-inflammatory miR-146a
in MCF-7 cells, a breast cancer cell-line. This shows that the G
allele could promote low-grade systemic inflammation and sleep
problems. However, other studies suggest that the G allele also
may have the opposite effect due to the stability of the pre-miR
(Jazdzewski et al., 2008; Xu et al., 2008). Apparently, the miR-
146a G> C polymorphism may have different effects in different
tissues (Park et al., 2016).

Recently, the nitric oxide synthase 1 (NOS1) has been
reported to be a direct target of miR-146a (Zhang et al.,
2018), meaning that the NOS1 expression would be affected
by the miR-146a G > C polymorphism (Luan et al., 2016).
NOS1 is an enzyme, responsible for the production of nitric
oxide (NO) – an important pro-inflammatory molecule and a
retrograde signaling messenger in the CNS. Previous data show
that NOS1 and the nitric oxide pathway is directly linked to the
HPA axis and the regulation of glucocorticoids (Chen et al., 2015).
In addition, NOS1 may be involved in psychological distress
(Luciano et al., 2012), suggesting that miR-146a polymorphism
could have an effect on depression and anxiety. It is tempting
to speculate that miR-146a could influence on the neuronal
processes underlying psychological distress, which in turn affect
immunity and sleep. This demonstrates the capability of miRs in
regulating neural circuits important for stress-induced insomnia
and other health complaints.

Being based on cross-sectional data, however, the present
study has its limitations. Moreover, the study design causes
problems explaining causal relationships. In addition, as the
measurement instruments for negative social acts and insomnia
were self-report measures, the study could be influenced by
bias such as set tendencies and social desirability. Also, the
overall response rate for the questionnaire survey was only
32%, and <20% of the invited participants returned their
saliva samples. Thus, we cannot be certain that the final
sample is representative for the overall population. Nevertheless,
as response rate and representatively seems to have limited
impact on the internal validity (Schalm and Kelloway, 2001),
the response rate may not really be a problem with regard
to our findings.

In summary, the present data suggest that exposure to
bullying-related negative social acts at the workplace may lead to
increased risk of sleep problems through elevated levels of mental
distress. Moreover, our data show that the link between distress
and insomnia may be moderated by the miR-146a genotype,
i.e., the rs2910164 G > C polymorphism within the precursor
sequence of miR-146a. Hence, the present study indicate that
the effect of systematic exposure to negative social acts at work
on insomnia among those that are targeted is strengthened in
individuals with the miR-146a genotype GG. Thus, it is important
that such biological factors are taken into account when future

intervention studies are designed. In particular, the interaction
between exposure to negative social acts, genetics and insomnia
should be acknowledged. Such knowledge could be of vital
importance when treating and rehabilitating patients who have
suffered mental health problems after exposure to workplace
bullying and other forms of social stress and mistreatment while
at work. We conclude that the association between distress and
insomnia among individuals exposed to negative social acts is
moderated by genetic variability in the gene encoding miR-146a.
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Repeated social defeat promotes persistent 
inflammatory changes in splenic myeloid cells; 
decreased expression of β-arrestin-2 (ARRB2) 
and increased expression of interleukin-6 (IL-6)
Dhaksshaginy Rajalingam1*† , Ingeborg Nymoen2†, Daniel Pitz Jacobsen2, Mina Baarnes Eriksen2, Erik Dissen3, 
Morten Birkeland Nielsen1,2, Ståle Valvatne Einarsen1 and Johannes Gjerstad1,2

Abstract 

Background: Previous studies suggest that persistent exposure to social stress in mammals may be associated with 
multiple physiological effects. Here, we examine the effects of social stress in rats, i.e. repeated social defeat, on behav-
ior, hypothalamic–pituitary–adrenal (HPA)-axis and immune system.

Methods: A resident-intruder paradigm, where an intruder rat was exposed to social stress by a dominant resident 
rat for 1 hour each day for 7 consecutive days was used. The day after the last stress exposure in the paradigm the 
data were analyzed. Variation in social interaction was observed manually, whereas locomotion was analyzed off-line 
by a purpose-made software. Gene expression in the pituitary gland, adrenal gland and myeloid cells isolated from 
the spleen was measured by qPCR.

Results: The exposure to social stress induced decreased weight gain and increased locomotion. An increased 
nuclear receptor subfamily group C number 1 (NR3C1) expression in the pituitary gland was also shown. In myeloid 
cells harvested from the spleen, we observed decreased expression of the β2-adrenergic receptor (ADRB2) and 
β-arrestin-2 (ARRB2), but increased expression of interleukin-6 (IL-6). Subsequent analyses in the same cells showed 
that ARRB2 was negatively correlated with IL-6 following the stress exposure.

Conclusion: Our results show that that the experience of social stress in the form of repeated social defeat in rats 
is a potent stressor that in myeloid cells in the spleen promotes persistent inflammatory changes. Future research is 
needed to examine whether similar inflammatory changes also can explain the impact of social stress, such as bully-
ing and harassment, among humans.

Keywords: Social stressors, Repeated social defeat, Bullying, ADRB2, ARRB2, IL-6
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Background
Previous studies show that environmental stressors in 
mammals induce increased activity of the sympathetic 
nervous system (SNS) and the hypothalamic-pituitary-
adrenal (HPA)-axis [1–3]. Activation of these systems 
may be associated with altered behavior [4], hormonal 
signaling [5] as well as changes in the immune system, 
for review see [6]. Environmental stressors may promote 
myelopoiesis in the bone marrow [7], glucocorticoid 
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(GC) resistance in the brain and the spleen [8], increased 
circulatory levels of cytokines [9] and altered inflamma-
tory profile in the brain [10].

Recent data demonstrate that exposure to repeated 
social defeat—through the resident-intruder paradigm 
in rats or bullying in humans—is a strong environmen-
tal stressor [11]. Previous observations show that envi-
ronmental stressors may induce neuronal activation of 
the reticular formation in the brain stem including locus 
coeruleus (LC) [1], which in turn affects efferent sympa-
thetic nerve fibers that innervate the adrenal gland and 
spleen [12, 13]. In the adrenal medulla, this innervation 
results in epinephrine (E) release from chromaffin cells 
into the circulation [14, 15]. In addition, exposure to 
environmental stressors leads to activation of the para-
ventricular nucleus (PVN) of the hypothalamus [1]. This 
stimulates the HPA-axis through corticotropin releasing 
hormone (CRH) [16] that promotes secretion of corticos-
teroids (CORTs) from the adrenal cortex [17].

Regarding the autonomic influence on the thymus, 
spleen, lymph nodes and bone marrow, norepineph-
rine (NE) signaling by efferent sympathetic nerve fibers 
plays a crucial role [18]. Stimulation of adrenergic recep-
tors on immune cells causes changes in differentiation, 
inflammatory profile and migration capacity [19, 20]. 
For instance, increased sympathetic signaling may facili-
tate the induction of genes involved in myeloid lineage 
effector functions, signal transduction and transcrip-
tion control [7]. Earlier observations suggest that stress-
induced inflammation and myelopoiesis may be linked to 
increased activity of transcription factors such as nuclear 
factor kappa B (NF-ĸB) [7, 9].

Evidence exists that activation of the SNS and HPA-
axis may be involved in the regulation of leukocyte traf-
ficking [21, 22]. Leukocyte counts have also revealed 
increased cell numbers in bone marrow, peripheral blood 
and spleen following repeated social defeat in mice [23]. 
These observations are consistent with stress-induced 
changes in splenic neutrophil and macrophage num-
bers. Moreover, stress may cause leukocyte recruitment 
from the bone marrow to the spleen [23]. Increased lev-
els of granulocyte-monocyte colony-stimulating factor 
(GM-CSF) in circulating monocytes may be a part of the 
underlying mechanism [7]. Further observations suggest 
that repeated social defeat may lead to increased release 
of monocyte chemoattractant protein-1 (MCP-1) from 
microglia cells [24], which induces monocyte recruit-
ment from the spleen to the capillaries in the brain [10].

It has been proposed that environmental stressors, 
through activation of β2-adrenergic receptors (ADRB2s), 
may lead to inflammatory changes of splenic immune 
cells [7, 25, 26]. In addition, earlier observations sug-
gest that persistent activation of ADRB2s in murine 

macrophages increases mRNA and protein levels of pro-
inflammatory cytokines such as interleukin-6 (IL-6) and 
interleukin-1β (IL-1β) [27]. Moreover, evidence exists 
that β2-adrenergic signaling also involves β-arrestin 
2 (ARRB2), a protein known to inhibit NF-ĸB nuclear 
translocation by stabilizing cytoplasmic IĸBα activity 
through ADRB2 activation [28, 29]. However, whether 
or not ADRB2 and ARRB2 may be associated with the 
expression of cytokines such as IL-6 during social stress 
has not been clarified. The aim of the present study was 
to examine the effect of social defeat on the neuroim-
mune interface.

Methods
Animals
As described below, a resident-intruder paradigm, where 
Sprague–Dawley intruder rats were exposed to social 
stress by dominant Long Evans resident rats; 1 h each day 
(between 09:00 and 13:00) for 7 consecutive days, was 
used to study stress-induced changes in the HPA-axis 
and the immune system. Each of the ten male Long Evans 
rats (500–550  g) was housed with a female Long Evans 
rat (200–250 g) in a 0.56 m2 cage. The ten male Sprague–
Dawley rats (300–400 g) used as intruders were housed 
in pairs, as were the ten male Sprague–Dawley rats (300–
400 g) used as controls. The different strains–Long Evans 
rats from Envigo; USA and Sprague–Dawley rats from 
Janvier Labs; France–were kept in separate rooms. All 
rats were acclimatized to a 12:12 h light:dark cycle, ven-
tilation rate of 15 × air per hour, 21–22  °C and 45–55% 
humidity. At all times, the rats had ad  libitum access to 
food and water. Bedding was changed once a week. All 
animal procedures were approved by the Norwegian 
Food Safety Authority and performed in conformity with 
laws and regulations controlling experiments and proce-
dures on live animals in Norway.

Screening
To ensure dominant behavior of Long Evan males i.e., the 
resident rats in the paradigm, a screening was performed 
prior to the stress-conditioning week. Top ten aggres-
sive rats were chosen based on the highest incidences of 
attacks over a period of 10 min.

Resident‑intruder paradigm
First, the female rat was temporarily removed from the 
resident cage 1 hour before the stress conditioning. Next, 
the stress conditioning was performed by introducing the 
intruder animal into the resident cage. The male resident 
and intruder rat were separated upon three episodes of 
social defeat (submissive supine posture, freeze or flight), 
or after 10 min of interaction by a perforated plastic wall, 
allowing the intruder rat to still see, smell and hear the 
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resident rat. Finally, after 60  min in the resident cage, 
the intruder rat was returned to its home cage, and the 
female rat was returned to the resident cage. The con-
ditioning procedure described above was repeated for 
7  days. To prevent habituation to the dominance estab-
lishment with the resident rat, the intruder animals were 
introduced to a new resident animal every day. The ani-
mals randomized to control followed the same procedure 
except that they visited a foreign cage without a resident 
rat.

Social interaction test
A modified version of the social interaction test was used 
to assess the social interaction behavior of the Sprague–
Dawley rats (i.e., the test rats) following 1week of stress 
or control conditioning [30]. More specifically, the social 
interaction test was conducted 1 day after the last epi-
sode of defeat. The test arena was a purpose made box 
(0.56 m2) divided into three compartments by two gated 
plastic walls and a small wire-like container in each flank-
ing compartment. The test rats were allowed to habitu-
ate in the center compartment for 4 minutes (Additional 
file 1: Fig. S1a) before a novel rat of the same strain was 
placed into one of the small wire-like containers (Addi-
tional file  1: Fig.  S1b). The subsequent opening of the 
gates allowed the test rat to move freely between the 
compartments for 6 minutes (Additional file  1: Fig. 
S1c). Movement and behavior of the test animals were 
recorded by a camera placed in a rack above the box. 
Thus, changes in behavior were examined after the exper-
iments, including the time spent in each chamber and the 
time spent in direct social interaction with the novel rat. 
The novel rats were habituated to the wire-like container 
prior to the social interaction test, but did not take part 
in the resident-intruder paradigm.

Video analysis
Recorded videotapes of rats moving in the three-chamber 
box were analyzed using a purpose-made software pro-
gram, which was programmed and developed in C. The 
time spent in each of the three chambers and locomotion 
of rats (10 s intervals) were scored by the software.

Anesthesia and blood sampling
Following the social interaction test and one hour rest in 
their home cage, on day 8, the intruder Sprague–Dawley 
and control rats were sedated with 5% isoflurane in air in 
a gas box prior to being moved to a 3% isoflurane anes-
thetic gas mask. Absence of withdrawal reflexes was con-
sidered sufficient anesthesia for surgery.

The animal was fixated in a dorsal recumbence posi-
tion and a v-cut through the skin and abdominal wall was 
made. The heart was exposed by opening the thoracic 

cage, cutting through the diaphragm. A 10  mL syringe 
with a 1.2  mm cannula coated with 1.8  mg/mL EDTA 
(Sigma Life Science; Switzerland), was inserted into the 
left ventricle (cardiac puncture). Blood samples of 2  ml 
were drawn from the exposed and control Sprague–Daw-
ley rats. In accordance with the procedure previously 
described, 500 µL of the blood was immediately placed 
on liquid nitrogen for NE and CORT concentration 
measurements performed (Additional file 1: Fig. S2) [31].

Tissue harvesting
All Sprague–Dawley rats were euthanized by dislocation 
of the neck under isoflurane anesthesia. The pituitary 
gland and adrenal glands were harvested, frozen on liq-
uid nitrogen and later stored in a −80 °C freezer.

Enrichment of splenic myeloid cells
The spleen was mechanically disrupted with scissors, 
and pieces of spleen tissue were passed multiple times 
through a 10 mL syringe and filtered through a 70 µM cell 
strainer in order to get a single cell suspension. Mononu-
clear cells were retrieved by density centrifugation. The 
suspension was diluted with PBS (GE Healthcare Lifes-
ciences; USA), loaded on top of a 15 mL  LymphoprepTM 
medium (STEMCELL technologies; Norway) and cen-
trifugated (400xg for 30 min at 4  °C). The layer of mon-
onuclear cells was carefully aspirated, diluted in PBS 
supplemented with 2% FBS, washed by centrifugation 
(300xg, 10 min, 4 °C) and resuspended in PBS (2% FBS). 
Myeloid cells were purified from the spleen mononuclear 
fraction by immunomagnetic bead separation. To avoid 
unspecific monoclonal antibody (mAb) binding, the Fc 
receptors were pre-blocked by incubating the cells in 
PBS with 10% rat serum for 15 min at 4 °C. Subsequently, 
cells were incubated with a biotinylated mouse mAb 
(OX41) specific for rat CD172a (SIRP-α, expressed on the 
surface of all myeloid cells) at 2 µg/mL in PBS (10% rat 
serum) for 15 min at 4 °C and washed three times in PBS 
(2% FBS, 10 mM  NaN3) before incubation with strepta-
vidine-coated magnetic microbeads (MACS, Miltenyi 
Biotec; Germany) resuspended in PBS supplemented 
with 2 mM EDTA and 0.5% BSA for 30 min at 4 °C, using 
40 µL of beads per 4 x  107 cells. The cells were then run 
through MACS LS columns in the magnetic field of a 
 quadroMACSTM separator (Miltenyi Biotec; Germany) to 
separate bead-captured cells from unstained, non-mye-
loid cells according to manufacturer instructions.

Flow cytometry
Flow cytometry was used to verify the enrichment of 
CD172 positive cells and the nature of contaminating 
non-myeloid cells. Two separate mixes of fluorochrome-
conjugated mAbs for test and isotype controls were used, 
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diluted in PBS (2% FBS, 10 mM  NaN3) (Additional file 1: 
Table  S1). Staining with isotype control antibodies was 
included to evaluate unspecific mAb binding capacity to 
splenic cell subsets.

A small fraction of the cell sample i.e., 3 x 10 5, was 
used for flow cytometry analysis and incubated with 50 
µL mAb test or isotype mix (2 µg/mL) in PBS (2% FBS, 
10 mM  NaN3) for 30 min on ice. After staining with pri-
mary antibody mixes, the cells were washed three times 
by centrifugation (300xg, 2  min, 4  °C), resuspended in 
PBS (2% FBS, 10 mM  NaN3) and incubated with Strepta-
vidin-Alexa Fluor 647 conjugated for detection of OX41-
biotin or IgG1-biotin binding, respectively. Cells were 
washed and analyzed on a CytoFlex flow cytometry 
(Beckman Coulter Life Sciences, USA) using CytExpert 
software.

RNA isolation and cDNA synthesis
The allprep DNA/RNA/miRNA Universal Kit (Qiagen; 
Germany) was used to isolate total RNA from the fro-
zen pituitary, adrenal and enriched myeloid cells. Total 
RNA was extracted by homogenizing the frozen tissue 
with magnetic beads in a bead beater. The lysate was then 
used for RNA isolation following the manufacturer’s pro-
tocol. Synthesis of cDNA from these tissues was carried 
out using the qSCript cDNA synthesis kit (Quanta Bio-
sciences Inc.; USA).

Gene expression analyses
RNA quantification of the different genes was achieved 
by a two-step real-time reverse transcription qPCR (RT-
qPCR). Primer sequences (fwd,rev) were from Sigma Life 
Sciences, Switzerland: POMC (5′AAC GCC ATC AAG 
AAC3′ and 5′AAG GTT TTA TTT CCT AAC TACAC3′); 
NR3C1 (5′CAG AGA ATG TCT CTA CCC TG3′ and 5′CTT 
AGG AAC TGA GGA GAG AAG3′); MC2R (5′AGA AAC 

TGG ATC CTT CCG 3′ and 5′TGG TGT GTT CAT ACG 
AAT TG3′); β-actin (5′CTA AGG CCA ACC GTG AAA 
AGA3′ and 5′ACA ACA CAG CCT GGA TGG CAT3′); 
IL-6 (5′TGC CCT TCA GGA ACA3′ and 5′AAG GCA GTG 
GCT GTC3′); ADRB2 (5′AAA GAG AGA GAG AGA GAC 
T3′ and 5′ACA ACA CTT CAG ACA GAA AC3′); HPRT 
(5′ACT GGT AAA ACA ATG CAG GAC3′ and 5′CCT GAA 
GTG CTC ATT ATA GTC3′); PtPrc (5′GCT ATA AAA AGA 
CCC CTT CAG3′ and 5′CAT AGG CAA ATA GAG ACA 
CTG3′); ARRB2 (5′GCA GCC AGG ACC AGA GGA CA3′ 
and 5′CCA CGC TTC TCT CGG TTG TC3′). PCR was run 
on Quantstudio 5 (Thermofisher Scientific; Norway) 
and analyzed using  QuantstudioTM Design and Analysis 
Software.

Statistics
The data were shown by representative examples and 
mean ± standard error of the mean. Statistical analyses 
were conducted with Sigmaplot 14.0 and the level of sig-
nificance was set to p < 0.05. Shapiro–Wilk test was run 
to assess normality. Differences in body weight, social 
interaction, locomotion, gene expression levels and dif-
ferences in percentage of myeloid cells between exposed 
group and control group were analyzed using Student’s t 
test.

Results
Behavior
The resident-intruder paradigm changed the behavior of 
the intruder rats in the residential cage (Fig. 1). For each 
day passing, the number of rats showing subordinate 
defeat behavior increased. After 6 days of stress con-
ditioning all intruder rats showed a clear social defeat 
within the 10-min frame (Fig. 2a).

Fig. 1 Resident-intruder paradigm. The set-up used to induce defeat stress in the intruder Sprague–Dawley rats (white) in the cage of the resident 
male Long Evans rat (black-hooded). a The Long Evans female was removed 60 min prior to the experiment. b An intruder Sprague–Dawley rat 
was placed in the home cage of a resident male Long Evans rat. c Upon three episodes of social defeat (submissive supine posture, freeze or flight), 
or after 10 min of interaction, a plexiglas wall was used to separate the resident and intruder rats. d Sensory interaction in the divided cage was 
allowed for the remaining time of the hour. Both the male Sprague–Dawley and female Long Evans rats were returned to their home cage after the 
conditioning. (Illustrated by Nymoen, I.)
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The exposed rats gained less weight during the condi-
tioning week, compared to controls (Fig.  2b). However, 
we did not observe any increase of spleen weight-to-bod-
yweight ratio (Fig. 2c), and thus there was no evidence of 
splenomegaly following stress exposure.

Following the conditioning week, all exposed and 
control animals went through a social interaction test. 
No difference was observed between the two groups, 
evaluated by time spent in the three different chambers 
(Fig. 2d). Locomotion (cm/s) of the rats in 10 s intervals 

Fig. 2 Behavior, weight gain and locomotion. a Number of defeated stress-exposed rats (intruder rats) during conditioning at day 1–7. b 
Bodyweight at day seven in stress-exposed rats versus control rats (relative to baseline), p = 0.007. c Organ-to-bodyweight ratio of the spleen 
in stress-exposed rats versus control rats. d Social interaction test; time spent in the three different chambers, stress-exposed rats versus control 
rats. e Example of locomotion in the three different chambers (10 s intervals). f Peak locomotion > (5 cm/s) stress-exposed rats versus control rats, 
p = 0.029. *p < 0.05, **p < 0.01, Students t-test
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was measured by a computer. The stress exposed rats had 
significantly higher locomotion compared to control rats 
(Fig. 2e, f ).

HPA‑axis gene expression and NE/CORT in plasma
The stress exposure did not result in any clear changes 
of pro-opiomelanocortin (POMC) (Fig.  3a), but showed 
a significant increase in the expression of NR3C1 in 
the pituitary gland (Fig.  3b). The exposure did not alter 
adrenal gland expression of MC2R (ACTH receptor) or 
NR3C1 (Fig. 3c, d) nor the NE or CORT levels in plasma 
(Additional file 1: Fig. S2a, b).

Enrichment of splenic myeloid cells
Flow cytometry analysis of the final cell suspension from 
the enrichment procedure was performed to elucidate 
the amount of myeloid cells compared to the amount of 
contaminating cells (Fig.  4a–f, Additional file  1: Fig.S3). 
The estimated SIRP-α positive fraction was 81.9% ± 1.73 
in the exposed group and 86.6% ± 1.12 in the control 

group. The predominant contaminating cell type was 
CD45RABC positive cells (most likely B cells). We 
observed 12.1% ± 1.28 CD45RABC positive cells in the 
exposed group and 8.82% ± 0.77 CD45RABC positive 
cells in the control group (Fig. 4g).

Gene expression in splenic myeloid cells
The ADRB2 and ARRB2 were both significantly down-
regulated following 1 week of stress exposure (Fig.  5a, 
b). In addition, our results showed an increased expres-
sion of IL-6 in exposed animals compared to controls and 
that the IL-6 levels were associated with ARRB2 levels 
in myeloid cells (Fig. 5c, d). The NR3C1 expression lev-
els revealed no difference in the cell population studied 
(Additional file 1: Fig. S4).

Discussion
In the present study, we addressed stress-induced 
changes in behavior, HPA-axis and immune system. In 
addition to increased locomotion and reduced weight 

Fig. 3 The pituitary- and adrenal- gland. a, b Fold expression of adrenocorticotropic hormone (ACTH) precursor POMC, and glucocorticoid receptor 
(Nr3C1) in the pituitary gland of stress-exposed rats versus control rats, p = 0.003. c, d Fold expression of melanocortin type-2 receptor (MC2R) 
and Nr3C1 in the left adrenal gland of stress-exposed rats versus control rats. The data were normalized to β-actin and then to baseline. *p < 0.05, 
**p < 0.01, Students t-test
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gain, we observed an increased NR3C1 expression in the 
pituitary gland after 1 week with social stress. The most 
robust effects of the stress exposure were, however, seen 
on isolated splenic immune cells. In these myeloid cells, 
we observed decreased expression of the ADRB2 and 
ARRB2, but increased expression of IL-6, the day after 

the last stress exposure in the paradigm. Moreover, stress 
exposure induced a downregulation of ARRB2 that was 
negatively correlated with IL-6. Hence, the present data 
support the idea that reduced expression of ARRB2 may 
enhance the translocation of the NF-ĸB to the nucleus 
and activate the transcription of IL-6.

Fig. 4 Enrichment of myeloid cells from the spleen. a Living cells were included in a polygon gate, whereas the remaining cells (mostly dead and 
apoptotic cells) were excluded (SSC v FSC). Gated cells (exclusion of the negative population, see Additional file 1: Fig. S3) were visualized with 
the (b) SIRP α–A647 v CD45RABC–PE channels and the (c) CD3–FITC v NKR-P1–PB450 channels. d–f Scatter plots for isotype controls. g Following 
the enrichment procedure, all samples were analyzed by flow cytometry to characterize the final cell suspension. The mean CD3–percentage of 
SIRP-α positive cells were 81.9% ± 1.73 and 86.6% ± 1.12 for exposed and control, respectively, p = 0.04. The fraction of contaminating cells made 
up 12.1% ± 1.28 and 8.8% ± 0.77 CD45RABC positive cells, 1.6% ± 0.51 and 1.1% ± 0.14 CD3 positive cells and 0.9% ± 0.14 and 0.5% ± 0.07 NKR-P1 
positive cells in the final isolated cell pellet from exposed and control animals, respectively. *p < 0.05, Students t-test
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Earlier findings in murine models indicate that stress-
induced physiological changes, including reduced CORT 
sensitivity in peripheral macrophages, central microglia 
activation and anxiety-like behavior during stress expo-
sure, may be cycle-dependent, i.e., increases for each 
stress episode. Previous data also show a stress-induced 
reduced preference towards sucrose [32] and IL-6 driven 
energy expenditure affecting gain of body weight [33]. 
It is therefore tempting to speculate that the observed 
submissive behavior may involve depression and lack of 
appetite, but also learned helplessness behavior [34] and 
enhanced punishment avoidance [35, 36]. In accordance 
with earlier observations [1, 4, 37], we demonstrated a 
clear stress-induced decrease in weight gain.

Several studies suggest that the resident-intruder 
paradigm in mice may cause leukocyte egress from the 
bone marrow, enhanced recruitment of myeloid cells to 
the spleen, which in turn may be associated with sple-
nomegaly, i.e., increased spleen weight [21–23, 38]. 

However, since the enhanced recruitment of myeloid 
cells to the spleen have been reported to be more pro-
nounced in wounded animals than in those without 
any injuries [23], the earlier reported stress-induced 
splenomegaly could be a result of the immunological 
changes caused by infections etc. Thus, splenomegaly 
may be a result of physical injuries (wounds) rather 
than social stress.

In the present study we used rats, not mice. Therefore, 
it was possible to avoid bites and wounds. The intruder 
animals in our study were therefore only exposed to 
social stress, not confounding factors such as physical 
injuries that could lead to immunological changes caused 
by infections. Interestingly, the present resident-intruder 
paradigm in our study, where we used rats, did not 
change the spleen volume/weight. Therefore, the present 
study supports the idea that splenomegaly induced by the 
resident-intruder paradigm may be explained by infec-
tions rather than social stress.

Fig. 5 Myeloid cells from the spleen. a Fold expression of β2-adrenergic receptor (ADRB2) in the stress-exposed rats versus control rats, p = 0.02. b 
Fold expression of β-arrestin 2 (ARRB2) in stress-exposed rats versus control rats, p = 0.007. c The relationship between IL-6 and ARRB2 expression 
levels, r = 0.509, p = 0.022. d Fold expression of interleukin 6 (IL-6) in the stress-exposed rats versus control rats, p = 0.02. All data were normalized to 
the mean of hypoxanthine phosphoribosyltransferase (HPRT) and protein tyrosine phosphatase receptor type C (PTPRC) and then to the baseline. 
*p < 0.05, **p < 0.01, Students t-test
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Exposure to chronic stress may impair neurogenesis 
in the prefrontal cortex (PFC) and hippocampus, but 
have the opposite effect in amygdala [39–41]. Moreo-
ver, stress may induce amygdala hyperactivity, increase 
synaptic connectivity in amygdala [42], and stimulate 
amygdala-dependent fear learning [43]. Thus, when the 
exposure to stress persists, the brain seems to switch 
from slow, attentive PFC regulation to more reflex-
ive responses predominantly controlled by the amyg-
dala and related subcortical structures [44, 45]. Social 
stress, which involves PFC dysregulation and amygdala 
hyperactivity, could therefore also promote behavioral 
changes such as rapid movements observed in the pre-
sent study.

Previous studies suggest a link between stress-induced 
migration of leukocytes from the bone marrow and sple-
nomegaly [21–23, 38]. Moreover, the egress of cells from 
the bone marrow in this process may be controlled by 
NE/E [22] and CORTs [21]. However, previous data also 
show that enhanced myeloid recruitment to the spleen 
could be caused by minor infections following wounds 
[23]. Thus, whether or not social stress alone is enough to 
induce splenomegaly may be debated. Our data did not 
support any clear stress-induced change in spleen weight.

Stress-induced mononuclear cell migration, pro-
inflammatory activation, and anxiety-like behavior seem 
to be catecholamine-dependent [25]. Thus, stress may 
involve activation of the G protein-coupled adrenergic 
receptors on leukocytes [46]. Furthermore, earlier find-
ings suggest that NE and/or E activation of ADRB2s may 
induce the expression of pro-inflammatory cytokines 
through ERK1/2 and MAPK-dependent mechanisms 
[27]. In addition to G proteins, cytoplasmic adaptor mol-
ecules such as ARRB2 may interact with the ADRB2, 
conveying signals of anti-inflammatory origin by inhib-
iting NF-ĸB nuclear translocation [29]. However, PKA- 
and cAMP-dependent suppression of NF-ĸB can also be 
induced by ADRB2 signaling.

Interestingly, our data demonstrated reduced ADRB2 
and ARRB2 mRNA levels accompanied by increased 
mRNA levels of IL-6 in the isolated splenic myeloid 
cells of the stress-exposed rats. It seems plausible that 
repeated or persistent NE exposure may cause ADRB2 
desensitization [47], which is associated with downreg-
ulation of ARRB2 [48]. Reduced levels of ARRB2 may 
result in increased nuclear translocation and transcrip-
tional activity of NF-ĸB. Since NF-ĸB may bind to the 
IL-6 promoter [49] for review see [50], it seems reason-
able to believe that the expression of IL-6 is controlled by 
the transcription factor NF-ĸB through a promoter bind-
ing mechanism [51, 52]. It is tempting to speculate that 
stress-induced upregulation of IL-6 is a result of reduced 
ARRB2.

The functional diversity of IL-6 may be reflected 
through its activation of glycoprotein 130 (gp130) and 
STAT [53] signal transduction. The ubiquitous expres-
sion of gp130 allows for a wide range of actions for the 
cytokines that utilize this pathway [54]. Signal trans-
duction via gp130 has the capacity to suppress innate 
immune responses [55] and promote adaptive immunity 
by lymphocyte trafficking [56]. IL-6 is a key mediator in 
T cell infiltration of tissue and in the neutrophil to mono-
nuclear cell switch in leukocyte recruitment pattern [57, 
58]. Moreover, previous data show that this cytokine is 
essential for differentiation of naïve T cells and B cells 
into effector cells [59–61]. In addition, IL-6 produc-
tion and secretion from splenic myeloid cells may act in 
an autocrine fashion [53]. Thus, stress-induced splenic 
upregulation of IL-6 and IL-6 downstream processes may 
be important for the transition from the acute to persis-
tent immune activation.

Conclusion
Taken together, our results suggest that the experience of 
1 week of repeated social defeat in rats is a potent stressor 
that triggers prolonged myeloid inflammatory changes 
in lymphoid tissues such as the spleen. We believe our 
results demonstrate neuroendocrine and immunologi-
cal changes caused by social stress only, not confounding 
factors such as physical injuries and infections often seen 
in mice. This shows that the inflammatory effect of such 
social stress may be stronger than previously assumed. 
The role of this mechanism following exposure to social 
stress in humans remains to be investigated.

Supplementary information
Supplementary information accompanies this paper at https ://doi.
org/10.1186/s1286 8-020-00574 -4.

 Additional file 1: Figure S1. The test used to assess behavior. Figure S2. 
Plasma. Figure S3. Gating strategy to assess purity of enriched myeloid 
cell population from rat spleen. Figure S4. Myeloid cells from the spleen. 
Table S1. Two separate mixes of fluorochrome-conjugated monoclonal 
antibodies for test and control. The two mixes were separately added to a 
small fraction of the final cell suspension.

Abbreviations
ADRB2: β2-adrenergic receptor; ARRB2: β-arrestin-2; CORT: Corticosterone; 
CRH: Corticotropin-releasing hormone; E: Epinephrine; ERK: Extracellular sig-
nal-regulated kinases; GC: Glucocorticoid; GM-CSF: Granulocyte-macrophage 
colony-stimulating factor; HPA: Hypothalamic–pituitary–adrenal; IL-6: Inter-
leukin 6; IL-1β: Interleukin 1 β; LC: Locus coreleus; MAPK: Mitogen activated 
protein kinase; MCP-1: Monocyte chemoattractant protein-1; NE: Noradrena-
line; NFKB: Nuclear factor kappa-lit-chain-enhancer of activated B cells; NR3C1: 
Nuclear receptor subfamily 3, group c, member 1; PFC: Prefrontal cortex; 
POMC: Pro-opiomelanocortin; PVN: Paraventricular nucleus; SNS: Sympathetic 
nervous system; STAT : Signal transducer and activator of transcription.
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