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Abstract 
 

Earlier observations show that social stress has a strong effect on the autonomic nervous 

system. Moreover, exposure to social stress may be associated with low-grade systemic 

inflammation and hyperalgesia. In the present study, we examined the role of key HPA axis 

regulators and circulating microRNAs (miRNAs) in these processes. 

The relationship between social stress, upregulation of circulating miRNAs and change in 

behavior was investigated using a resident-intruder paradigm. Long Evans rats were used 

as residents and Sprague Dawley rats were used as intruders. The intruder rats were exposed 

to dominant resident rats one hour daily for one week. 

Bodyweight- and behavior changes were measured in order to validate the paradigm. Blood 

samples were taken throughout the stress period and tissue harvesting was done post-

mortem. Gene expression and miRNA levels were investigated using qPCR. Extracellular 

single cell recordings were used to study the effect of ACTH on spinal nociceptive 

signaling. THP-1 cells were transfected with miRNAs to examine their effect on cytokine 

release.  

Reduced weight gain was observed in the intruder rats exposed to social stress. Pituitary 

POMC and adrenal Nr3c1 mRNA were also downregulated. Single cell 

electrophysiological recordings showed that ACTH applied onto the dorsal horn reduced 

nociceptive signaling. Interestingly, social stress increased expression of miR-146a, miR-

30c and miR-223 in plasma. In THP-1 cells, miR-223 transfection seem to increase TNF 

expression and release. 

Taken together, the present thesis showed that social stress affects HPA axis function, 

nociception and plasma miR-146a, miR-30c and miR-223 expression. How the miRNAs 

affect the immune system and the brain remains to be investigated. 
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1 Introduction 
 

Exposure to social stress may induce autonomic, endocrine and behavioral responses that 

could be beneficial in threatening situations (Hannibal and Bishop, 2014). However, when 

these responses are not reversed due to prolonged stress exposure, they may also have the 

opposite effect and could be mal-adaptive. For instance, social stress has been linked to 

increased pain sensitivity (hyperalgesia) and persistent pain, as both stress responses and 

hyperalgesia involve physiological and emotional changes (Hannibal and Bishop, 2014; 

Keay and Bandler, 2001). 

Several classes of molecules can affect the activity of the autonomic system and pain 

signaling pathways. These include adrenocorticotropic hormone (ACTH), glucocorticoids 

(i.e. cortisol in humans, corticosteroids in rodents), cytokines and microRNAs (miRNAs). 

The latter are short nucleotide sequences that directly affect gene expression and thus can 

have a large impact on cell properties. The different molecules are synthesized and secreted 

in response to outside stressors or intrinsic factors, and can both increase and decrease the 

efficiency of pain signaling.  

Pain is characterized as an experience, and not activation of specialized receptors or 

sensory pathways (Dubin and Patapoutian, 2010). Thus, multiple brain areas are involved 

in the sensation of pain. Due to the multifaceted nature of pain, it is considered both an 

emotional and a sensory experience, often associated with fear, anxiety and stress. This 

differs from nociception which describes the neuronal processing that occurs in encoding 

a noxious stimulus (Dubin and Patapoutian, 2010).  



Introduction 
________________________________________________________________________ 

 
2 

 

 Environmental stress 

Environmental stress may induce a cognitive response to a lack of control or inability to 

predict an experience, and is expressed both physiologically and behaviorally, see (Parker 

and Ragsdale, 2015; Ramos-Ortolaza et al., 2017; Smith and Vale, 2006). The stress 

response can be divided into eustress and distress, i.e., positive and negative stress, 

respectively. Distress is often referred to as psychosocial stress, and repeated exposure can 

often lead to reduced psychological well-being (Fredrickson, 1998; Ulrich-Lai and 

Herman, 2009).  

 Persistent stress exposure 

Persistent stress exposure may promote a state of mind where an individual experiences 

anxiety and depression. Long lasting stress is associated with reduced physiological well-

being (Fredrickson, 1998). In general, stress responses may be caused by a variety of 

environmental factors. In humans and animals, social defeat is a particularly strong 

stressor. Dominance is a way of showing strength in the animal world as well as ruling out 

the weakest individual in the group. In an evolutionary perspective, aggression may 

therefore be considered adaptive (Volk et al., 2012).  

 

Exposure to chronic stress is associated with changes in the neural pain circuits and may 

consequently lead to hyperalgesia and/or allodynia (Fregni et al., 2017). Other stress-

related disorders, such as post-traumatic stress disorder (PTSD), may in part be associated 

with alterations in the glucocorticoid secretion, which is the last step of a stress response 

(De Kloet et al., 1997). The glucocorticoid family of steroids is upregulated following 

activation of the hypothalamic-pituitary-adrenal (HPA) axis. These steroids easily cross the 

blood-brain barrier and might affect brain function. Although glucocorticoid secretion is 

highly adaptive during acute stress, abnormal glucocorticoid release due to repeated stress 

exposure can be damaging for the organism (van Bodegom et al., 2017). In fact, excess 

glucocorticoid signaling is reported to be partly responsible for the link between chronic 

stress and hyperalgesia (Hannibal and Bishop, 2014). 
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1.1.2 Activation of the HPA-axis  

In general, the responses to environmental stressors are regulated by the brain stem, which 

also controls the autonomic nervous system (ANS) (Ulrich-Lai and Herman, 2009). The 

parasympathetic and sympathetic branches of the ANS innervate the same targets, but the 

two systems have different ultimate effects. Like other forms of stress, psychosocial 

challenges decrease the parasympathetic activity and increase the sympathetic activity. In 

addition such stress may lead to activation of the HPA axis (Herman, 2013).  

The HPA axis consists of the hypothalamus, pituitary gland and adrenal gland, which 

together respond to perceived threats and elicit a stress response. This response causes the 

release of glucocorticoids into the blood through the adrenal glands and contributes to the 

“fight or flight” response. The HPA axis is essential in the regulation of adrenal hormones 

to maintain and restore homeostasis (Franco et al., 2016). 

Activation of the HPA axis occurs when neurons in the paraventricular nucleus of the 

hypothalamus that specifically innervate the pituitary gland are stimulated. Activation of 

the pituitary gland neurons triggers the secretion of corticotropic-releasing hormone (CRH) 

and vasopressin, see (Tsigos and Chrousos, 2002). The CRH is transported to the anterior 

pituitary gland.  Here, CRH binds to its receptor CRHR1, and initiates the production and 

secretion of the 39 amino acid peptide hormone ACTH into the systemic circulation. This 

hormone is derived from its precursor, pro-opiomelanocortin (POMC). In addition to 

ACTH, POMC is also a prohormone for γ-lipotropin and β-endorphin. The mature peptide 

of ACTH is stored in secretory vesicles, available for rapid release. During a stress response 

involving activation of the HPA axis, CRH upregulate ACTH release, which might be 

potentiated by vasopressin. In contrast to CRH, vasopressin has been shown to decrease 

rather than increase the level of POMC transcripts (Aguilera, 1994).  

The primary role of ACTH is regulation of synthesis and release of glucocorticoids by the 

adrenal gland, upon binding the melanocortin-2 receptor (Mc2r). This is a G protein-

coupled receptor that mediates responses to ACTH activation by way of cyclic AMP (Soto-

Rivera and Majzoub, 2017). The Mc2r acts in concert with Mc2r accessory protein, which 

in turn is required for ACTH binding and signaling (Malik et al., 2015). When ACTH binds 

Mc2rs in the adrenal cortex it triggers the release of glucocorticoids such as corticosterone. 

The corticosterone acts as a negative feedback signal to the hypothalamus and pituitary 

gland to reduce the production of ACTH, (see Burford et al., 2017). The main action of 
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corticosterone is to maintain adequate body fuel supplies and blood pressure during stress 

(Figure 1), which is crucial for the acute stress response (Jung et al., 2015).   

Thus, HPA axis activation ultimately results in the release of glucocorticoids, exerting their 

physiological actions through binding of glucocorticoid receptor (GR). Nr3c1 is one such 

receptor, but glucocorticoids can also bind to the closely related receptor Nr3c2.  

When animals are exposed to repeated social defeat stress, glucocorticoid resistance in the 

HPA axis may occur. This happens when repeated glucocorticoid signaling overstimulate 

the hippocampus and pituitary gland which may result in fewer assessable GRs in these 

areas of the brain (van Haarst et al., 1997). The gene Fkbp5 encoding FK506 binding 

protein 51, is a co-chaperone of hsp90, which regulates GR sensitivity (Zannas et al., 2016). 

When bound to the GR receptor complex, corticosterone binds with lower affinity and 

nuclear translocation of the receptor is less efficient (Binder, 2009). This contributes to a 

feedback inhibition of glucocorticoids meaning that glucocorticoid signaling will have long 

lasting and strong effects. Changes to the expression of any of these factors, i.e., POMC, 

Mc2r, Nr3c1 or Fkbp5 could alter the efficacy of ACTH signaling and hence affect the 

stress response.   
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Figure 1. Activation of the hypothalamic-pituitary-adrenal (HPA) axis. Secretion of Corticotropic releasing hormone 
(CRH) from neurosecretory cells of the hypothalamus binds to CRH type 1 receptors in the anterior pituitary gland and 
initiates the synthesis of adrenocorticotropic hormone (ACTH). ACTH is released into the bloodstream and causes release 
of glucocorticoids from the cortex of the adrenal gland. Glucocorticoids target cardiovascular tissues which initiates a 
negative feedback to the central nervous system to inhibit the HPA-axis activation. The adrenal gland also secrets 
epinephrine (E), which diffuses into the blood stream. The spleen is regulated through the parasympathetic nervous system. 
The sympathetic nervous system innervates some of the same targets in addition to the adrenal gland and bone marrow. 
When the parasympathetic nervous system is down regulated by stress, it causes a decrease of Acetylcholine (Ach) secretion 
in the spleen. At the same time the sympathetic nervous system will be upregulated and cause an increase in norepinephrine 
(NE) secretion. This may change the phenotype of the passing macrophages in the spleen. How this process may be affected 
by the circulating microRNAs remains to be investigated. 
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 Use of animal models to study social stress 

Earlier observations show that social animals like rats may be used to study the effects of 

social stress (Finnell et al., 2017). In such animals, social stress may be a result of physical 

interactions and subsequent social defeat (Finnell et al., 2017). A common model used in 

this context is the resident-intruder paradigm. This model is based on two rats, where one 

serves as a resident rat and the other as an intruder. The resident rat lives with a female 

companion in a big cage to ensure territoriality. The other rat (usually from another strain) 

is used as an intruder in the cage of the resident rat after the female is removed (Koolhaas 

et al., 2013). By using this model a social defeat is achieved. The paradigm causes the 

intruder rat to stay in a high-alert state, which has a variety of physiological consequences 

like alterations in food intake and behavior, (for review see de Kloet et al., 2005; Hammels 

et al., 2015; Schoner et al., 2017). 

 

 Pain versus nociception  

According to the International Association of the Study of Pain (IASP), pain may be 

defined as “An unpleasant sensory and emotional experience associated with actual or 

potential tissue damage, or described in terms of such damage” (Latremoliere and Woolf, 

2009; Treede et al., 2015). As the definition states, pain is both an emotional and a sensory 

experience. Chronic pain is defined as “Pain that lasts more than three months after the 

initial tissue damage, i.e., longer than assumed normal duration of tissue healing”. Still, 

pain most often starts with activation of nociceptors and sensory nerves, which further 

convey the signals to the spinal cord and eventually up to the brain. In the brain, neurons 

in multiple brain regions are activated to create a sensation of pain. This is a complex 

process, often associated with fear, panic and stress. Nociception, on the other hand, is by 

IASP defined as “the neuronal processing encoding noxious stimuli”. While pain is the 

experience of an unpleasant stimulus, nociception is the processing of a noxious stimulus. 

Hyperalgesia is increased pain sensitization following a noxious stimulus. When pain is 

experienced following a non-noxious stimulus, this is described as allodynia.  
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 Nociceptive signaling  

Under normal and healthy conditions pain is initiated by activation of nociceptors. These 

nociceptors are located on primary afferent nerve endings and are specialized high-

threshold sensory receptors. Nociceptors are polymodal and detect noxious thermal, 

chemical and mechanical stimuli. The axon diameter of nociceptive neurons varies; C- 

fibers are thin and unmyelinated while Aδ-fibers are thicker and myelinated. The speed of 

conduction is determined both by the axon diameter and degree of myelination. C-fibers 

have a speed of conduction of 0.2-2 m/s and are referred as the “slow pain fibers” whereas 

Aδ-fibers are referred to as “fast pain fibers”, with a speed of conduction of 5-30 m/s. 

Following noxious stimuli, afferent nociceptive fibers in the periphery are activated and 

convey the signals to the spinal cord. In the dorsal horn (DH) of the spinal cord, the afferent 

nociceptive fibers synapse with spinal nerves in lamina I, II and V. The signals are then 

conveyed across the synapse by presynaptic release of glutamate, substance P (SP) and 

other neuropeptides (Kangrga and Randic, 1991; Kantner et al., 1985). Glutamate binds to 

α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor and 

metabotropic glutamate receptor (mGluR), whereas SP binds to neurokinin 1 (NK1) 

receptor, resulting in a depolarization of the postsynaptic membrane.  

Postsynaptic neurons may be divided into three classes; interneurons, propriospinal 

neurons and projecting neurons. Interneurons are involved in local processing and 

modulation by making connections with other neurons, and may have inhibitory or 

excitatory effects. These are located entirely in the grey matter of the spinal cord. The 

propriospinal neurons have projections that often connect several spinal cord segments. 

Projection neurons convey signals from the DH, with input from primary sensory neurons, 

along the anterolateral white matter to higher brain centers (Kangrga and Randic, 1991). 

Projection neurons, primarily innervate the parabrachial area, the periaqueductal grey 

(PAG), the thalamus and the hypothalamus. From there, the signal is relayed to brain areas 

involved in the pain experience: amygdala, insular cortex, anterior cingulate cortex and 

somatosensory cortex. These in turn signal back to the PAG, through which most of the 

descending modulating control is routed (Figure 2) (Bushnell et al., 2013).  

The main regions involved in descending modulations are PAG, pons and rostral 

ventromedial medulla (RVM). The PAG-RVM system as a whole exerts true bidirectional 
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control of nociceptive processing. The influence of PAG on the DH is relayed through the 

RVM. However, both PAG and RVM receive significant input from higher structures, 

thereby providing a pathway where cognitive and emotional factors can control pain 

processing. Serotonergic (5-HT), noradrenergic and enkephalinergic descending 

projections modulate the neuronal conveyance in the spinal cord through the control of 

these brain regions. The RVM system consist of specific populations of neurons termed 

ON- and OFF-cells, which have pro-and anti-nociceptive effects, respectively (for review 

see Gjerstad, 2007). 

 Sensitization 

Sensitization of primary afferent nociceptors refers to increased responsiveness to their 

normal input. In addition, central neurons may also be sensitized by for example activation 

of NMDA receptors, AMPA receptor trafficking or changes in gene expression. 

Sensitization typically follows strong activation of nociceptive neurons. Together with 

several other intracellular factors, SP signaling causes increased sensitivity and may over 

time lead to long-term potentiation of the nociceptive synapse (Latremoliere & Woolf, 

2009).  

 Social stress and pain  

The amygdala regulates the perception of fear and the conditioning of a learned physiologic 

stress response to negatively appraised emotional stimuli. Several studies have shown 

associations between corticosterone alterations and increased levels of activity in the 

amygdala during states of anxiety and fear (Ulrich-Lai et al., 2006). Animal studies have 

demonstrated that corticosterone promotes dendritic growth and strengthens synaptic 

connectivity in the amygdala. This facilitates the formation of fear-based emotional 

memories by increasing glutamate levels, up-regulating NMDA receptors, enhancing the 

effect of prolonged calcium uptake, and increasing levels of brain-derived neurotrophic 

factor (Hannibal and Bishop, 2014).   
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Figure 2. An overview of nociceptive signaling and modulation. Afferent and ascending fibers are shown in red, 
while descending fibers are shown in blue. Nociceptive input from the periphery is conducted along Aδ – and C-fibers 
into the dorsal horn (DH) of the spinal cord. Projecting neurons in the spinal cord convey the signals along the 
anterolateral system to the brainstem and supraspinal centers. The sensory-discriminative aspects of pain are 
dependent on the processing in the somatosensory cortex. The parabrachial nucleus, hypothalamus, periaqueductal 
grey (PAG), amygdala, insula and cingulate cortex are involved in the affective-motivational aspects of pain. A 
complex descending system modulates the activity in the spinal cord and thereby the activity in the ascending 
pathways. DRG: dorsal root ganglion, RVM: rostral ventromedial medulla, SP: substance P (adapted from Gjerstad 
2007).  
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 Inflammatory factors 

Cytokines are small pro- or anti-inflammatory proteins that regulate the immune system 

through autocrine, endocrine and paracrine cell signaling. These proteins are involved in 

the fine-tuning of the immune system. Immune cells produce cytokines both peripherally 

and centrally (Rothwell et al., 1996) and have the ability to regulate their own synthesis as 

well as that of other proteins (Dinarello, 2000). 

Glucocorticoids are capable of suppressing cytokines’ activity, e.g., by interfering with 

transcription and secretion (Munck et al., 1984). However, social stress may induce 

glucocorticoid-resistance in the spleen monocytes (CD11b+ cells) through IL-1β signaling, 

and thereby prevent the anti-inflammatory effect of glucocorticoids (Engler et al., 2005). 

Furthermore, in the brain, glucocorticoids may also increase the expression of IL-1β 

receptors, which in turn can enhance the central effects of this cytokine. Thus, IL-1β may 

play a crucial role in the development of inflammation both centrally and peripherally 

following social stress (Blackburn-Munro and Blackburn-Munro, 2001).  

Activation of the HPA axis and the sympathetic branch of the ANS is triggered following 

social stress defeat exposure. This is further linked to microglial and astrocytic activation 

(Ramesh et al., 2013). Several lines of evidence indicate that microglia activation disrupts 

the interaction between the immune system and the brain that ultimately affects anxiety-

behavior (Ramirez et al., 2017). Following microglial and astrocytic activation, 

chemokines and cytokines released locally diffuse into the bloodstream. The cytokines 

thereby attract leukocytes to the site of inflammation and upregulate the expression of 

cellular adhesion molecules (Rezai-Zadeh et al., 2009).  

Cytokine release in the spleen during social stress (Connor and Leonard, 1998) is suggested 

to cause down-regulation of the functional activity of monocyte-macrophage cells and 

increase production of tumor necrosis factor (TNF) in these cells (Allen et al., 2012). (For 

reviews see El-Gowilly et al., 2015; Wohleb et al., 2014b).   

The cytokines TNF, IL-1b and IL-6 are capable of affecting nociceptive signaling in the 

CNS and periphery. Release of TNF can also cause upregulation of both IL-1β and NGF 

mRNA expression (Wohleb et al., 2011).  
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 MicroRNA 

Inflammatory processes may also be modulated by intracellular miRNAs - small regulatory 

noncoding RNA molecules 18-25 nucleotides in length. These molecules target 

complementary 3´ untranslated regions of mRNAs (Farazi et al., 2008). It is predicted that 

the human genome encodes over 1000 miRNAs (Jonas and Izaurralde, 2015). MiRNAs are 

essential during development, maturation, proliferation of immune cells and antigen 

recognition. Thus, dysregulation in the expression of miRNAs may adversely affect 

immune homeostasis (Brenu et al., 2012). Circulating miRNAs are found in large scale in 

body fluids, e.g. blood and saliva. Thus, miRNA may have a long lasting systemic effect 

(Kroh et al., 2010). Approximately 50% of the known miRNAs are found in clusters often 

described as polycistrones (Altuvia et al., 2005). MiRNAs from the same polycistrones are 

often related to each other, or they are functionally related, meaning that they target the 

same gene or different genes in the same pathway (He et al., 2005). 

Premature microRNAs (pri-miRNAs) are processed in the nucleus by RNAse III, Drosha 

and DGCR8 into pre-miRNAs, which are transported out of the nucleus to the cytoplasm 

by Exportin-5. This transport is dependent on energy from GTP bound to a Ran protein. In 

the cytoplasm, Exportin-5 is recognized by the enzyme Dicer; an endonuclease that cleaves 

the pre-miRNAs into mature miRNAs (Denli et al., 2004). 

Argonaute-2 protein (AGO-2) assembles with the mature miRNA bound to Exportin-5 and 

Dicer, forming a RNA-Induced Silencing Complex (RISC). The miRNA-RISC either 

cleaves complementary mRNA molecules or inhibits protein translation, which results in a 

decrease of de novo synthesis of the corresponding protein. Degradation of mRNA targets 

is achieved through 3 steps; a shortening of the mRNA poly (A) tail, decapping of the 

mRNA 5´cap by hydrolysation and finally a 5´-3´exonucleolytic decay, for review see 

(Bartel, 2004). A schematic overview of the miRNA biogenesis is shown in Figure 3. 

Interactions between miRNAs and mRNAs are important in maintaining physiological 

processes such as immune function. It has been estimated that 30% of all protein-coding 

genes can be regulated by miRNAs (Friedman et al., 2009). MiRNAs are therefore crucial 

in many physiological and psychological processes including the mechanisms underlying 

stress-induced hyperalgesia (Bradesi et al., 2015).  
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Understanding how these regulatory oligonucleotides function may be important to 

elucidate the mechanisms underlying the development of several diseases and 

psychological disorders.  Selective targeting of miRNAs may therefore be a promising 

therapeutic strategy (Tan et al., 2013).  

 Epigenetics and miRNAs 

Epigenetics may be defined as mitotically and meiotically heritable changes in gene 

expression that do not involve a change in the DNA sequence (Egger et al., 2004). These 

changes are carried out by methylation, acetylation phosphorylation, ubiquitylation and 

sumoylation, which may affect gene expression. Methylation of mRNAs is the most 

abundant alteration, often seen in the promoter region of the mRNA. Methylation is located 

most frequently within CpG- islands (Vinson and Chatterjee, 2012); short regions of DNA 

that are rich in cytosine- and guanine nucleotides. Epigenetic alterations are also capable 

of controlling miRNA expression or vice versa. 

 

Moreover, enzymes involved in the RNA interference pathway have been shown to affect 

histone modifications, (see Carthew and Sontheimer, 2009). Therefore, there is reason to 

believe that miRNAs could play an important role in controlling DNA methylation and 

histone modifications, (see review Chuang and Jones, 2007).  MiRNAs may also negatively 

regulate DNA methylation by targeting genes coding for methyltransferases like DNMTs. 

For instance, miR-165 is required for methyltransferase to function, whereas miR-30c 

downregulates transcription of methyltransferases (Gambacciani et al., 2013). 

Thus, there is a bidirectional regulation between epigenetics and miRNA.  
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Figure 3. Biogenesis of microRNAs (miRNAs). MiRNAs are endogenously encoded in the genome. They are transcribed 
from Polymerase II to pri-miRNA and go through a cleaving process to become pre-miRNA, which is generated by Drosha 
and DGCR8. Furthermore, pre-miRNA is exported into the cytoplasm by the nuclear export factor Exportin-5, which is 
driven by RAN-GTP. Pre-miRNA is further processed into mature miRNA by Dicer cleavage. The mature miRNA is 
incorporated into the RISC complex and negatively regulates its target mRNA. This can be achieved by one of two possible 
pathways; mRNA cleavage and degradation by complete complementarity, or translational repression, due to incomplete 
complementarity. Adapted from (Chuang and Jones, 2007). 
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2 Aims of study 
 

In this master project we aimed to generate new knowledge about the behavioral, neuronal 

and immunological effects of exposure to social stress. We examined alterations in the 

expression pattern of central gene regulators of the HPA axis and miRNAs after social 

stress. In addition, the effect of ACTH on nociceptive signaling and how selected miRNAs 

affect TNF expression in cultured THP-1 cells were studied.   

This overall aim was addressed by five sub-goals:  

In animals (rats) 

 

I. Establish a social defeat model (resident-intruder paradigm) and study the 

behavioral changes in Sprague Dawley rats after social stress exposure.  
 

II. Study the expression of hormone regulatory genes (e.g. POMC and Mc2R) from 

the pituitary gland and the adrenal gland. 
 

III. Explore and elucidate the effect of ACTH on dorsal root ganglion (DRG) cells 

and spinal dorsal horn nociceptive neurons. 
 

IV. Examine the levels of miRNAs and ACTH in plasma after stress exposure. 

 

In Human cell culture  

 

V. Establish the Luminex method to study IL-1β induced TNF release from monocytes 

in cell culture transfected with miRNAs. 
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3 Materials and Methods 
 Animal handling 

All animal experiments were approved by the Norwegian Animal Research Authority 

(FDU) and performed in conformity with the laws and regulations controlling experiments 

and procedures on live animals in Norway. Inbred male Long Evans (500-550 g), female 

Long Evans (250 g) and male Sprague Dawley rats (300-400 g) were used in the behavioral 

studies (Janvier Labs, France). The electrophysiological experiments were performed on 

inbred female Lewis rats (180-220 g) (Harlan Laboratories Inc., UK). The different strains 

were kept in separate rooms. 

Upon arrival, the rats were housed in the animal facility at the National Institute of 

Occupational Health. Each male Long Evans rats was housed with a companion female 

Long Evans rat in a big cage (0.56 m2), whereas Sprague Dawley rats were housed in pairs 

in standard cages. Lewis rats were also housed in standard cages, with four rats in each 

cage. All rats were acclimated to an artificial 12 h light/12 h dark cycle for two weeks 

before the experiments were performed and had ad libitum to food and water at all times. 

The  temperature was  retained at 2022  ̊C, the  relative humidity was 45-55% and the air 

ventilation rate was 15x the room volume per hour. In total, 95 animals were used in this 

project.  

 

 Behavioral testing 

 Social stress paradigm 

A resident-intruder paradigm was used to investigate stress-induced changes in circulating 

miRNA levels and changes in HPA axis gene expression. The outline of the experiment is 

shown in Figure 4. In this model, the 10 male Long Evans rats (former breeders) were used 

as residents, and 10 Sprague Dawley rats were used as intruders. The remaining 10 Sprague 

Dawley rats were used as controls.  

The stress paradigm was performed by temporarily removing the female Long Evans rat 

from a resident cage. A Sprague Dawley rat was then introduced into the cage and exposed 

to the dominant and territorial male Long Evans rat. The two rats were separated 
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immediately following violent physical contact, and the cage was divided in two 

compartments by a perforated plastic wall – allowing the intruder to still see, smell and 

hear the resident rat. The intruder was removed from the resident cage after 60 minutes and 

returned to its home cage.  

This procedure was repeated for 7 days, with the intruder rat being introduced to a new 

resident rat every day. The control animals were moved to a foreign cage without a resident 

rat, each day of the 7-day period. 

 

 

 

 Elevated plus maze 

An elevated plus maze test was used to investigate the anxiety behavior of intruder and 

control animals before and after the conditioning week. This maze consisted of two 

unprotected arms (open arms) and two arms protected by walls (closed arms), making up a 

plus shape. The arms extended from a common central platform. Exploration of the maze 

was encouraged by performing the test under red light. 

Behavior in the maze was recorded by a video camera mounted on a rack above the center 

of the maze. Each rat was placed on the plus maze at the same spot and in a similar manner. 

After three minutes of exploration, the rats were returned back to their home cage. Based 

Figure 4 A schematic illustration of our behavioral experiments, showing the social stress paradigm step by step. The female rat 
was removed 60 minutes before an intruder rat was placed into the cage. The two male rats were allowed to interact until 
aggressive physical contact was initiated by the resident. A plastic wall was then used to separate the two rats and the animals 
were left in this manner for 60 minutes. After the stress conditioning, the intruder rat was placed back into its original cage, and 
the female rat was returned to the resident cage one hour after the intruder rat was removed. 
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on the video recordings the time spent in each arm was monitored.  The experimental setup 

is shown in Figure 5. 

 

 

 Blood sampling 

Blood samples were drawn from intruder and control animals at baseline- one week before- 

and after conditioning at day 1, 4 and 7. In order to minimize stress during sampling, the 

animals were anesthetized with 0.75 mL/kg hypnorm (Fentanyl citrate 0.315 mg/ml, 

fluanisone 10 mg/ml, Methyl parahydroxybenzoate 1.80 mg/ml and propyl 

parahydroxybenzoate 0.20 mg/ml), administered in a dark room under red light. The 

hypnorm was injected subcutaneously in the rats back close to the tail root. 

Moreover, to visualize the Vena Saphena, the leg was shaved using a small 11 mm scalpel. 

The vein was then punctured with a small hypodermic needle starting on the top of the 

visual vein. About 500µL blood was collected from each animal in a microvette tube coated 

with EDTA and spun down at 2000 g for five minutes. The plasma and the cell fractions 

were isolated and frozen separately in liquid nitrogen and later stored in an 80 ̊ C freezer. 

Visual inspection of each plasma sample was performed to avoid including hemolyzed 

samples. 

 

Figure 5  Elevated plus maze, constructed of two black wooden planks in a plus shape forming four arms. Two of the arms had
walls (closed arms) and two had no walls (open arms). The maze was used as an anxiety test by observing the animal’s decisions, 
meaning how often the rats chose to explore the open arms over the closed arms for 3 minutes.  
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 Tissue sampling 

On the last day of the experiment, all the intruder rats were euthanized by dislocation of 

the neck under deep isoflurane anesthesia. The adrenal glands and the pituitary gland were 

harvested and frozen on liquid nitrogen, then stored in a 80 ̊ C freezer.  

 

 RNA/DNA isolation and cDNA synthesis  

RNA from plasma was isolated using a miRNeasy serum/ Plasma kit (Qiagen). Qiazol was 

added to disrupt and homogenize the sample. To provide a system for normalization, miR-

39 from C.elegans was spiked into each sample before RNA isolation. Chloroform was 

then added and the water phase isolated, thereby leaving the protein, lipids and DNA 

behind. Ethanol (98 %) was added to the water phase and spun down in a spin column, as 

the ethanol helped the binding of RNA to the column. Further washing steps were 

performed with two buffers, namely RWT and RPE buffers. The RWT buffer was used as 

a washing buffer for clearing the sample from Qiazol and the RPE buffer was used to 

remove any traces of salts in the solution. Ethanol (80 %) was used to dry the membrane, 

and lastly, the RNA was eluted with RNase-free water.   

RNA and DNA was also isolated from the pituitary gland and adrenal gland using an 

Allprep DNA/RNA/miRNA Universal kit from Qiagen. The tissue was lyzed and 

homogenized before the sample was run through a DNA binding column. The column 

holding the genomic DNA was set aside. The flowthrough containing total RNA was 

treated with chloroform and proteinase K. The sample was loaded onto an RNA binding 

column and washed before DNase digestion treatment and washed again before the RNA 

was eluted with RNase-free water. For genomic DNA isolation, the DNA column was 

washed before proteinase K digestion was performed. The column was again washed and 

the DNA was eluted with Elution buffer.   

Reverse transcription of the RNA was carried out to generate cDNA by using the miScript® 

II RT kit (Qiagen). The reaction was performed in a Mastercycler Nexus with the program 

37  ̊C for 60 minutes and 95  ̊C for 15 minutes. The cDNA was then diluted in RNAsefree 

water  and  stored  at  80  ̊C.  A  more  detailed  protocol  of  the  mRNA  isolation  and  cDNA 

synthesis is described in Appendix 4. 
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 Cell culture experiments 

 LPS and IL-1β stimulation of THP-1 cells 

Cells were seeded out in a 6-well plate with the same conditions and approximately the 

same cell number (3 x 105) in total. MiR-223/30c/146a was transfected into the cells using 

RNAimax (Life Technologies) and incubated overnight in a 37 C̊ incubator with 5% CO2 

humidified atmosphere in preparation for stimulation experiments.  

The following day, cells were washed in appropriate medium for stimulation (RPMI 1640 

GlutaMAX medium, Life Technologies). The stimulating agents were added to their 

respective wells and the cells were monitored for 180 min. The cells were stimulated with 

an LPS concentration of 1 µg/µL and 10 µg/µL or an IL-1β concentration of 10 ng/µL and 

100 ng/µL to provide a dose-response curve. An equivalent volume of medium was added 

to unstimulated cells, serving as negative controls. After 180 min of stimulation, the cells 

were spun down and the pellet was washed with PBS. Both medium and pellet were stored 

at  80  ̊  C  for  later  analysis.  For  more  details  regarding  the  protocol  for  LPS/IL-1β 

stimulation of THP-1 cells, see Appendix 9 Immunoassay procedure (# RSHMAG-69K).  

 

 Quantitative Polymerase Chain Reaction 

 miRNA regulations in plasma 

The expression of plasma miRNA was investigated using qPCR. Collection samples of the 

stress- and control groups were compared using a rat miRNome array, containing 653 of 

the most abundantly expressed and best characterized miRNAs. The miRNome was run on 

96-well PCR plates delivered by Qiagen.  

A qPCR reaction was set up with cDNA, 2x QuantiTect SYBR Green PCR Master Mix, 

10x miscript Universal Primer and RNase-free water. The SYBR Green dye, which emits 

fluorescence at 520 nm when incorporated in double stranded DNA, was used to detect the 

amount of PCR product after each cycle. A more detailed Protocol for the qPCR is 

described in Appendix 5 Procedure for “miScript miRNA PCR Array”.  
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 Gene expression of stress hormones from pituitary gland and adrenal gland 
tissue 

To study the regulations of stress hormone secretion in the stress-exposed versus control 

animals, gene expression analyses were performed by qPCR. Tissue isolated at day 7 from 

both stress-exposed- and control animals was used. Hormones typical for the HPA-axis 

were chosen to examine how these hormones are affected by prolonged stress exposure. 

The expression of the housekeeping gene ß-actin (a protein with relatively constant 

expression level as this protein is part of the cytoskeleton) was used as a reference. Primers 

for the target genes were pre-designed and delivered by Sigma Life Science (Germany).   

 

 Gene expression of selected cytokines in human THP-1 cell fraction  

In addition, the gene expression of several cytokines where analyzed (IL-1β, IL-6, IL-10 

and TNF) in cell fraction of THP-1 cells. Primers for the target genes were pre-designed 

and delivered by Sigma Life Science (Germany).  This analysis was done after a stimulating 

treatment of the cells with LPS or IL-1β. The layout of the experiments is shown in 

Appendix 8. The expression of β-actin was used as a control.  This was done to elucidate 

the expression of these cytokines due to an immune response that was provoked by 

lipopolysaccharide (LPS) or IL-1β treatment.  
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Figure 6. Example of qPCR melting curve and amplification plot. A) Amplification plot of a fourfold dilution series on β-
actin run. The threshold-value is determined by the software, StepOne v2.3. A Ct value is set after how many cycles is needed 
in a sample to reach a threshold. A fourfold dilution series gives amplification plots sequentially two cycler apart. B)
Example of standard curve from a dilution series on β-actin. A known Ct-value will give a quantity of cDNA in a sample. C) 
A melting curve is used to verify fluorescence measured in the samples as a result of quantification of the desired product 
only. Any byproduct will show a second top, unlike a sample with only one product that show an even top.  
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Table 1 Rat specific primers used in qPCR.  A: Adenosine, C: Cytosine, G: Guanine, T: Thymine, Bp: base pairs, 
Tm: melting temperature. 

Primers Sequence 5’ à 3’ Bp Tm 
Nr3c1 Forward CAG AGA ATG TCT CTA CCC TG 20 56.4 
Nr3c1 Reverse CTT AGG AAC TGA GGA GAG AAG 21 56.4 

Nr3c2 Forward CCC ACC TGT CAA TAC ATT AG 20 56.9 

Nr3c2 Reverse CGT AAA GTA GAG CTT GAC AC 20 54.2 

Crhr1 Forward GGG GTA TAC ACT GAC TAC ATC 21 54.9 

Crhr1 Reverse GAA CAA CAT GTA GGT GAT GC 20 58.0 

Crhr2 Forward ACT CTA CTA TGA GAA TGA GCA G 22 54.4 

Crhr2 Reverse TGA CCG ATG TTG AAC AGA AAC 21 58.7 

Mc2r Forward AGA AAC TGG ATC CTT CCG 18 59.2 

Mc2r Reverse TGG TGT GTT CAT ACG AAT TG 20 59.5 

Pomc Forward AAC GCC ATC ATC AAG AAC 18 58.6 

Pomc Reverse AAG GTT TTA TTT CCT AAC TAC AG 23 54.3 

Fkbp5 Forward GAC CAC AAT ATG GTT TTG GAG 21 60.7 

Fkbp5 Reverse TCC AGT TTT TCT TTG GTG TC 20 59.2 

β – actin Forward CTA AGG CCA ACC GTG AAA AGA 21 58.6 

β – actin Reverse ACA ACA CAG CCT GGA TGG CAT 21 59.2 

  

 

Table 2 Human specific primers used in qPCR.  A: Adenosine, C: Cytosine, G: Guanine, T: Thymine, Bp: base pairs, 
Tm: melting temperature. 

Primers Sequence 5’ à 3’ Bp Tm 
Cx3cr1 Forward AAA TAC CCC ATC ATT CAT GC 20 59.7 

Cx3cr1 Reverse TTG TTC CAA ACG TTT CTA GG 20 58.0 

TNF Forward AGG CAG TCA GAT CAT CTT C 19 56.7 

TNF Reverse TTA TCT CTC AGC TCC ACG 18 56.4 

IL-6 Forward GCA GAA AAA GGC AAA GAA TC 20 60.4 

IL-6 Reverse CTA CAT TTG  CCG AAG AGC 18 58.5 

IL-10 Forward GCC TTT AAG CTC CAA GAG 18 58.7 

IL-10 Reverse ATC TTC CAT TGT CAT GTA GGC 21 56.5 

IL-1β Forward CTA AAC AGA TGA  AGT GCT CC 20 56.5 

IL-1β Revrse GGT CAT TCT CCT GGA AGG 21 59.6 

ACTB Forward GAC GAC ATG GAG AAA TCT G 19 59.7 

ACTB Reverse ATG ATC TGG GTC ATC TTC TC 20 58.0 
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 Electrophysiology  

 Animal surgery 

Female Lewis rats were sedated with isoflurane gas (Baxter International Inc., USA) for 

two minutes and further anesthetized with ~2 g/kg bodyweight urethane administrated by 

an intraperitoneal injection (250 mg/ml, Sigma-Aldrich co., USA). To avoid a lethal 

overdose, urethane was injected in several small doses. Absence of withdrawal reflexes 

when pinching the paw was considered sufficient anesthesia for surgery. Core temperature 

in the animal was maintained at 36/37  ̊C by a feedback heating pad (homoeothermic blanket 

control pad, Harvard Apparatus Ltd, Kent, UK).  

The sciatic nerve was exposed by an 8-10 mm incision, located above the pelvic girdle. The 

nerve was isolated from all surrounding tissue and a bipolar silver hook electrode was 

placed under and in contact with the nerve fiber for electrical stimulation. The incision was 

held open by retractors. To expose the spinal cord segments L3-S1, a 5-10 mm wide 

laminectomy was performed on vertebraes Th13 to L1. The endpoint of the ribcage was 

used as a reference point for Th13. The vertebral column was fixed by clamps placed rostral 

and caudal to the laminectomy site. The spinal dura mater and arachnoid mater were 

removed under a microscope using a cannula and tweezers.  

 Electrophysiological extracellular single cell recordings 

A microelectrode with impedance 2-4 MΩ (Fredrick Hear & co, USA), coated with 

parylene was lowered into the left spinal dorsal horn by a micromanipulator (MP-285, 

Sutter instrument, USA). A second electrode was placed subcutaneously as a reference. 

The recorded signals were captured with a headstage and amplified (x 5000) with an AC 

preamplifier. The recorded signals were then filtered by a band pass filter (Digitimer Ltd, 

UK) with the half- amplitude cut-off values 500 and 1250 Hz, corresponding to a wave 

length of 0.8-2 ms, digitalized with the interface CED 1401µ and displayed on a computer 

by the software spike 2 (4.15, Cambrige Electronic design, UK).  

A bipolar silver hook electrode with 1.5 mm distance between the silver hooks, was placed 

in contact with the sciatic nerve to apply an electrical stimulus. A pulse buffer connected 

to a stimulus isolator unit (NeuroLog system, Digitimer Ltd, UK) controlled the intensities 
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of the stimuli. Nociceptive neurons were identified by tapping/pinching their receptive field 

on the animals left paw. The experimental setup is shown in Figure 7. 

The C-fiber threshold was defined at the start of each experiment as the lowest stimulus 

intensity capable of evoking a C-fiber response. Every 4th minute a single test stimulus (2 

ms rectangular pulse, 1.5 x C-fiber response threshold) was delivered to the left sciatic 

nerve. Only cells with a baseline C-fiber response between 5-20 spikes were included in 

the study. To ensure single cell recordings, shape and amplitude of the spikes were studied 

to discriminate between signals from different cells.  

Action potentials arriving 0-50 ms after each test stimulus were defined as the A-fiber 

response, whereas action potentials arriving between 50-300 ms after a test stimulus were 

defined as the C-fiber response. Six stable C-fiber responses, with values not diverging 

more than 20% from the baseline were considered successful experiments. All monitored 

cells were found within a range of 190-700 µm depth.  

Adrenocorticotropic hormone fragment 1-39 (Fisher scientific) was dissolved in 0.9% 

NaCl to a concentration of 20 µg/mL. ACTH was stored at -80 ̊C until use. During 

experiments, 50 µL ACTH was administrated onto the dorsal horn of the spinal cord. The 

response of ACTH administration was registered for 180 minutes (n=7). Sham operated 

rats, i.e., no conditioning, served as control (n=8).  
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Figure 7 A schematic overview of electrophysiology experimental set-up were extracellular single cell recording is 
performed. 
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 Luminex  

 Analysis by bio-plex multiplex immunoassay system 

A Luminex bio-plex multiplex immunoassay system (BioRad) was used to examine the 

level of proteins in tissue samples and cell cultures.  

Magnetic beads were bound to our biomarkers of interest with the help of antibodies. The 

samples were then brought into a chamber were the magnetic beads were captured by a 

magnetic wall. Once in the chamber, the biomarkers were recognized by another antibody 

which was attached to a fluorescent reporter molecule. A red 635 nm and a green LED 535 

nm light shined on the beads to excite the dyes and reporter molecule. A charge coupled 

device (CCD) camera was used to identify each bead region as well as quantifying the 

analyte binding-events. After quantification, the magnetic beads were released from the 

magnetic wall and the system was flushed in preparation of the next sample. The principles 

behind the binding of analytes in the multiplex immunoassay are shown in Figure 8. 

 

 

This procedure was used to quantify the levels of ACTH in plasma from samples collected 

at baseline, day 1, 3 and 7 during the conditioning week. Cell media from THP-1 cells 

exposed to IL-1β were also run on a multiplex immunoassay to quantify the levels of TNF 

cytokines.  

Figure 8 principle behind luiminex magpix technology. The Luminex system can be used to analyze up to 100 different 
analytes in one sample. This technology has color-coded microsphere beads in two different fluorescent dyes; red 
and infrared. The biomarkers of interest binds specifically to the magnetic bead with the help of an antibody, in 
addition the biomarker is recognized by another antibody which is attached to streptavidin and a fluorescent reporter 
molecule. Adapted from; http://www.rpciflow.org 
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 Statistics  

The change in bodyweight over time was compared between stress-treated and control 

animals using a repeated measures (rm) analysis of variance (ANOVA). Since the 

sphericity assumption was violated, a Greenhouse–Geisser correction was applied. 

A Shapiro- Wilk test was performed for normality. A Mann- Whitney rank sum test was 

performed when investigating plasma miRNA expression and gene expression in the HPA 

axis following social stress exposure. Bonferroni was used to correct for multiple testing. 

Data from electrophysiology experiments where compared by a repeated measures analysis 

of variance (rmANOVA). Sphericity was corrected by a Greenhouse-Geisser correction. 

Registrations from one single experiment were combined into mean values of 11 groups. 

All data are presented as means ± standard error of the mean (SEM). P-values lower than 

0.05 were set as the level of statistical significance. All statistical analyses were performed 

in SPSS 21 (IBM SPSS inc. Chicago, USA). 

 miRNA regulation calculation 

Fold change values for each profiled miR was obtained by normalizing the ΔCt value from 

day 7 with its respective baseline ΔCt value (ΔCt = CtmiRNA – CtSpike-in).  

Selection of miRNAs from the screening array for follow-up analyses was based on a 

minimum cut-off of a twofold change in expression for the stress group. For the control 

group, the maximum cut-off was set as a 50% change in expression. 

In the follow-up analysis, fold change values were obtained by normalizing all sample 

values to their respective baseline mean. 
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4 Results 
In total 20 Sprague Dawley rats were used in the resident-intruder experiment.   

The electrophysiology analysis in this thesis is based on data from 15 successful 

experiments with Lewis rats, where eight served as controls and seven where used for 

ACTH exposure. 

 Stress effects 

In order to validate the resident-intruder model, body weight development and behavior in 

the elevated plus maze were examined. Our results showed that the exposed group gained 

weight in a lower rate than the control group (Figure 9A, p= 0.019). Interestingly, no 

difference was observed between the two groups with regards to behavior in the plus maze 

(Figure 9B, p= 0.909).   

 

 

Figure 9 Change in weight and plus maze exploration following exposure to social stress. A) Mean bodyweight in gram 
for exposed animals compared to controls at baseline, day 0, day 3 and day 7 of the stress paradigm, two-way rmANOVA, 
p=0.019, B) Mean time spent on the open arms on the maze in seconds, before and after conditioning, two-way 
rmANOVA, p=0.909. 
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In the pituitary gland, we observed a significant decrease in the expression of POMC, but 

no significant change in the expression of Fkbp5 or Nr3c1 (Figure 10). In addition, the 

stress group showed a significant reduction in adrenal Nr3c1 expression compared to 

controls. No significant difference in the expression of adrenal Mcr2 or Fkbp5 was 

observed between the two groups (Figure 11).  

 

 

 

 

Figure 10  Gene expression in pituitary gland following one week of social stress of the ACTH precursor Pomc, 
Fkbp5 co-chaperone receptor and Nr3c1 corticosterone receptor. Fold expression (normalized to control group) of 
Pomc, Fkbp5 and Nr3c1. A. P=0.0011, B. P= 0.06 and C. P = 0.104 receptively. All statistical analysis; Mann – 
Whitney rank sum test. *P>0.05, ** P>0.01 and *** P>0.001 

Figure 11  Gene expression in Adrenal gland following one week of social stress of the Mcr2 receptor, Fkbp5 co- 
chaperone receptor and Nr3c1 corticosterone receptor. Fold expression (normalized to control group) of Mcr2, 
Fkbp5 and Nr3c1. A. P=0.054, B. P= 0.06 and C. P = 0.031 receptively. All statistical analysis; Mann – Whitney 
rank sum test.  *P>0.05, ** P>0.01 and *** P>0.001 
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 Electrophysiology 

Possible downstream effects on pain signaling in vivo was further investigated, by 

administrating ACTH on the spinal cord. All experiments were performed by recordings 

from C-fibers (in wide dynamic range neurons) in the spinal cord found at a depth of 190-

700 µmeter from the surface of the dura mater. The C-fiber neurons were separated from 

Aδ-fibers by speed of signal transduction, as described in Chapter 3.6.2 (Figure 12, upper 

panel). To assure that the registered C-fibers were indeed the same, the amplitude of the 

active firing cells were compared.  

Our recordings showed that ACTH caused a significant reduction in C-fiber response. 

Representative examples of C-fiber recordings from the ACTH or control group are shown 

in figure 12A. After 180 minutes, application of 50 μL ACTH (20 μg/mL) onto the dorsal 

nerve roots had reduced C-fiber response to 60% of baseline. In contrast, the C-fiber 

response in the control group was stable throughout the whole experiment (Figure 12).  
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Figure 12 C-fiber response in percent of baseline after administration of ACTH or vehicle recorded for 
180 minutes. The C-fiber response was decreased to 60% of baseline 180 min after ACTH administration.
P=0.002, rmANOVA, Greenhouse- geiser correction. 
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 MiRNA regulation in plasma 

In order to get an overview of miRNA expression in relationship to social stress, a miRNA 

assay with the 653 most abundant miRNAs in the rat mirnome was utilized. An overview 

of all tested miRNAs from the assay can be found in the supplementary (page 70). Five 

miRNAs fulfilled our cutoff criteria of at least a twofold increase in the exposed group, 

plus no more than 50% change in the control group (Table 3). Upon replication using all 

samples and samples from all time points, miR-146a, miR-30c and miR-223 were 

significantly upregulated in the stress group (Figure 13). After Bonferroni correction for 

multiple testing, only miR-146a and miR-30c remained significant. Despite no significant 

change, miR-223 showed the same tendency as the two others. In previous publications 

within our group, miRNA-223 was found to be associated with anti- nociception, (Moen et 

al., 2017), and we therefore wanted to study its action on cultured THP1 cells. 
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miR ID Fold change- 
exposure 

Fold change- 
control 

Difference in fold-
change 

rno-miR-146a-5p 2,1483 -0,3413 2,4896 

rno-miR-30c-5p 1,7615 -0,4376 2,1991 

rno-miR-320-3p 1,8883 -0,0983 1,9866 

rno-mirR-126a-3p 1,8573 -0,0338 1,8911 

rno-miR- 223- 3p 1,0199 -0,4949 1,5148 

 

Figure 13  Circulating microRNA levels after 0, 3 and 7 days of social stress exposure, normalized to baseline              
(7 days before stress exposure). Fold expression of A) miR-146a, P= 0.001 at day 7. B) miR-30c, P= 0.004 at day 7. 
C) miR-223, P= 0.016 at day 7. All statistical analysis performed by Mann – Whitney rank sum test. 

Table 3  Selected miRNAs from screening. Cut off criteria for difference in fold change: +/- 1.5 n=5, making the 
criteria for a significant results p-value in further research 0.01. miRs with the most stable control fold-change were 
selected to further studies to avoid interfering of other stress factors from the lab setting.    



Results 
________________________________________________________________________ 

  
35 

 

 

 Cytokine regulation in THP-1 cell culture 

To further elucidate the findings from the plasma samples, we sought to investigate the role 

of miR-223 in more detail during inflammation in cultured human monocytes. To do so we 

used the THP-1 human cell culture line. The analyses of these experiments were divided in 

two: cell media analysis using a fluorescence detecting Luminex immunoassay system and 

cell fraction analysis conducted by RT-qPCR. 

Stimulation of THP1 cells with IL-1β gave a slight increase in TNF expression. 

Interestingly, the data showed that miR-223 transfection potentiated a much larger increase 

in TNF gene expression when applied together with IL-1β – both at 10 and 100 ng/mL. 

However, scrambled miRNA also increased the expression of TNF when applied together 

with 10 ng/mL IL-1β, and even more than miR-223 when applied with 100 ng/mL IL-1β 

(Figure 14A).  

In the cell media we observed no change in released TNF levels in response to different 

concentrations of IL-1β stimulation. In contrast, cells transfected with miR-223 displayed 

a high level of TNF released into the media, whereas no effect was observed following 

transfection with scrambled miRNA (Figure 14B). Taken together, these data suggest that 

miR-223 might impact inflammatory signaling processes by affecting the levels of TNF 

released from monocytes. 
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Figure 14. Fold expression and Florescence level of TNF in IL-1β stimulated THP-1 cells and media. Graph A shows 
IL-1β stimulation 0 n/ML, 10 n/ML and 100 n/ML receptively. Data normalized to a reference gene, namely β-actin 
expression. Graph B shows the florescence of TNF in THP-1 media stimulated with IL-1β in three concentrations (0 
n/ML, 10 n/ML and 100 n/ML). A single experiment consist of three conditions; no transfection (blank), miRNA-223 
transfection and scramble-miRNA transfection.  
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5 Discussion 
The present study shows that social stress may have an impact on weight development and 

ACTH regulation, the latter in the form of decreased expression of POMC in the pituitary 

gland. Furthermore, the results from electrophysiological recordings show that 

administration of ACTH on dorsal roots of the spinal cord reduces the nociceptive response. 

Thus, decreased ACTH signaling after prolonged social stress could contribute to enhanced 

nociceptive signaling. 

We also found that social stress may lead to an increase in plasma levels of miR-146a, miR-

30c and miR-223, and that miR-223 affects inflammatory responses in cultured cells. 

Taken together, the present thesis shows that prolonged social stress may affect endocrine, 

sensory and possibly inflammatory signaling processes, and could contribute to increased 

susceptibility to chronic pain development.  

 

 Methodological considerations 

 Animals used in the different approaches 

There are several advantages of using an animal model for the investigation of social stress. 

An animal model might provide deeper insights into molecular and physiological 

mechanisms underlying stress exposure than what might be examined in humans.   

The resident-intruder paradigm was chosen because this allowed us to mimic a social defeat 

situation. We expected physiological effects in the stress-exposed animals, in which we 

could further investigate molecular changes. Due to their aggressive nature, the outbred 

Long Evans rat strain was used as the resident aggressor in the paradigm. Retired breeding 

males were used, as these are even more aggressive than younger males. In addition, the 

most aggressive individuals were chosen through a screening process (Thor and Flannelly, 

1976). 

Outbred male Sprague Dawley rats were used as intruder rats. This strain is outbred for 

seven generations and is often used in behavioral studies. They are easy to handle and most 

importantly, the Sprague Dawley rats have a lower body weight than the Long Evans 

resident rats. This weight difference is an important factor when performing a social defeat 
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model to ensure defeat of the intruder animal (Koolhaas et al., 2013).  Earlier evidence 

shows that Sprague-Dawley rats have a stable baseline of stress and fighting induced 

behavior (Eichelman, 1980). While the within-strain genetic variability is dependent on the 

supplier, Sprague-Dawley rats are still frequently used in behavioral studies. 

For the electrophysiology experiments, we used the inbred rat strain Lewis. These rats are 

inbred for 20 generations and are known to have a more pronounced inflammatory response 

than other strains. Thus, this strain is frequently used to study inflammation and nociceptive 

responses. Sprague Dawley rats have shown the same characteristics, but the inflammatory 

responses do not persist as long as in Lewis rats (Popovich et al., 1997). Further, Sprague-

Dawley rats have a larger genetic variability, and results may be more comparable in rats 

with less varying genetics.  

 Behavior experiments 

Although the female Long Evans rats were ordered sterilized from the manufacturer, 

several of them gave birth during the experiment. Considering time constrains due to all 

the following experiments, we decided not to restart the behavioral experiments. 

Eventually, this did not seem to affect the outcome of the behavior experiments. The female 

Long Evans rats only served as a companion to increased territoriality in the male resident 

rat. In fact, it is possible that the birth of litters during the experiment may have increased 

territoriality and aggression in the resident rat.  

To minimize stress, all blood samples were drawn in anesthetized animals. We opted to use 

an injectable anesthetic to avoid the additional stress caused by induction of isoflurane 

anesthesia, which can persist for some time (30-60 seconds) while the animals are confined 

to the small space of the induction chamber. Therefore, the anesthetic agent hypnorm was 

used. This is a neuroleptanalgesic for use in rodents, which induces a relatively short period 

of anesthesia (approximately 1 hour), and was therefore thought to be a good candidate for 

our experiments.  

The plus-maze data analysis showed no statistically significant changes in exploration 

between the control and the stress exposed group, implying no increase in anxiety in the 

group exposed to social stress. Because of the observed statistically significant difference 

in bodyweight the resident-intruder paradigm was successful. However no effect was 

observed in the plus-maze experiments. This may be due to the light intensity in the lab 
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where the experiments were conducted. Sprague Dawley rats have compromised vison and 

a red light was the only source of light in the room where the plus-maze test was performed 

(Prusky et al., 2002). Keeping this in mind, it is possible that the lighting was not adequate.  

This notion is supported by previous evidence, which point toward the conclusion that 

vision is important in triggering aversion to the open arms of the elevated plus-maze 

(Garcia et al., 2005). Earlier work using the elevated plus-maze report a wide range of 

lighting conditions during the experiment (light intensity from 1-900 lux). Luminance 

ranging from 300-900 has been reported to not be optimal, but still achieve comparable 

exploration rates (Becker and Grecksch, 1996; Garcia et al., 2005).  

The elevated plus-maze test was conducted twice to establish a baseline of anxiety 

behavior. Since rats are known to habituate rapidly to a new environment, this may have 

influenced our results (Figure 9B). Preferably, the test should only have been conducted 

once and then compared to the control group. In further studies, it should be a priority to 

optimize this in our lab before performing the elevated plus-maze again. An alternative 

method to the elevated plus-maze could be a social interaction test (Varlinskaya and Spear, 

2008). Here, an interaction with an unfamiliar rat of the same strain can indicate level of 

stress. A disadvantage with this method compared to the elevated plus-maze is the need for 

additional animals, which increase both time and cost, as well as ethical concerns.  

 Electrophysiology  

In order to study the effects of ACTH on nociceptive activity, we used in vivo extracellular 

recordings of neuronal activity in the spinal cord. Whereas other approaches such as 

intracellular recordings (Ikeda et al., 2003) can be used to study nociceptive signaling, this 

usually requires an ex vivo or in vitro preparation which limits the understanding of the 

effects in an intact physiological system. Conversely, by using extracellular recordings we 

could study the effects in an in vivo manner. This method also allows for sampling of 

several neurons in the same animal, both to assess the responses of different neurons to 

nociceptive stimuli, and how substances such as ACTH affects their activity (the latter was 

beyond the scope of this thesis). 

Due to the invasive nature of the experiments, all of our recordings were made in urethane 

anesthetized animals. Urethane is a long lasting anesthetic, commonly used in rodents. It 

produces a steady surgical anesthesia with minimal effects on cardio-respiratory functions. 
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Importantly, previous studies have shown that urethane compared to other anesthetics, only 

shows modest effects on neurotransmitter-gated ion channels (Hara and Harris, 2002). 

Extracellular recordings in vivo can be performed by single cell recordings (Pedersen et al., 

2010) and field potential recordings (Eriksen et al., 2012; Jacobsen et al., 2010). In this 

study, single cell recordings were used to observe the C-fiber response. Cells were 

identified by pinching the receptive field, which in turn also potentially activates other 

sensory nerve fibers in the dorsal horn, such as touch and proprioceptive neurons. Only 

nociceptive neurons characterized with a clear response to pinch and a clear C-fiber 

response, were included in the present study.  

During electrophysiology experiments, ACTH dissolved in 0.9% NaCl was administrated 

onto the dorsal roots. Control experiments with administrated 0.9% NaCl (saline) were 

performed to control for any treatment except ACTH application. We chose to administer 

ACTH directly onto the spinal cord rather than using a systemic administration (Amir, 

1981). This decision was based on several factors. First, ACTH has a short half-life, and 

could thus be removed from circulation by the time we started successful recordings 

(Spencer and Deak, 2017). Second, a systemic injection of ACTH would also affect several 

other tissues relevant for nociceptive signaling, which would make it difficult to isolate its 

effect on the C-fibers response. Finally, to be able to record both baseline responses and 

responses after ACTH administration, we needed an approach where we could acutely 

administer the hormone dose to the relevant spinal cord neurons (Egeland et al., 2013). 

 MiRNA and gene expression 

To investigate changes in miRNA- and gene expression, qPCR was performed on cDNA 

made from isolated total RNA. However, mRNA expression levels do not necessarily 

reflect exact gene expression, since protein translation may be regulated in several different 

ways. In qPCR, only changes in mRNA expression can be observed. 

 

Alternative methods to qPCR, like Northern blotting, in situ hybridization and RNase 

protection assay, may be used to investigate changes in gene expression on mRNA level 

and changes in miRNAs. The main limitations of these methods are their low sensitivity, 

and the need for a big sample of RNA. The qPCR method on the other hand has a high 

sensitivity and only requires small amounts of RNA. In addition, qPCR is sequence 
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specific, as the primers are designed for the genes of interest. The major limitation using 

this method is assumed to rise from human errors as an unspecific fluorescence reporter, 

SYBER green is used. Poorly designed primers present another possible source of error, 

where the primers have a high melting point or do not span over exon-exon boundaries. If 

this is the case, the risk of amplification of genomic DNA increases. To test if genomic 

DNA or other mRNA sequenced had been amplified, the melting curve of each qPCR run 

was investigated. The presence of more than one peak would indicate unspecific binding 

of the primers. 

 

In this study, the cutoff criteria for further investigation of miRNAs was set to no more 

than 50% change in the control group. This was to ensure stability of the miRNA in the 

control groups to generate trustworthy data. The housekeeping miRNA SNORD-68 and 

spiked-in miR-39 was used for normalization of miRNA expression levels. The gene 

encoding β-actin was used as a reference gene for normalization of the mRNA expression 

to adjust for different amounts of tissue and varying degree of mRNA degradation. These 

are well established controls (Egeland et al., 2013; Motawi et al., 2015). Although the tested 

gene expression of POMC interoperate a connection in regulation of ACTH, it is not with 

absolute certainty that this gene expression reflects the same effects of ACTH, as POMC 

only is the precursor of ACTH.  

 THP-1 cells as a model for human monocytes 

The THP-1 cell line (human leukemia monocytes) has been extensively used to study 

monocyte/macrophage functions and signaling pathways (Bosshart and Heinzelmann, 

2016). This is an easy cell line to maintain in the lab, and because it is commonly used, it 

offers a large advantage in terms of available comparable data. An alternative method 

would be to harvest cells from the spleen ex vivo. This would give us a clearer indication 

on how the monocytes had been influenced by the stress conditioning. However, this is a 

lot more demanding as the risk of contamination is higher, and the purity of cell types can 

vary.  

Several parameters had to be optimized in our lab in order to establish a protocol for viable 

cell experiments from scratch. The concentration of miRNA used for transfection, the 

amount of IL-1β stimulation and RNAimax had to be tested. The method is not yet fully 

optimized, but in this thesis we show a successful experiment performed with miR-223 
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transfection. I interpret these results with some caution, as the experiment is yet to be 

replicated. In, addition two miRNAs are yet to be tested (miR-30c and miR-146a).  

 Immunoassay detection of biomarkers 

To examine ACTH levels in plasma following social stress and TNF release in IL-1β 

stimulated monocyte cells, we used a multiplex immunoassay system performed on a 

Luminex instrument. When using an antibody-based assay, a source of bias is that the same 

dilution and buffer system measures the different target of interest. Therefore it will not be 

optimized for each target, and this might compromise sensitivity. False positives are also a 

possibility, where antibodies in a multiplex assay may cross react. Alternative methods to 

the Luminex, such as ELISA, could be used for the same purposes, but a major 

disadvantage with Elisa is that only one cytokine can be detected at once. In contrast, the 

multiplex method enables up to 50 cytokine detections in the same sample at once. This 

makes it a better choice considering time and expenses available in this thesis.  
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 Discussion of Results 

 Stress effects 

In accordance with previous work, the present study showed that prolonged social stress 

exposure may lead to an attenuated gain in bodyweight (Figure 9A), (Savignac et al., 2011; 

Zelena et al., 1999). This may indicate behavioral changes where the animal chose to eat 

less than under normal circumstances or physiological changes in the metabolism of the 

animals (Zelena et al., 1999).  

 Gene expression following stress exposure  

Previous work suggest that there is a decrease in the expression of the ACTH precursor 

POMC in the pituitary gland following chronic stress (Chen et al., 2008). Some studies also 

report the opposite, namely an upregulation in POMC mRNA following repeated stress 

exposure (Kiss and Aguilera, 1993; Lopez-Calderon et al., 1991). In the present study, we 

observe a down regulation of the POMC mRNA as a consequence of social stress (Figure 

10A). 

The complex regulation of POMC, may possibly explain the contradictory findings. 

Activation of neurons in the hypothalamus triggers secretion of CRH and vasopressin. This 

vasopressin signaling has earlier been found to downregulate POMC (Aguilera, 1994). This 

correspond to our data and may partly be the reason for our findings (Figure 10A). Another 

interesting factor is the influence of the bed nucleus of the stria terminalis, a small part of 

the hypothalamus which has been suggested to influence the physiology of fear, social 

behaviors and pain (Cecchi et al., 2002; McNally and Akil, 2002). In addition to elevated 

glucocorticoid levels (Tamashiro et al., 2005), activation of this area may contribute to the 

downregulation of POMC (McNally and Akil, 2002).  

As described in the introduction (chapter 1.1.2), glucocorticoids act as a negative feedback 

signal to the hypohalamus and pituitary gland which reduces production of ACTH (Deng 

et al., 2015). Earlier studies have reported a decrease in the expression of the GR Nr3c1 in 

the pituitary gland following stress conditioning (Ramos-Ortolaza et al., 2017). The 

negative feedback mechanism of glucocorticoid signaling in the pituitary gland and 

hypothalamus is well established. In addition, the adrenal gland GR Nr3c1 may participate 

in the regulation corticosterone production by a rapid intra-adrenal pathway (Pinto et al., 
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2015; Walker et al., 2015). The observed downregulation of GR in the adrenal gland 

(Figure 11C) may therefore indicate an attenuated feedback inhibition of glucocorticoid 

production, potentially leading to prolonged and enhanced responses following stressful 

stimuli. 

Our data also showed a change in the expression of the Fkbp5 gene encoding the FK506 

binding protein, that may regulate glucocorticoid resistance (Figure 10B and Figure 11B) 

(Scammell et al., 2001). Glucocorticoid resistance is characterized by reduced 

corticosterone effects (Avitsur et al., 2001) due to GR defects or down-regulation of the 

receptor. Alterations and polymorphisms in Fkbp5 have earlier been associated with PTSD 

(Criado-Marrero et al., 2018; Schoner et al., 2017). Here, we observed an upregulation of 

Fkbp5 mRNA in the pituitary gland, and a tendency of decrease of the same gene in the 

adrenal gland (Figure 10B and Figure 11B).  

In this study we found no difference in plasma ACTH levels between the two groups. 

However, because ACTH is very quickly degraded in plasma (halftime of only 4 minutes), 

measurements of the ACTH levels may be challenging (Spencer and Deak, 2017). This 

may explain our observation in the present thesis (supplementary Figure 15).  

 Electrophysiology recordings 

Because ACTH is a key hormone in stress modulation and a decrease in the mRNA of both 

the precursor and its receptor was found in the HPA axis following defeat stress, it was of 

interest to study its effect on nociceptive signaling in vivo. As shown in Figure 12, 

administration of ACTH lead to reduced activity in C-fibers. The anti-nociceptive 

mechanism of ACTH on spinal cord neurons is not known, so the reduction in activity 

could therefore be caused by either intracellular changes in the C-fibers or by activation of 

local inhibitory neurons. Due to the short time between ACTH administration and the 

observed reduction in C-fiber response, the observed change was likely not due to altered 

gene expression.  

This finding is of particular importance to this study, as it suggests that a physiological 

consequence of social stress is enhanced nociceptive signaling. This is supported by the 

fact that the ACTH precursor POMC showed reduced expression after stress. Therefore, 

the downregulation of POMC levels may cause increased nociceptive responses and 

hyperalgesia.  
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Others have previously performed similar experiments with ACTH, but found the opposite 

effect (Belcher et al., 1982), based on tail flick latency and other behavioral changes like 

jumps (Amir, 1981). The latter study injected ACTH intravenously – an alternative method 

discussed in Chapter 5.1.3. Thus, in future studies it might be advantageous to test both the 

systemic administration of ACTH and local administration onto the dorsal horn within the 

same experimental setup for C-fiber recording, in order to elucidate how ACTH affects 

nociceptive signaling. 

 Effects of miRNA 

The animal arm of the present study shows that circulating miR-146a, miR-30c and miR-

223 may be upregulated following social stress (Figure 13). For the first time the present 

study showed an upregulation of miR-146a after stress exposure. Moreover, in accordance 

with earlier data we saw a stress-induced upregulation of miR-30c and miR-223. Social 

stress may promote upregulation of miR-30c in germ cells where it can be inherited by the 

offspring. MiR-223 has been linked to immobilization stress along with tail shock 

(Balakathiresan et al., 2014). This miRNA has also been suggested to induce an  anti-

nociceptive effect in previous studies (Moen et al., 2017).  

Of the three significantly upregulated miRNAs in plasma, miR-146a and miR-223 are well 

established anti-inflammatory regulators (Chuang and Jones, 2007). MiR-146a is highly 

expressed in blood and brain tissue, and miR-146a is possibly involved in a mechanism 

of action through regulation of the MAPK and Wnt signaling pathways (Lopez et al., 

2017). Interestingly, inhibition of these pathways has been shown to lead to depression, 

while activation has been strongly associated with a decrease in depressive symptoms 

(Lopez et al., 2017). 

One interesting aspect of social stress exposure is that parental experiences likely influence 

disease risk by altering stress pathways in offspring (Rodgers et al., 2013). Epigenetic 

marks in germ cells are proposed to be involved in a mechanism by which parental 

environmental exposures shape offspring neurodevelopment. Interestingly, miR-30c is 

found to be upregulated in sperm cells in adulthood following stress inflicted at a young 

stage (Rodgers et al., 2013). This miRNA is known to target important genes involved in 

DNA methylation, chromatin remodeling and miRNA processing, one of them being 

methyltransferase 3a. Thus, if miRNAs have a role in maladaptive responses to a 
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psychological stressor then it may be a promising target for treatment of stress, which may 

predispose individuals to mood and anxiety disorders. The upregulation of miR-30c after 

repeated stress exposure (Figure 13) opens up for speculation on extended epigenetic 

influence following chronic stress.  

 Monocyte function in inflammation following stress  

Previous work has revealed that monocyte trafficking from the spleen to the brain may be 

responsible for establishment of stress-induced anxiety in mice (Wohleb et al., 2014a). This 

means that monocyte regulation may be important for the development of mood 

disturbance following social stress.  

Our preliminary data from monocytes show that IL-1β and miR-223 stimulation causes a 

small increase of the released levels of the inflammatory factor TNF (Figure 14). IL-1β has 

a large impact on the stress response and is reported to be upregulated in the start phase of 

the stress response (Sorrells and Sapolsky, 2007). Earlier studies support this by arguing 

that a chronic stress response weakens the anti-inflammatory response (Engler et al., 2005), 

regulated by glucocorticoid levels. Although miR-223 is known to induce anti-

inflammatory responses, the effect shown in this present thesis (Figure 14) points in the 

opposite direction. The rise of both expressed and released levels of TNF might be due to 

a mechanism involving miR-223, which could maintain a pro-inflammatory response of 

the immune system. 

Increased levels of TNF in monocytes stimulated with ILs has been found earlier (Allen et 

al., 2012) and is consistent with findings showing elevated circulating pro-inflammatory 

cytokines following acute stress (O'Connor et al., 2003). Here we show that such pro-

inflammatory upregulation may also be associated with miR-223 transfection. However, 

more experiments are required to examine the function of miR-223 in vitro. 
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6 Future perspectives 
 

In this study we demonstrated that ACTH has the ability to alter nociceptive signaling. 

However, through which mechanisms ACTH affects neurons remains to be investigated.  

In order to study the possible epigenetic changes following repeated stress exposure 

methylation of the ACTH or Nr3c1 gene may also be investigated by bisulphite 

pyrosequencing.  

The THP-1 experiments with transfected miR-223 are only preliminary and have to be 

replicated. In addition, the two other miRNAs we found to be affected by social stress, 

miR-146a and miR-30c, should also be transfected into the cells to examine their effect on 

cytokine release. The effect of these cytokines on cultured pituitary cells and whether they 

alter the production of ACTH may also be examined. 
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7 Conclusions 
 
Based on the results from this thesis, I conclude that social stress affects several 

physiological processes which could contribute to development of anxiety and 

hyperalgesia. In detail, it shows that: 
 
 

I. The resident-intruder paradigm was a good model to study the physiological and/or 

behavioral effect of social defeat. A sufficient stress response for examination of 

physiological and/or behavioral changes was observed. 
 

II. Social stress affected expression of the mRNA of ACTH precursor molecule and 

its receptor in the pituitary- and adrenal gland, respectively. This showed that 

prolonged stress exposure alters the function of the HPA axis. 

 

III. Acute administration of ACTH onto the dorsal horn induced a decrease in C-fiber 

response. Thus, a reduction in responsiveness to electrical stimuli applied onto the 

sciatic nerve was observed. Our findings suggest that down regulation of ACTH 

may be associated with hyperalgesia.   

 

IV. Social stress alters the expression of several miRNAs, including miR-223, 146a and 

30c that are of particularly interest in this thesis. To my knowledge this is the first 

study that report an association between social stress and miR-146. This supports 

the hypothesis that social stress may lead to the development of anxiety and fear.  
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Appendix  
 
Appendix 1 Behavior test – Stress and miRNA 
 
Animals: 

Sprague Dawley Long Evans 
Stress group: 
10  

Control group: 
10  

Screening group: 
10  

Resident Male rats: 
15 

Sterile female rats: 
15  

 

Screening:  

1. The screening group was housed in standard cages in pairs: Two rats per cage. 

2. To optimize the blood sampling procedure, distribution of work and the sample processing 

(plasma) - the blood sampling of the screening group took place at day 1 and 4 during the 

week.  

3. The Screening was performed in the largest cages available. The Long Evans rats showing 

the most aggressive behavior were selected for the experiment.   

4. The housed rats are euthanized after completion of screening and are used for optimization 

of the adrenal gland and pituitary gland harvesting.  

Set up: 

1. Intruder rats and resident rats were housed in different rooms 

2. 1 Long Evans male and 1 sterilized Long Evans female were housed together in transport 

cages.  

3. For optimum aggressive behavior, the floor-area of the housing cage should be 0.5 m2. 

Transportation cages had a total area of 0.56 m2. 

4. The boxes was not washed the week before stress conditioning or under stress conditioning 

5. Two Sprague Dawley rats are housed together per cage (standard rat cages) 

6. We also prevented washing the cages of the intruder rats under stress conditioning. 
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Procedure for stress group: 

1. The aggression level is at its highest during the dark phase, this is why the experiments was 

carried out at this point (after 10.00 o’clock).  

2. Female Long Evans rat were removed from the resident cage 1 hour before the test. 

3. Introduction of foreign Sprague Dawley rat into the resident cage. 

4. Observed behavior.  

5. Interference was needed in case of physical contact (aggressive) or after 10 minutes. 

6. The cage was divided in two by a plastic wall, which enabled the animals to see and smell 

each other.  

7. After a total of 60 minutes, the intruder animal returned to its original cage and the female 

Long Evans rat was returned to the resident cage.  

The procedure was conducted by first using the screening group as intruders. The most aggressive 

resident rats was used during the conditioning week. This was determined by the latency between 

the introduction of a foreign male and aggressive behavior. 

Procedure for control group: 

1. The experiments were performed after 10.00 o’clock. 

2. Sprague Dawley rats were introduced to foreign, empty cages. 

3. After 60 minutes in the foreign cages they returned to their original cage.  

4. Two blood samples were taken both from the stress group and the control group before the 

conditioning week. They were taken the week before the experiments two days apart. The 

blood samples are taken from vena saphena, and spun down (2000 g 5 min). The plasma 

and the cell fraction were frozen for later analysis.  

Before the conditioning week, all 20 of the Sprague Dawley rats were introduced to the elevated 

plus maze. The behavior was filmed and scored by an outside person.  

Conditioning week  

1. Stress conditioning was performed every day with stress group.  

2. Control conditioning was performed every day with the control group.  

3. Blood samples was taken one hour after conditioning on day 1 and 4.  

4. At day 8 repetition of the elevated plus maze behavior test.  

5. At day 8, last blood sampling.  

At day 8, the adrenal gland and pituitary gland were harvested and isolated. 
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Appendix 2 Procedure of RNA isolation using miRNeasy 
serum/plasma kit 

1. The frozen plasma samples were thawed and 25 µL was transferred to a new tube and 
directly frozen down again on liquid nitrogen and stored in a -80 ̊C freezer for later protein 
analysis.  
 

2. 100 µL of the remaining thawed plasma sample was transferred to a new 1.5 mL Eppendorf 
tube and 500 µL QiAzol was added to the sample. The sample was mixed by vortexing.  

 
3. The sample was incubated for 5 minutes in room temperature.  

 
4. 3.5 µL (1.6 x108 copies/µL) miRNeasy serum/Plasma Spike-in Control was added to the 

sample. 
 

5. 100 µL Chloroform was added to the sample and the sample was shocked vigorously for 
15 seconds.   
 

6. The sample was incubated for 2-3 minutes in room temperature.  
 

7. The sample was centrifuged for 15 minutes at 12,000 x g in 4 ̊ C.  
 

8. The upper aqueous phase of the sample was transferred to a new 1.5 mL Eppendorf tube 
and 450 µL of 96% ethanol was added. Mixed by vortexing.  
 

9. 700 µL sample was pipetted into an RNeasy MinElute spin column in a 2 mL collection 
tube. The sample was then centrifuged for 15 seconds at 8000 x g at room temperature. The 
flow- through was discarded.  
 

10. Step 9 was repeated for the remaining sample.  
 

11. 700 µL RWT buffer was added to the RNeasy MinElute spin column. The lid was closed 
at the sample was centrifuged for 15 seconds at 8000 x g. flow- through was discarded.  
 

12. 500 µL RPE buffer was added to the RNeasy MinElute spin column. The lid was closed at 
the sample was centrifuged for 15 seconds at 8000 x g. flow- through was discarded.  
 

13. 500 µL of 80% ethanol was added to the RNeasy MinElute spin column. The lid was closed 
at the sample was centrifuged for 2 minutes at 8000 x g. flow- through was discarded.  
 

14. 2 mL collection tube and centrifuged with an open lid for 5 minutes, at full   speed to dry 
the membrane. 
 

15. The RNeasy MinElute spin column was placed in a new 1.5 mL Eppendorf tube. 14µL 
RNase-free water was added directly to the center of the spin column membrane. The 
sample was then centrifuged for 1 minute at full speed to elute the RNA. 

 
16. The sample was stored at -80 ̊C. 
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Appendix 3 Harvesting of the Pituitary gland and adrenal glands 

 
1. The animal was sedated with isoflurane gas (Baxter International Inc., USA) for 3 

minutes, and further euthanized by dislocation of the neck.  
 

2. The head was cut off and scissors were used to cut along the base of the rat’s skull. 
 

3.  The scalp and the brain was removed to expose the pituitary gland located between 
the sphenoid bone.  
 

4. The pituitary gland was scooped up with a spatula and frozen immediately on liquid 
nitrogen in a 1.5 µL Eppendorf tube.  
 

5. The adrenal glands were harvested simultaneously by another person. The stomach 
was cut open with scissors and tweezers were used to move organs.  
 

6. The kidney was located and the adrenal gland was found in the adipose tissue above 
the kidney.  
 

7. When the Adrenal gland was found, it was cut free and additional adipose tissue 
was removed before it was frozen on liquid nitrogen and stored at -80 ̊C.  
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Appendix 4 Procedure for cDNA synthesis using “miScript II RT 
kit”.  

 

1. Template RNA and miscript reverse transcriptase mix were thawed on ice and the 
rest of the reagents in room temperature.  
 

2. A reverse- transcription master mix were prepared on ice according to the table 
below.  

Component Volume/reaction 
 

  
5x miScript HiSpec Buffer 4 µL 
  
10x miScript Nucleics Mix 2 µL 
  
RNase- free water 
 
miScript Reverse Transcriptase Mix 
 
Template RNA 

5 µL 
 
2 µL 
 
7 µL 
 

Total Volume 20 µL 
 

3. Template RNA was added to each tube containing reverse- transcription master 
mix. The samples were mixed gently and centrifuged for 10 seconds before placed 
on ice.  
 

4. The reverse transcription reaction was run on the PCR machine at the following 
program: 37 °C for 60 min, 95 °C for 5 min and held at 4ᵒC after the program was 
finished. 

 
5. The samples were diluted with 200 µL RNase-free water and mixed gently. 

 
6. The samples were stored at -80 ̊C.  
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Appendix 5 Procedure for “miScript miRNA PCR Array” 

 

1. All reagents and samples were kept on ice unless specified otherwise.  
 

2. Collection samples were made in beforehand, were all samples without hemolysis 
were included.  
 

3. A reaction mix was made according to the table below. 
 

Reagent Volume/ sample 

2x QuatntiTect SYBR Green PCR Master 
Mix 

1375 µL 

10x miScript Universal Primer 275 µL 

RNase- free water 1075 µL 

Template cDNA 25 µL 

Total Volume 2750 µL 

 

 
4. The miscript miRNA PCR Array was removed from its sealed bag.  

 
5. 25 µL Reaction mix were loaded in each well of a 96- well plate.  

 
6. The 96- well plate was sealed with a plastic cover and spun down at 2500 rpm. 

 
7. The qPCR reaction was run at the following program: 95 ̊C for 15 minutes followed 

by 40 cycles of 94 ̊C for 15 seconds, 55 ̊C for 30 seconds and 70 ̊C for 30 seconds.  
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Appendix 6 Procedure for “miRNA qPCR” 

 

1. All reagents and samples were kept on ice unless specified otherwise.  
 

2. A reaction mix was made according to the table below. 
 
 

Reagent Volume/ sample 

2x QuatntiTect SYBR Green PCR Master 
Mix 

1127.5 µL 

10x miScript Universal Primer 225.5 µL 

10x miScript Primer Assay 225.5 µL 

RNase- free water 451 µL 

 

Total Volume 2029.5 µL 

 

3. 25 µL Reaction mix were loaded in each well of a 96- well plate.  
 

4. 2.5 µL of each template cDNA sample was added to the 96- well plate. 
 

5. The 96- well plate was sealed with a plastic cover and spun down at 2500 rpm. 
 

6. The qPCR reaction was run at the following program: 95 ̊C for 15 minutes followed 
by 40 cycles of 94 ̊C for 15 seconds, 55 ̊C for 30 seconds and 70 ̊C for 30 seconds.  
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Appendix 7 Procedure for Gene expression qPCR 

All reagents and samples were kept on ice unless specified otherwise.  

1.  A master mix was prepared: 

 
2. The cDNA samples used for b-actin analysis were diluted: 1 µL cDNA (10ng/µL) 

+ 9 µL RNase free water. 
 

3. 8 µL from three different cDNA samples (10ng/ µL) were mixed to give a stock 
cDNA solution. A dilution series used to generate a standard curve for each gene 
was prepared.  

 

 
4. 16.00 µL master mix was loaded to each well on a 96 well plate. 

 
5. 4.00 µL ddH20 were added to the non-template control (NTC) wells. 

 
6. 4.00 µL sample cDNA or pre-diluted samples b- actin analysis or dilution series 

samples were transferred to the PCR- plate in two parallels and mixed well.  
 

7. The PCR plate was sealed with a plastic film and spun down at 2500 rpm. A rubber 
mat was placed on top of the PCR plate. 
 

8. The qPCR reaction was run at the following schedule: 90 ̊ C for 2 min followed by 
40 cycles of 95 ̊ C for 10 sec and finally 60 ̊ C for 30 sec.   

Reagent Volume/ sample 

ddH2O 5.58 µL 

Perfecta SYBR Green FastMix 10.0 µL 

Primer forward (25 pmol/ µL) 0.21 µL 

Primer reverse (25 pmol/ µL) 0.21 µL 

Total Volume 16.00 µL 

Dilution series nr. cDNA RNase free water 

1 4.35 µL undiluted 

2 6 µL + 18  µL 

3 6 µL from nr. 2 + 18  µL 

4 6 µL from nr. 3 + 18  µL 

5 6 µL from nr. 4 + 18  µL 

6 6 µL from nr. 5 + 18  µL 



  Appendix 
________________________________________________________________________ 

  
67 

 

Appendix 8 Procedure for LPS/ IL-1β overexpression in THP-1 cells 

 

1. Seed out 1,7 mL cell suspension to each well (0,5 mill cells/well) 

2. Add 300 µL of the transfection media to 0,5 mill cells/well 

3. Incubate for 24 hours (37°C) 

4. Treat cells with 200 µL +/-LPS/IL-1β (50 ng/mL in complete medium)  

5. Incubate for 3 hours 

6. Transfer cell suspension to appropriate tubes and take out 150 µL from each 
tube/well for cell counting.   
 

7. Collect cells by centrifugation at 1000rpm for 4 min at 4°C. 

8. Collect conditioned media (in 2 mL tubes) and cells separately 

9. Wash the cell pellet with 1 × cold phosphate-buffered saline (PBS) and re-suspend 
in preferred RNA lysis buffer or leave as a pellet (centrifuge again) and store at -
80°C upon analysis.  
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Analysis: 

- mRNA/miRNA of cells by cDNA and qPCR  
- protein expression of conditioned media by Luminex cytokine 4-plex assay 

Plate layout, 6 well plate: Stimulated with mir-223/30c/146a 

IL-1β (0) 

 

Blank 

 

miR-223/30c/146a 
 

Scramble miR 

 

Blank 

 

miR-223/30c/146a 

 

Scramble miR 

 

IL-1β (10 ng/mL)  

 

Blank 

 

miR-223/30c/146a 
 

Scramble miR 

 

Blank 

 

miR-223/30c/146a 

 

Scramble miR 

 

IL-1β (100 ng/mL) 

 

Blank 

 

miR-223/30c/146a 
 

Scramble miR 

 

Blank 

 

miR-223/30c/146a 

 

Scramble miR 
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Appendix 9 Immunoassay procedure (# RSHMAG-69K) 

 

1. 200 µL of assay buffer was added into each well of the plate. The plate was sealed 
and placed on a plate on a plate shaker for 10 minutes at room temperature.  
 

2. The assay buffer was discarded from all wells by inverting the plate and tapping it 
against an absorbent towel.  
 
 

3. 25 µL of each standard or control was added to their appropriate wells.  
 

4. 25 µL of assay buffer was added to sample wells.  
 
 

5. 25 µL of 1:4 diluted serum matrix solution was added to standards and control wells. 
 

6. 25 µL of samples were added to their respective wells. 
 
 

7. 25 µL primary antibody was added to all wells.  
 

8. 25 µL of mixed beads was added into all wells (bead bottle was vortexed before 
use) 
 
 

9. The plate was sealed and incubated overnight (16-18 hours) at 4  ̊C with agitation 
on a plate shaker.  
 

10. The plate was washed 3 times with wash buffer with use of a magnet.  
 
 

11. 50 µL of detection antibodies was added to each well.  
 

12. The plate was sealed and left on the plate shaker for 60 minutes at room temperature.  
 
 

13. 50 µL of streptavidin-Phycoertyhrin was added to each well. 
 

14. The plate was sealed and left on the plate shaker for 30 minutes at room temperature.  
 
 

15. The plate was washed 3 times with wash buffer. 
 

16. 100 µL drive fluid was added to all wells, the beads was re- suspended on a plate 
shaker for 5 minutes. 
 
 

17. The plate was run on Luminex 200.  
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Supplementary PCR Array. 

 

 

 

 

miR Exposed Control Delta 
rno-miR-146a-5p 2,1483 -0,3413 2,4896 
rno-miR-30c-5p 1,7615 -0,4376 2,1991 
rno-miR-320-3p 1,8883 -0,0983 1,9866 
rno-miR-126a-3p 1,8573 -0,0338 1,8911 
rno-miR-223-3p 1,0199 -0,4949 1,5148 
rno-miR-25-3p 1,2843 -0,1996 1,4839 
rno-let-7e-5p 1,7605 0,3442 1,4163 
rno-miR-24-3p 0,8862 -0,3747 1,2609 
rno-miR-342-3p 0,7034 -0,4561 1,1595 
rno-miR-125a-5p 1,3616 0,2504 1,1112 
rno-let-7d-5p 1,0082 -0,0096 1,0178 
rno-let-7b-5p 0,8512 -0,1644 1,0156 
rno-miR-26a-5p 0,6539 -0,345 0,9989 
rno-miR-122-5p 0,5546 -0,3289 0,8835 
rno-miR-23b-3p 0,6435 -0,2139 0,8574 
rno-miR-181b-5p 0,2747 -0,4401 0,7148 
rno-miR-352 0,5397 -0,0587 0,5984 
rno-miR-21-5p 0,4304 -0,1338 0,5642 
rno-miR-92a-3p 0,6062 0,043 0,5632 
rno-miR-145-5p 0,3743 0,0515 0,3228 
rno-let-7a-5p 0,3553 0,0657 0,2896 
rno-miR-26b-5p 0,0386 -0,2266 0,2652 
rno-let-7d-3p 0,1095 -0,0546 0,1641 
rno-miR-30e-3p -0,1007 0,0395 -0,1402 
rno-let-7f-5p -0,2389 -0,0785 -0,1604 
rno-miR-380-5p 0,0466 0,3997 -0,3531 
rno-miR-215 -0,4678 0,0258 -0,4936 
rno-miR-455-3p -0,9171 -0,2454 -0,6717 
rno-miR-122-3p -1,1465 -0,0801 -1,0664 
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Figure 15 Expression of ACTH after 0, 1, 3 and 7 days of social stress exposure 
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Table 4. Catalog number and product name for used reagents. 

 

 

Product name Cat.no # 
rno-miR-146a-5p MS00000441 
rno-miR-30c-5p MS00013384 
rno-miR-320-3p MS00033411 

rno-miR-126a-3p MS00000329 
rno-miR-223-3p MS00027188 
rno-miR-25-3p MS00000126 
Spike-in cel-39 MS000019789 

SNORD-68 MS000033712 
miRNA mimic negative control 4464058 

Human cellexp human recombinant IL-1β SRP6169-10UG 
Human,Mouse and Rat cytokine assays 10014905 

Hypnorm POM-V C.D. (sch2) 
miScript II RT kit 218160, 218161 

Rat miRNome miScript miRNA PCR Array 331222 
RPMI 1640 (life technologies) 61870-010 

RNAiMax lipofectamine (Thermo fisher scientific) 14750100 
DTT 3483-12-3 

Adrenocorticotropic Hormone (1-39), rat, Alfa Aesar™ 77465-10-2 
RNA/DNA purifying kit 48700 

mirNeasy serum/plasma kit 217184 
Allprep DNA/RNA/miRNA universal kit (Qiagen) 80224 

Milliplex MAP rat Stress Hormone Magnetic Bead panel RSHMAG-69K 
Chloroform (Sigma- Aldrich) 67-66-3 

QIAzol Lysis Reagent 79306 
Lipopolysaccharides from Escerichia coli (Sigma-Aldrich) 13778-030 
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