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Abstract 

A person’s social network size and quality of life can affect the body at three levels: 

behavioural, psychological and physiological. A socially isolated person is more likely 

to have a poor diet, suffer from depression and have increased blood pressure, all of 

which are risk factors for chronic inflammatory diseases. This thesis aimed to understand 

how social isolation affects the immune system in the acute inflammatory setting, sepsis, 

and in the chronic inflammatory setting, atherosclerosis.  

CD-1 mice subjected to 2 weeks of social isolation had increased food intake without 

increased weight gain, a finding that was accompanied by an increased number of smaller 

adipocytes suggesting socially isolated mice have increased thermogenesis to maintain 

body temperature. Social isolation profoundly altered the microbiota to one that is pro-

inflammatory. Microarray analysis of whole blood revealed a unique transcriptional 

fingerprint for social isolation.  

After 2 weeks of social isolation, mice were given E.coli induced sepsis and found to 

have enhanced bacterial clearance. Toll-like receptor signalling pathways in peritoneal 

macrophages revealed that genes involved in fighting bacterial infections were 

upregulated. Social isolation was neither beneficial nor detrimental during viral sepsis. 

ApoE-/- mice underwent social isolation for a 4-week period. Mice subjected to social 

isolation maintained a consistent calorie intake both on the Western diet and standard 

diet whilst socially housed mice increased their calorie intake on the Western diet 

probably as a result of leptin resistance. Social isolation did not increase atherosclerotic 

burden but increased necrosis in the atherosclerotic plaque suggesting that social 

isolation might increase risk of plaque rupture.  

This thesis demonstrated for the first time that just 2-4 weeks of social isolation causes 

profound immunological and metabolic changes in the body which might account in part 

for the increased risk of chronic inflammatory diseases seen in socially isolated people. 
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Chapter 1  
Introduction 

1.1  The Vascular and the Immune System: Generalities and 
Key Players 
The inflammatory response that follows infection begins when pathogen associated 

molecular patterns (PAMPS), conserved structures in pathogens e.g. lipopolysaccharide 

(LPS), are recognised by pathogen recognition receptors (PRRs) such as toll-like 

receptors (TLRs) and nucleotide-binding oligomerisation domain receptors (NLRs). 

Activation of TLRs and NLRs leads to the activation of the nuclear factor kappa-light-

chain-enhancer of activated B cells (NFkB) pathway which promotes the release of the 

pro-inflammatory mediators such as tumour necrosis factor (TNF)-a and interleukin 

(IL)-1b. These pro-inflammatory molecules cause damage to the endothelium resulting 

in the release of danger associated molecular patterns (DAMPs), which interact with 

PRRs to cause further inflammation. The goal of this response is to deliver leukocytes to 

the site of infection1.  

Leukocytes, primarily neutrophils, can undergo extravasation to allow them to home to 

inflamed tissues from the postcapillary venules. During inflammation, P-selectin and E-

selectin are induced on the surface of the endothelial cells by inflammatory mediators 

including histamine and TNF-a. The selectins can then transiently interact with sialyl 

LewisX on the leukocytes in a process known as rolling. Intracellular adhesion molecule-

1 (ICAM-1), is induced on the endothelial cell surface by inflammatory mediators such 

as TNF-a and IL-1b2. During tight binding ICAM-1 binds leukocytes via interactions 

with the integrin lymphocyte function-associated antigen-1 (LFA-1) and macrophage-1 

antigen thus immobilising the leukocyte3. Prior to transmigration of the leukocyte across 
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the endothelial cell layer, it must re-arrange its cytoskeleton allowing it to spread out 

across the endothelial cells and extend its pseudopodia into the gaps between endothelial 

cells2,4. Transmigration can then occur by interactions with several adhesion molecules 

including platelet endothelial cell adhesion molecule-1 (PECAM-1), which effectively 

push the leukocyte through the endothelial cell wall5. Leukocytes are then homed to the 

site of infection by a chemoattractant gradient2. This process is summarised in Figure 

1.16. 

When the immune response does not resolve then chronic inflammation occurs, which is 

a more adaptive mediated response such as that seen in atherosclerosis. During chronic 

inflammation, prolonged activation of the endothelial cells causes the release of reactive 

oxygen species (ROS), which cause further injury to both the endothelium and smooth 

muscle cells (SMCs), as well as promoting clotting7,8. This leads to endothelial 

dysfunction as a result of injury to the endothelium and this is where the endothelium of 

the artery produces less endothelium derived relaxation factors such as nitric oxide (NO), 

whilst increasing the production of endothelium derived contraction factors such as 

endothelin9,10. Increased pro-inflammatory cytokines such as TNF-α and IL-1 are 

produced at this stage causing increased permeability of the vasculature11. Endothelial 

dysfunction results in the upregulation of adhesion molecules such as ICAM-1, vascular 

cellular adhesion molecule-1 (VCAM-1) and E-selectin, which cause the recruitment of 

immune cells thus promoting further inflammation12. The scavenger receptors found on 

macrophages allow for the uptake of the antigens and presentation of them to T cells via 

major histocompatibility complex II (MHCII) receptor on macrophages and the T cell 

receptor upon the T cells13. For example, scavenger receptor A-I can detect modified 

lipoproteins, both gram-positive and gram-negative bacteria and apoptotic cells14. The 

majority of T cells will differentiate into T helper (Th)1 cells, which secrete interferon 
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(IFN)-g and TNF-a which can cause macrophages to become classically activated (M1). 

M1 macrophages further contribute to the damage of the vessel wall by releasing more 

pro-inflammatory cytokines. Less commonly, the T cells may differentiate into Th2 cells, 

which release the cytokines IL-4 and IL-13 causing macrophages to become polarised 

into alternatively activated macrophages (M2). This bias towards M1 macrophage 

production contributes to a highly pro-inflammatory environment13. 

 

Figure 1.1: Summary of Leukocyte Extravasation. Pro-inflammatory stimuli trigger 

leukocyte adhesion to the endothelium by inducing adhesion molecules such as E-

selectin on the endothelium. Transient interactions between the leukocyte and the 

endothelium occur during the rolling phase. Chemokines induce intergrins on the cell 

surface of the leukocytes. The leukocyte undergoes arrest where the leukocyte stops 

rolling due to interactions with integrins on the endothelium. Prior to transmigration the 

leukocyte undergoes crawling and begins to rearrange its cytoskeleton for migration 

through the endothelium allowing the pseudopodia to extend into the endothelial cells. 

Interactions with adhesion molecules allow for the transmigration of the leukocyte 

through the endothelial cell wall. Image created on Biorender. 
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1.2  Sepsis: The Uncontrolled Acute Inflammatory Response 
Sepsis is the leading cause of deaths in intensive care units (ICU)s worldwide and is 

defined according to the Third International Consensus Sepsis-3 as ‘a life-threatening 

organ dysfunction due to a dysregulated host response to infection’15. The quick sepsis-

related organ failure assessment (qSOFA) score is used by clinicians to assess whether a 

patient might be suffering from sepsis (Table 1). A score of greater than 2 on the qSOFA 

should prompt investigation for infection and this is indicative of poor outcome and 

prolonged ICU stays15. In the United Kingdom, 100,000 people will suffer from sepsis 

each year with 44,000 of those dying16. Very little is known about why some patients 

survive sepsis and others do not, with clinical trials in this field consistently failing17. 

Table 1: qSOFA Diagnostic Criteria for Sepsis-Related Organ Dysfunction. 

 

1.2.1 Aetiology  

The most common cause of sepsis is from a respiratory tract infection with this 

accounting for about 60% of all patients. Other less common sites of infection include 

the abdomen (20%), bloodstream (15%) and the renal/genitourinary system (14%)18. 

According to the Extended Prevalence of Infection and Intensive Care Study II (EPICII), 

about 70% of all sepsis patients will test positive for microbiology with the majority of 

these being accounted for by gram-negative (gram -) bacteria (62%). Other less common 

causes include gram-positive (gram +) bacteria (47%) and fungal infections (19%). In 

Europe, the most common gram-positive bacteria is Staphylococcus aureus (20%) and 

Symptom Criteria 

Respiratory rate ³22 breaths/minute 

Systolic blood pressure (SBP) £100 mmHg 

Altered mental status Glasgow coma scale <15 
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the two main gram-negative organisms found are Pseudomonas species (17%) and 

Escherichia coli (E.coli, 17%)18. Pseudomonas species has been shown to be  

independently associated with increased mortality rates19.  

1.2.2 Epidemiology 

Incidence of sepsis has a bimodal age distribution with the highest incidence of mortality 

being in infants and the elderly with risk beginning to increase after 50-60 years of age20. 

Women are less likely to develop sepsis and to be admitted to the ICU than men with 

some studies suggesting better prognosis in women21–23. One study looking at risk of 

sepsis after pneumonia, found that this disparity in survival may in part be due to elevated 

pro-inflammatory cytokines and lower levels of coagulation factors in men. The same 

study found in females that higher levels of anti-inflammatory cytokines were correlated 

with better prognosis24. Genetic variations can affect a person’s susceptibility to certain 

types of infection and thus sepsis, with the most robust variations being found in TLR4 

and TNF-b. One such mutation is TLR4 Asp299Gly allele which was found to be about 

45% more prevalent in patients who had gram-negative bacterial infections25. Studies 

have identified that TNF-b252A variations were associated with increased susceptibility 

to shock and increased TNF-b serum levels. It is thought that this variant might be found 

in as many as 65% of non-survivors26,27.  

1.2.3 Pathophysiology 

Sepsis is characterised by a dysregulated response of the immune system, initially by a 

pro-inflammatory response and later by an anti-inflammatory phase. Patients that die 

during the first 72 hours, the initial inflammatory phase, die as a result of multiple organ 

failure, whilst those that die after this time die as a result of secondary infections1,28.  
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The initial pro-inflammatory stages of sepsis involve the activation of TLRs and NLRs 

thus promoting inflammation. DAMPs interact with PRRs to cause further 

inflammation1. During bacterial infection one of the main TLRs, TLR4 can become 

activated upon detection of PAMPs such as LPS. Upon activation, TLR4 can either signal 

in a myeloid differentiation primary response 88 (MyD88)-dependent or MyD88 

independent manner to launch an in immune response (Figure 1.2). The MyD88-

dependent pathway is primarily involved in the early NF-kB response, which involves 

the production of pro-inflammatory cytokines including TNF-a, IL-6 and IL-1b29. 

Conversely, the MyD88-independent pathway signals via TRIF-related adaptor molecule 

(TRAM) and TIR-domain containing adaptor inducing interferon-b (TRIF) to cause the 

late NF-kB response, which leads to the production of type 1 IFNs and chemokines 

including chemokine (c-x-c) motif ligand (CXCL)1030. It is thought that oscillating TNF-

a may be responsible for inducing the late NF-kB response31. IL-6, IL-1b and TNF-a 

cytokines peak around 2 hours after LPS stimulation as an early response to infection, 

whereas IFNs peak later around 6-8 hours32,33. 

When infection is detected, both leukocytes and platelets adhere to the endothelial 

surface and the leukocytes then migrate to the site of infection1. Protease-activated 

receptor 1 (PAR1) interacts with both thrombin and matrix metalloproteinase (MMP)1 

to damage the stability of the endothelial wall, which can lead to tissue oedema as well 

as reduced microvascular perfusion. The activated endothelium contributes to the release 

of pro-inflammatory mediators34. Additionally, PAMPS such as LPS can induce 

macrophages to upregulate tissue factor which in turn leads to upregulation of fibrinogen 

and factor V, thus promoting coagulation. This can lead to disseminated intravascular 

coagulation35. Vascular inflammation and coagulation promote neutrophils to release 
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neutrophil extracellular traps (NETs), which can capture pathogens. However, the 

presence of NETs can be detrimental as they act as a scaffold for platelet aggregation and 

entrapment, once again promoting hypercoagulation36. Thus, it is not surprising that high 

levels of NETs have been associated with organ dysfunction37.   

It has been documented that during the later stages of sepsis, patients have an anti-

inflammatory response where lymphocytes have been shown to fail to produce 

cytokines38. Macrophages, neutrophils and dendritic cells (DCs) are all known to undergo 

increased apoptosis during sepsis, which may account in part for the failure of adequate 

cytokine function39. Cluster of differentiation (CD)4+ and CD8+ T cells were also found 

to be depleted in the spleens from ICU sepsis patients, with CD4+ numbers primarily 

being low as a result of apoptosis40. Sepsis patients have also been shown to have 

increased proportions of regulatory T (Treg) cells, which inhibit monocyte, neutrophil and 

effector T cell function leading to further immunosuppressive effects41. DCs, monocytes 

and macrophages in this stage are characterised by reduced expression of human 

leukocyte antigen (HLA)-DR. This reduction in HLA-DR results in DCs releasing 

increased IL-10, whilst the monocytes and macrophages undergo immunoparalysis 

whereby they have reduced capacity to release pro-inflammatory cytokines upon 

stimulation42. Epigenetic changes can also occur, for example, activation of oxidative 

phosphorylation during the pro-inflammatory stage of sepsis can cause a decrease in 

intracellular levels of acetyl coenzyme A, which results in less histone acetylation leading 

to inhibition of gene transcription and immunoparalysis43. It is during the anti-

inflammatory phase of sepsis that viruses such as cytomegalovirus viremia and herpes 

simplex virus are reactivated, and there is evidence that the reactivation of 

cytomegalovirus viremia is in fact predictive of fungal infection and thus 90 day 

mortality44. The presence of lymphopenia four days post-diagnosis is linked to secondary 
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bacterial infections and thus predicts both 28 day and 1 year mortality45. Interestingly, 

patients who have high levels of IL-6 at discharge have increased risk of diseases such 

as cancer and cardiovascular disease (CVD), as well as repeated infections46.   

 

  



Chapter 1: Introduction 

 

 32 

 

Figure 1.2: The Early and Late NFkB Response During TLR4 Activation.  Upon 

activation by LPS, TLR4 can signal either through the MyD88 pathway to induce the 

early NFkB response (left pathway) or through TRAM and TRIF (right pathway) to 

induce the late NFkB response. Activation of the early NFkB response causes pro-

inflammatory cytokines such as TNF-a, IL-6 and IL-1b to be produced. Activation of 

the late NFkB response causes the production of CXCL10 and IFNs. The TRAM-TRIF 

pathway can also cause IRF3 to translocate to the nucleus and cause the transcription of 

NOS2 and IFNs. See abbreviations list for all abbreviations used in this figure. 
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1.3 Atherosclerosis: The Chronic Vascular Inflammatory 
State 
CVD is the most common cause of premature death worldwide accounting for an 

estimated 17.7 million deaths worldwide every year47.  Atherosclerosis is a disease that 

affects both the large and medium arteries and is characterised by the presence of the 

following:  

1. Endothelial dysfunction 

2. Accumulation of lipid, cholesterol and calcium in the intima of the artery  

3. Vascular inflammation which leads to the formation of plaque in the vasculature.  

If the plaque ruptures, it can lead to either an acute myocardial infarction (MI) or a stroke, 

depending on whether the coronary artery or the carotid artery respectively48. 

1.3.1 Aetiology 

Atherosclerosis is considered to have a complex aetiology comprised of genetic, non-

modifiable, and environmental, modifiable, risk factors. One such non-modifiable risk 

factor is gender as CVD tends to present earlier in men than in women, with men <60 

years old having a greater than 4-fold higher risk of  MI or unheralded coronary heart 

disease49. Another genetic factor is familial hypercholesterolemia (FH) is estimated to 

affect as many as 34 million people worldwide. Sufferers exhibit abnormally high levels 

of low density lipoprotein (LDL) as they cannot clear LDL due to genetic mutations 

being found in the low density lipoprotein receptor (LDLR). This puts them at increased 

risk of developing premature atherosclerosis and CVD50. One study found that 93% of 

the patients in the study with FH had established CVD and 69% of all patients at time of 

death had suffered from a MI51. 
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The American Heart Association identifies 7 key modifiable factors known as ‘Life’s 

Simple 7’ to reduce risk of CVD: blood pressure, physical activity, weight, diet, 

cholesterol, smoking status and blood glucose. It is interesting to note for the specific 

focus of this thesis, that most of the modifiable factors here listed are often summarised 

under ‘changes in lifestyle’52. Even more strikingly, lifestyle has been often linked to 

social and economic status, thus providing a further dimension to the complex scenario 

that contributes to CVD53.  

An ideal blood pressure to prevent CVD is considered to be £120/80 mmHg54. 

Hypertension, blood pressure ³140/90 mmHg, is thought to be responsible for around 

45% of all CVD related deaths and 51% of deaths from strokes55. To reduce the risk of 

CVD a person should aim to do around 150 minutes of moderate or 75 minutes of 

vigorous exercise per week54. Studies have shown that there is an inverse graded 

association between physical activity and coronary heart disease, with men who have 

>23 hours per week of sedentary lifestyle behaviours having 64% greater chance of dying 

from CVD56,57. Similarly, being obese, body mass index (BMI) >30kg/m2, has been 

shown in the Framingham heart study to increase the risk of CVD by about 2-fold, whilst 

a BMI of 25kg/m2 is considered to be ideal for reducing the risk of CVD54,58.  Non-

surprisingly, having a diet that promotes obesity i.e. one high in fat, sugar and salt 

promotes CVD whilst the Mediterranean diet has been shown to be inversely related to 

CVD59. There is a positive correlation between increasing serum cholesterol and CVD 

with ideal cholesterol levels being <170 mg/dl54,60. Smoking is estimated to cause 

140,000 premature deaths each year in the United States from CVD but this risk can be 

attenuated by never smoking or having quit smoking for 12 months54,61. Fasting glucose 

levels are positively correlated with risk of atherosclerosis related CVD62. Therefore, it 

is not surprising that people who suffer from type 2 diabetes (T2D) are 2x more likely to 
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have a MI than those who have normal glucose levels, with ideal glucose levels being 

below 100mg/dl54,63. 

1.3.2  Pathophysiology 

The first stage of atherosclerosis begins with endothelial dysfunction which is the result 

of chronic inflammation and oxidative stress8,64. LPS derived from E.coli has been shown 

to be  proatherogenic in animal studies and is localised in human atherosclerotic plaque, 

suggesting it can act via TLR4 to promote endothelial dysfunction by exacerbating 

inflammation and oxidative stress65,66. During this stage, the vasculature becomes more 

permeable and more prone to clotting7,8,11. Adhesion molecules, promoting leukocyte 

recruitment are upregulated with ICAM-1 and VCAM-1 levels having been shown to be 

correlated to intima-medial thickness, a biomarker of atherosclerosis, in T2D patients12 

As the endothelial cells become increasingly more permeable as a result of ROS injury, 

LDL begins to enter into the intima of the artery where it binds to proteoglycans in the 

extracellular matrix, thus trapping it67. The ROS released during endothelial dysfunction 

and from the resident tissue macrophages can oxidise the LDL forming oxidised-LDL 

(oxLDL),which further exacerbates the pro-inflammatory environment by promoting the 

release of pro-inflammatory cytokines from the endothelium and SMCs68. Vascular 

segments with disturbed oscillatory flow, such as that seen in artery bifurcations, which 

are sites prone to atherogenesis, have upregulated levels of VCAM-1 allowing 

monocytes to bind to the endothelium69. The presence of pro-inflammatory cytokines 

results in the endothelium upregulating adhesion molecules thus allowing monocytes and 

to a lesser extent T cells to bind to the endothelium of the vessel70.  

Once the monocytes enter into the intima of the artery, they are stimulated by 

macrophage colony- simulation factor (M-CSF) which is released from both the 
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endothelial and SMCs. M-CSF promotes the differentiation of monocytes into 

macrophages and the upregulation of scavenger receptors on their surface71.  Foam cells 

are formed when the macrophages have taken up so much oxLDL that they can no longer 

clear it effectively. A fatty streak is formed when there is an accumulation of foam cells 

in the vessel71. The scavenger receptors allow for the uptake of the oxLDL and allow the 

macrophages to present this to T cells via the MHCII receptor on macrophages and the 

T cell receptor (TCR) upon the T cells. The majority of T cells will differentiate into Th1 

cells which secrete IFN-g and TNF-a which can cause macrophages to become 

classically activated. M1 macrophages further contribute to the damage of the vessel wall 

by releasing more pro-inflammatory cytokines. Less commonly, the T cells may 

differentiate into Th2 cells which release the cytokines IL-4 and IL-13 causing alternative 

activation of macrophages. M2 macrophages are involved in the production of collagen 

(Figure 1.3)13.  

The presence of DAMPs including heat-shock protein 60 cause the production of pro-

inflammatory cytokines such as IL-2, which causes T cell proliferation72. SMCs and 

endothelial cells begin to proliferate in response to endothelial injury as a result of 

aberrant inflammation. This requires remodelling of the extracellular matrix causing 

collagen to become deposited73.  

In the later stages of the disease, the fibrous cap’s integrity may become compromised. 

An unstable plaque is one that has a thin fibrous cap, decreased Treg numbers and 

increased  DCs42,73. This occurs when there is an imbalance in the amount of collagen 

and elastin being made, essential components of the smooth muscle layer, and the 

degradation of the cell wall. This imbalance is a result of elevated MMP activity. In 

unstable plaques, MMP-1 and MMP-3 have been found to cleave collagen and MMP-9 
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and MMP-12 cleave elastin, all of which are essential components of a stable plaque74–

76. Conversely, a stable plaque tends to be larger in size and has a thick fibrous cap. If a 

plaque ruptures, thrombus formation may occur blocking the artery and depending upon 

whether this happens in the coronary artery or the carotid artery, this can lead to either 

acute MI or a stroke68.   
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Figure 1.3: Macrophage and T Cell Interactions During Atherosclerosis. T cells bind 

to adhesion molecules on the endothelium of the lumen before undergoing diapedesis to 

enter into the intima of the artery. Scavenger receptors upon the macrophages detect and 

uptake oXLDL. Major histocompatibility complex II (MHCII) upon the macrophages 

interacts with the T cell receptor (TCR) on the T cell allowing the antigen, oXLDL, to 

be presented to the T cell. Primarily the T cells will differentiate into Th1 cells which 

will release pro-inflammatory cytokines such as IFN-g and TNF-a which are responsible 

for causing macrophages to become classically activated. Classically activated 

macrophages promote inflammation by release of pro-inflammatory cytokines and thus 

promote tissue damage. Alternatively, the T cells may differentiate into Th2 cells, which 

release IL-4 and IL-13 to cause macrophages to become alternatively activated. 

Alternatively activated macrophages are involved in the production of collagen and thus 

the formation of the fibrous cap upon the plaque. Image created on Biorender. 
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1.4  Microbiota: A Missing Link Between the Immune and 
Neuronal Systems 
The human microbiota is estimated to consist of 100 trillion microorganisms. 

Predominately the human microbiota consists of bacteria, but fungi, parasites and viruses 

are also found within the oral-gastrointestinal tract, albeit in much lower concentrations. 

The main bacterial phyla found in the colon of healthy adults are Bacteroidetes and 

Firmicutes whilst Actinobacteria, Proteobacteria and Verrucomicrobia phyla are found 

in smaller quantities77. Some of the main roles of the microbiota for the host include 

aiding digestion, production of vitamins and contributing to the immune response78.  

A commonly used mouse model for elucidating the role of specific bacteria is germ-free 

(GF) mice. GF mice are bred in isolated conditions resulting in the complete absence of 

microbes. They can be colonised by a specific known microbe allowing for the 

generation of gnotobiotic animals79. GF mice also have an altered gut with there being 

fewer goblet cells, a thinner mucus layer, impaired brush border differentiation, reduced 

villus thickness and lower serotonin production despite increased numbers of 

enterochromaffin cells80–83. Thus, where GF mice are used for studies it is very important 

to consider the possibility that there are most likely physiological consequences of this 

model. It is important to note that GF mice have been found to have an altered immune 

system79. For example, there is evidence to suggest that in GF mice myeloid cell 

populations are broadly decreased, common lymphoid progenitors are reduced in the 

bone marrow and DC priming is impaired in GF mice compared to normal mice80,84. 

Disruptions in the commensal relationship between the host and the microbiota are 

thought to contribute to the development of some diseases such as irritable bowel disease 

and have been demonstrated to occur in obesity, atherosclerosis and T2D85–89. Emerging 

evidence suggests that the composition of the microbiota may also be involved in social 
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and affective behaviours as well as in mental illnesses90–92. It is essential to note that 

changes in the microbiota are often correlative to diseases or behaviour rather than 

causative, and the mechanisms underlying such correlations in most cases remains 

elusive. There are two main areas proposed that mechanistically could be attributed to 

disease: 1. small molecule production and 2. modulation of the host immune response93. 

For example, trimethylamine N-oxide is a small molecule produced as a result of 

microbial metabolism of choline and carnitine and has been found in murine models to 

be both proatherogenic and prothrombotic in nature94,95.  In IBD high levels of the 

Enterobacteriaceae species are seen and as the Enterobacteriaceae species has highly 

endotoxic LPS on its outer membranes, this induces high levels of inflammation by the 

suppression of Treg cells and the activation of effector TH cells in the gut and it has also 

been demonstrated to cause colitis development in mice96. In order to elucidate causality 

versus correlation, more mechanistic studies are needed. 

When the microbiota is discussed, the anthropogenic labels of ‘good’ or ‘bad’ are often 

assigned to describe individual species of bacteria or shifts in the phyla that are associated 

with changes in health97. However, this is a highly simplified view. For example, 

Salmonella typhimurium is considered to be an intestinal pathogen and thus ‘bad’98.  Rao 

et al (2017) demonstrated that the Salmonella typhimurium effector, known as the 

Salmonella leucine rich repeat protein, negatively regulated virulence and promoted 

survival of the host. Host survival was promoted by inhibition of the infection-induced 

host response, to induce the vagus nerve dependent hypothalamic anorexic feeding 

program. In this study, when IL-1β is not inhibited, the anorexic response occurred which 

lead to increased dissemination of the intestine and increased pathogen virulence at the 

expense of the pathogen’s transmission to a new host. This study has demonstrated that 

microbes such as Salmonella typhimurium have evolved over time to have anti-virulence 
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strategies that inhibit sickness-induced anorexia in order to promote host survival and 

pathogen transmission99. In other words, Salmonella typhimurium is not as ‘bad’ for the 

body as it has the potential to be, as it actively reduces its virulence to promote host 

survival and thus its own transmission. 

1.4.1  Brain-Gut Interactions 

The importance of brain-gut interactions was demonstrated by investigating the role of 

microbiota on the development of the brain and behaviour, by comparing specific 

pathogen free (SPF) mice, who only had commensal bacteria, to GF mice. SPF mice had 

normal morphological development and maturation of grey matter and white matter in 

the brain, demonstrated by better spatial learning and contextual memory in behavioural 

tests compared to GF mice. This highlights that commensal bacteria are imperative for 

the normal development and maturation of the brain, which will have implications in 

locomotion and cognitive function100.  

The gut microbes and the brain interact with each other through the vagus nerve. 

Subdiaphragmatic vagal deafferentation in rats was shown to reduce anxiety and increase 

expression of auditory cued fear conditioning, which was associated with changes in 

noradrenaline and gamma-aminobutyric acid (GABA), neurotransmitter, in the limbic 

system101. One example of this is that after mice had ingested Lactobacillus rhamnosus 

they exhibited reduced depression and anxiety related behaviour, which was mediated by 

vagus nerve stimulation thus altering the levels of GABA expression in the brain102. 

Taken together these two studies demonstrate that the gut is involved in depression, 

anxiety and learned fear responses.  

Acute psychological stress has been shown to increase the small intestinal permeability 

in humans via mast cell activation, as a result of increased corticotropin releasing factor 
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from the paraventricular nucleus in the hypothalumus103–105. Chronic stress over a period 

of 10 days was found to increase serum corticosterone levels as well as increase the 

number of mucosal mast cells by 3-fold105. Increased intestinal permeability leads to the 

activation of the immune system as a result of food-derived, microbial, bacterial and 

parasitic antigens being recognised by the immune system. Interestingly, in patients with 

chronic depression there is increased immunoglobulin (Ig)A and IgM responses against 

gut commensals, suggesting a leaky gut106. 

The microbiota is responsible for the production of short-chain fatty acids including 

butyrate and propionate, which in animal models has been shown to affect the release of 

the gut hormones gastroinhibitory peptide and peptide YY, both satiety hormones, thus 

reducing appetite and food intake107. Mice fed a high fat diet were found to have 

increased Proteobacteria and dysbiosis of the gut microbiota. These changes were 

associated with suppressed brain-derived neurotrophic factor, increased NFkB and 

microglial activation in the hippocampus and increased macrophages, DCs and TNF-a 

levels in the colon108. Such changes have been described in the literature as previously 

being associated with depression109–111.  
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1.5 Personality, Emotional State and Social Status in Disease 
It is well documented that acute infections induce sickness behaviour which is 

characterised by anhedonia, lethargy, social withdrawal and anorexic behaviour112. The 

main proinflammatory cytokines involved in the induction of sickness behaviour are IL-

1β and TNF-α as peripheral administration of LPS induces food reduction and 

withdrawal from the physical and social environment113. IL-1 has a key role in mediating 

sickness behaviour in the brain inducing fatigue, depression social exploration and during 

infection114. Administration of IL-1β alone at either the periphery or the left ventricle of 

the brain induces fever, hypothalamic pituitary adrenal axis activation and depression115. 

However, the role of such sickness behaviours in the host defence remains largely 

unknown. Interestingly, nutritional supplementation was extremely detrimental during 

bacterial sepsis and it was determined that glucose was the constituent of food that 

conferred this increased mortality116. In contrast, glucose inhibition is lethal in influenza 

infection and thus nutritional supplementation is protective during viral sepsis116. It was 

this observation that inflammation could lead to changes in behaviour that led to 

investigations as to whether similar changes in the immune system could be seen as a 

consequence of social status and/or emotional wellbeing and whether such changes could 

account for the increased prevalence of chronic inflammatory diseases seen in those with 

poor status or emotional wellbeing112,117–119. 

As briefly mentioned before, studies are increasingly showing that a person’s emotional 

wellbeing can in fact influence their risk, severity and outcome in a number of chronic 

diseases including vascular diseases117–119. Social connections play a key role in 

emotional wellbeing and therefore, it is not surprising that they control several aspects of 

human health. A person who has poor social connections is more likely to exhibit 

negative behavioural choices and suffer from psychological dysfunctions that can lead to 
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physiological dysfunctions. The interaction between changes in behaviour, psychology 

and physiology results in a vicious cycle being formed, which can ultimately lead to 

increased risk of morbidity and mortality (Figure 1.4). For example, if a person does not 

have a good social status they are more likely to be stressed, have a poor diet and to have 

increased blood pressure, which in turn puts them at increased risk of suffering from 

CVD as all the factors aforementioned are well known risk factors for this disease120. 

1.5.1 The Microbiota and Social Interactions 

As discussed earlier there is a clear link between the microbiota and the brain thus it is 

not surprising that there is emerging evidence that sociability and social network might 

have an effect on the microbiome121–125 In chimpanzees, frequent social interaction was 

found to promote microbial diversity within the microbiome and changes in the 

microbiome could be passed down to different generations by further social 

interaction121. In red lemurs, individual sociality was negatively associated with 

microbial diversity, whilst the group size that the red lemurs were part of did not affect 

microbial diversity. However, the red lemurs’ position within the social network 

predicted gut microbial composition122. Interestingly, in baboons, the types of bacteria 

that were found to be affected by social interactions and network size were primarily 

found to be anaerobic and non-spore-forming123. Lactobacillus reuteri is thought to have 

a role in normal social interaction, as in multiple murine models of autism spectrum 

disorder, Lactobacillus reuteri was able to rescue the induction of social interaction 

synaptic plasticity in the ventral tegmental area of the brain126. Rats subjected to social 

isolation were found to have increases in Actinobacteria and decreases in the class 

Clostridia compared to controls125. In married individuals who reported close 

relationships, higher levels of gut microbial diversity was reported compared to single 

people, suggesting that human interactions especially close and sustained interactions 
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influence the gut microbiota124. There is a need for further investigations in humans to 

determine whether social isolation and loneliness have an effect on the microbiota. 

1.5.2 The Effect of Personality, Lifestyle and Mental Illness on the 
Immune System 

 

There is new evidence emerging that suggests a person’s personality may affect their 

prognosis and risk of disease via changes in both inflammation and oxidative stress 

levels. Some psychologists believe that there are four main personality types (Type A, 

B, C and D) that people can have depending on their dominate personality traits. People 

who are thought to have a Type A personality are ambitious, competitive, practical, 

impatient and aggressive, whilst in contrast people who exhibit a Type B personality tend 

to be relaxed, cheerful, patient and procrastinators127. Those individuals who tend to be 

systemic, thoughtful, sensitive, cautious and critical are thought to have a Type C 

personality128. Type D personality refers to the ‘distressed’ personality trait which is 

characterised by the presence of the following dominant personality traits: negativity, 

pessimism, depression and social inhibition129. For example, Type D personality is 

characterised by both a pessimistic outlook on life and social inhibition and heart failure 

patients with this personality were found to have increased serum levels of xanthine 

oxidase as well as having decreased serum levels of heat shock protein 70 contributing 

to oxidative stress and thus poor prognosis130. People with an optimistic outlook in life 

have been found to have lower levels of IL-6 and higher levels of the antioxidant 

molecules known as the carotenoids thus suggesting that optimism may be able to 

attenuate oxidative stress131.  

The practice of meditation, has been shown to be potentially atheroprotective as it 

increases NO production, which is essential for normal endothelial function as well as 
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lowering serum lipid peroxidation132,133. Moreover, patients with T2D who practice yoga 

were found to have improved glycaemic control, lower BMI, lower levels of 

malondialdehyde and an increase in the antioxidants glutathione and vitamin C134. There 

is a need for larger, better powered studies in this area to investigate whether treatments 

such as meditation and yoga may be beneficial in the prevention and progression of 

chronic diseases. 

Mental disorders have also been associated with changes in both oxidative stress and 

inflammation levels, with emerging evidence that these can to some degree be predictive 

of response to pharmacological treatments and symptoms135. Patients suffering from 

depression have elevated inflammation including increased IL-1, TNF-a, IL-6 and C-

reactive protein (CRP) levels136. In fact, there is evidence to suggest that some 

pharmacological treatments for depression such as selective serotonin reuptake inhibitors 

can reduce levels of inflammatory markers in serum back to that seen in non-depressed 

people and that this decrease in inflammation was correlated with lower clinical 

depression scores137. Depression causes a decrease in total antioxidant activity, and the 

lower this activity is the more likely that pharmacological interventions will fail138. 

Suicidal thoughts during depression have been correlated with increased NO levels139,140. 

Similarly, post-traumatic stress disorder (PTSD) has been associated with increased 

plasma pro-inflammatory cytokines including IL-17 and IL-6 and this is accompanied by 

increased numbers of Th1 and Th17 cells in the blood141–143. Women with anxiety 

disorders have been shown to have increased superoxide anion production as a result of 

an increased respiratory burst accompanied by increased TNF-a and IL-2 release144. 

Social isolation and loneliness in humans increases the risk of premature mortality and a 

number of chronic diseases (Figure 1.4)119,120,145. Conversely, those who have stronger 
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relationships appear to have decreased mortality146. There is evidence to show that 

loneliness can double the risk of Alzheimer’s disease and cause more rapid cognitive 

decline147. Social isolation and loneliness are both correlated with depressive symptoms, 

which in-turn is a risk factor for CVD148,149. Loneliness in the elderly was found to cause 

a 12.3% decline in activities of daily living, which would also be a risk factor for CVD150. 

Similarly, results from a Swiss based survey found that those who were lonely were 

significantly less likely to be physically active (odds ratio [OR] 1.20). It was also found 

that those who were lonely were significantly less likely to adhere to guidelines on fruit 

and vegetable consumption (OR 1.21) and were significantly more likely to be current 

smokers (OR 1.13)151. It is clear that loneliness is closely linked to a number of lifestyle 

choices, thus it is unsurprising that people who are lonely are more likely to suffer from 

metabolic syndrome (MetS), which places them at increased risk of CVD152.  
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Figure 1.4: The Link between Social Connections and Disease. Both the size and 

quality of a person’s social network can affect their wellbeing at three different levels: 

behavioural, psychological and physiological. Having poor social connections negatively 

affects the behavioural, psychological and physiological factors and each of these factors 

can interact with each other to further exacerbate the problem. A vicious cycle is then 

formed, which, if not broken can lead to a number of morbidities including CVD and 

thus increased risk of mortality.  
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1.5.3 Gene Signature and Molecular Mechanisms Modulated by Social 
Status 

Studies in female macaques have shown that hierarchy, a form of social status, can alter 

immune system signalling. Those females who were considered to be low ranked were 

found to have upregulation of MYD88, leading to upregulation of the genes involved in 

the early NFkB pro-inflammatory response leading to enhanced IL-6 and TNF-a 

production. Since low ranked females have enhanced expression of the genes involved 

in the early NFkB response, this suggests that they may have a primed bacterial response. 

In contrast, high ranking females were found to exhibit upregulation of TRIF mediated 

signaling promoting the release of antiviral cytokines such as IFN-g153. 

Environmental enrichment is classically described as a complex environment that is 

comprised of both inanimate and social stimulation154. Environmentally enriched (EE) 

mice were found to have a higher basal neutrophil to lymphocyte ratio (NLR). During 

infection, EE mice were found to have increased neutrophil and macrophage recruitment 

to the site of infection, as well as enhanced bacterial clearance due to increased ROS 

production during phagocytosis155. Environmental enrichment has been shown to be 

beneficial in a number of neurological diseases, with one study finding that the exosomes 

released from EE mice’s immune cells reduced oxidative stress and promoted myelin 

content in cultured slices of the brain156. Similarly, environmental enrichment was also 

beneficial in a humanised murine model of Alzheimer’s disease, where EE mice were 

found to have normalized extracellular levels of chemokine ligand (CCL)3, TNF-a and 

CCL4, as well as preventing inflammation related changes to microglial structure157. 

This risk of increased disease burden associated with social isolation and loneliness, may 

be in part due to changes in the immune system. Studies in humans who had high levels 

of loneliness, have found that their leukocytes had a unique gene expression pattern, 
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whereby 131 genes were found to be downregulated and a further 78 genes were found 

to be upregulated. Steve Cole, coined this phenomenon as the conserved transcriptional 

response to adversity (CTRA). The CTRA response can be summarised as follows 

(Figure 1.5): 

• Upregulation of pro-inflammatory cytokines involved in bacterial responses e.g. 

IL-1β, IL-6, TNF and IL-8; 

• Downregulation of antiviral genes involved IFN type 1 responses e.g. 

oligoadenylate synthetase (OAS); 

• Downregulation of IgG1 antibody synthesis158. 

Perceived social isolation (PSI) is a term coined to describe the difference in the amount 

of social interaction a person had and how much they desire. In people, who were 

considered to have high levels of PSI, it was found that the CTRA response was most 

predominate in antigen presenting cells, especially monocytes and DCs. The CTRA 

response is also seen to a lesser extent in B cells159.   
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Figure 1.5: Summary of the Conserved Transcriptional Response to Adversity. High 

levels of loneliness causes the upregulation of genes involved in the bacterial response 

and the downregulation of the genes involved in the synthesis of IgG1 antibodies and in 

the viral response. Image created on Biorender. 
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1.6  Social Isolation and Loneliness 
Whilst social isolation and loneliness are often used interchangeably, they in fact have 

distinct meanings. Social isolation is an objective term coined to quantitatively describe 

the absence or near-absence of social relationships, based upon network size and 

diversity, as well as how often social contact occurs148. Loneliness refers to a subjective 

feeling that occurs when a person does not have the quantity and quality of social 

relationships that they desire. It is important to note that social isolation is not always 

associated with loneliness and that a person can feel lonely despite having numerous 

social connections160.   

1.6.1  Epidemiology 

Both loneliness and social isolation are becoming increasingly more common with the 

Jo Cox Commission on Loneliness identifying that between 2016-2017 about 5% of 

adults in England considered themselves to ‘often’ or ‘always’ feel lonely160. However, 

frequently feeling lonely is not a unique problem to the UK as it is reported worldwide. 

The prevalence of loneliness differs across the world with the most comprehensive 

information being found for Europe, where on average, 7.9% of adults ‘often’ or ‘always’ 

feel lonely (Table 2)161–163.  Within Europe the percentage of adults reporting ‘often’ or 

‘always’ feeling lonely differs from being around 3-4% in the Scandinavian countries, to 

~10% in Italy, Poland and France161.  In comparison, to the United States of America 

(22%) and Australia (27.6%), Europe (7.9%) has considerably lower % of adults 

reporting ‘often’ or ‘always’ feeling lonely161,162,164,165. Japan (9.0%) and New Zealand 

(3.6%) have similar levels of loneliness to that seen in individual countries across 

Europe161,163,165. It is not clear why such differences in the prevalence of loneliness are 

seen worldwide but it is likely to be in part due to cultural and lifestyle. 
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It is estimated that loneliness costs employers in the UK £2.5 billion per year and it is in 

fact estimated that lack of social connections could be as damaging to health as smoking 

15 cigarettes per day, thus highlighting a growing problem160,166. It is important to note 

that both the prevalence and cost of loneliness is likely to be underestimated due to the 

stigma that surrounds admitting being lonely. 

Whilst loneliness is often perceived to be associated with the elderly, the Jo Cox 

Commission on Loneliness highlighted that young adults, aged 16-24, more frequently 

reported loneliness compared to older age groups, and this was confirmed by the 

Loneliness experiment, a large scale self-reported study across multiple countries160,167. 

The commission found that loneliness is more common in women than in men. The three 

highest risk groups for loneliness are as follows: 1. young renters in areas where there is 

little sense of community and trust, 2. unmarried middle-aged people suffering from 

chronic health conditions and 3. unmarried older homeowners with chronic conditions160. 

Those who have a poor social status, i.e. those who have low income and low levels of 

education, are at increased risk of feeling lonely168,169. Unsurprisingly, living alone has 

been shown in numerous studies to be a risk factor for loneliness160,170,171.   
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Table 2: Prevalence of Loneliness Worldwide. 
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1.6.2 Assessing Loneliness and Social Isolation 
 

Loneliness is commonly assessed using the University of California, Los Angeles 

(UCLA) Loneliness Scale160. The UCLA Loneliness Scale is used in about 80% of all 

research published to identify loneliness and is a 20-item scale where subjects are asked 

for each item on the scale if they ‘often’, ‘sometimes’, ‘rarely’ or ‘never’ feel that way, 

with each of the options carrying a score from 4 to 1 from ‘often’ to ‘never’. Higher 

overall scores indicate higher degrees of loneliness. Examples of statements used in the 

UCLA Loneliness Scale include ‘I am no longer close to anyone’ and  ‘I feel completely 

alone’172,173.  

As mentioned previously social isolation is a quantitative measure of the number of social 

connections a person has. In order to determine the number and the quality of connections 

a person has, a series of questions are asked that determine the frequency of contact with 

family, frequency of contact with friends and relatives, emotional support levels and 

social network support levels. Participants have the option to choose an answer from a 

predetermined set of answers with examples being ‘every day, most days, few days’ and 

‘never’ or ‘yes and no’. Example questions include ‘How often in the previous two weeks 

have you spent time together with family?’ and ‘Do you have anyone with whom you 

can discuss intimate and personal matters?’174.  
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1.7  Aims and Hypothesis 
Longitudinal studies have shown that social isolation and loneliness have been linked to 

increased premature mortality119,145. However, very little is known about the underlying 

mechanisms that result in this increased premature mortality. Loneliness has been shown 

to alter leukocytes’ gene expression into a more pro-inflammatory profile, which could 

contribute to the increased prevalence of chronic diseases, including CVD in people who 

are lonely118,175. Therefore, this thesis focuses on how social isolation affects the immune 

system in both acute and chronic inflammatory models. 

Hypothesis: 

‘Social isolation has a unique and discreet pathway of influencing the immune 

system, thus affecting the severity of acute and chronic models of inflammation.’ 

Aims: 

1. To determine the effects of social isolation on the general health status and immune 

repertoire of CD-1 mice; 

2. To examine whether social isolation can affect the immune system and thus survival, 

during extreme vascular dysfunction such as that seen in sepsis; 

3. To determine whether social isolation affects the metabolic and biochemical 

phenotype of ApoE-/- mice; 

4. To investigate whether social isolation affects the incidence and severity of 

atherosclerosis in ApoE-/- mice; 

5. To establish whether social isolation can affect the immune system during 

experimental atherosclerosis.  
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Chapter 2  
Basal Effects of Social Isolation 

2.1  Introduction 
Social isolation and loneliness have been implicated as a risk factor for a number of 

chronic inflammatory diseases, including MetS, T2D and CVD152,176,177. However, there 

are very few studies that try to characterise whether social isolation itself, rather than its 

associated behavioural and lifestyle changes, alters the physiology, the microbiome and 

the immune system of humans. 

Both social isolation and loneliness are risk factors for MetS, T2D and CVD suggesting 

that poor social status can alter metabolism152,177,178.  It has been discovered that long-

term social isolation results in changes in appetite, whereby social isolation results in 

reduced food intake and increased plasma leptin, the satiety hormone179. In contrast, 

women with high levels of loneliness were found to have increased postprandial levels 

of ghrelin, the hunger hormone180. Social exclusion from a task has been shown to cause 

increases in plasma glucose levels in comparison to individuals who participated in a 

task181. Long-term social isolation in rodents has been shown to increase adiposity182,183.  

Emerging evidence suggests that the immune system can be influenced by the quality 

and quantity of social interactions184–186. Social isolation has been shown to be related to 

increased CRP, fibrinogen and inflammation index scores, with this effect being more 

pronounced in males than females187. Long-term social isolation in rats was found to 

reduce IL-10, both in the blood and hippocampus, compared to social housing185. 

Loneliness has been found to lower natural killer (NK) cell activity and to cause higher 

antibody titres in response to herpes simplex virus and Epstein Barr virus186,188. In lonely 

individuals, after an acute stress task, it was revealed that there was an increase in NK 
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cells and fibrinogen compared to non-lonely individuals184. Loneliness and small social 

network size in college students was predictive of a poor antibody response to the 

influenza vaccine189. 

It has been suggested by a number of studies that there is an altered microbiome in people 

with mental illnesses and/or in chronic inflammatory diseases, which are both closely 

associated with social isolation90,91,190. Depression has been linked to lower levels of the 

Firmicute genera Dialister and Coprococcus. In contrast, there was a clear association 

between increased levels of Faecalibacterium, which produces butyrate, a known anti-

depressant, and increased indicators of a higher quality of life191. In females, there is 

emerging evidence to suggest an inverse relationship between anxiety scores and 

Bifidobacterium, whilst in males an inverse relationship was identified between 

Lactobacillus and depression scores192. Additionally, a study has shown that those 

individuals who suffer from PTSD have decreased abundance of the Actinobacteria, 

Lentisphaerae and Verrucomicrobia compared to trauma exposed controls193. Studies 

have shown that individuals who are considered to have low bacterial diversity in their 

guts tend to have increased adiposity, dyslipidaemia, insulin resistance and more pro-

inflammatory bacteria194. 

Increasingly, it is becoming clear that the environment, social status and loneliness can 

alter gene expression. Short-term changes in the environment, such as EE for 2 weeks, 

can result in transcriptional changes in whole blood, whereby 13 genes were found to be 

differentially expressed195. Low rank marquee monkeys’ leukocytes were shown to have 

upregulation of gene expression for the MyD88 signalling pathway whilst high rank 

marquees’ leukocytes had upregulation of the genes involved in the TRIF signalling 

pathway upon LPS stimulation153. Recently, a genome-wide association study revealed 
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that there are 15 genomic loci that are associated with increased susceptibility to 

loneliness196. Additionally, high levels of PSI have been demonstrated to induce a set of 

changes in transcriptional changes in gene expression, known as CTRA, in antigen 

presenting cells175.  

2.1.1 Specific Aims 

This chapter aimed to address the following objectives: 

1. To determine whether weight gain and nutritional intake were altered in response to 

short-term social isolation in CD-1 mice and if social isolation affected these 

parameters in a sex dependent manner; 

2. To establish whether short-term social isolation in CD-1 mice causes changes in the 

faecal microbiota; 

3. To investigate whether short-term social isolation in CD-1 mice alters whole blood 

cellularity and biochemical markers of inflammation; 

4. To investigate TLR expression and signalling profile in basal peritoneal macrophages 

after short-term social isolation in CD-1 mice; 

5. To elucidate the transcriptional fingerprint of short-term social isolation in the whole 

blood of CD-1 mice. 

  



Chapter 2: Basal Effects of Social Isolation 

 60 

2.2  Methods 

2.2.1 Animal Husbandry 

All animals were housed in individually ventilated enclosures with standard food and 

water being provided ad libitum and with a 12-hour light-dark cycle. All experiments 

undertaken were approved and performed according to the guidelines of the Ethical 

Committee for the Use of Animals, Bart’s and The London School of Medicine and 

Dentistry and the Home Office Regulations Act 1986 (Prof. D’Acquisto, PPL. 70/8714). 

2.2.2 Modelling Social Isolation 

Social isolated (SI) cages were set up based upon the protocol used by Liu et al (2012) 

using standard cages (W x D x H:193x 419x 179x mm, Allentown) with 1 mouse per 

cage197. As controls, socially housed (SH) cages were set up using standard cages with 

4/5 mice that had been weaned together (Figure 2.1). Regardless of housing type each 

cage included: 2 strips of nesting material and sawdust bedding up to 5cm in depth. Cages 

were cleaned once a week and only one researcher was allowed to handle the mice.   

For basal studies, in house bred CD-1 male or female mice at 5-6 weeks of age were 

assigned to either social isolation or social housing for a period of 2 weeks as this is the 

minimum period of time for changes in gene expression to be seen155,198. Mice were fed 

standard chow for the duration of these studies (Figure 2.2). 
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Figure 2.1: Set up of Different Housing Conditions. a) social housing: 4/5x mice 

weaned together in standard size cage (W x D x H: 193mm x 419mm x 179mm, 

Allentown), 2 strips of nesting material and sawdust bedding up to 5cm in depth b) 1x 

mouse in standard size cage (W x D x H:193x 419x 179x mm, Allentown), 2x strips of 

nesting material and sawdust bedding up to 5cm in depth.
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Figure 2.2: Basal CD-1 Study Overview. CD-1 mice at 5-6 weeks of age were randomly assigned to either social housing (4-5x mice per 

cage) or social isolation (1x mouse per cage) for a period of 2 weeks during which time the mice were fed the standard chow. Throughout 

the study cages were changed on a weekly basis at which time the mice were weighed. Food and water consumption were assessed every 2-

3 days. After 2 weeks, mice were sacrificed, and four main parameters were assessed: metabolic physiology, basal blood analysis, biomarkers 

of social isolation and TLR analysis of peritoneal macrophages. Image created on Biorender.
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2.2.3 Weight Gain and Nutritional Intake 

During the period of social housing or social isolation food and water was monitored and 

replenished as needed every 2-3 days. Mice were weighed once a week during cage 

changing to assess weight gain over the study.  

2.2.4 Cardiac Puncture 

Mice were anesthetised in a chamber using isoflurane at setting 4 and once the mice were 

sufficiently under, an individual mouse was scruffed and the 1ml syringe (25G 5/8” 

needle) containing 0.1ml of 2% heparin (Leo Pharma, cat. 009876-04) was placed into 

the heart just under the armpit at a perpendicular angle. The plunger was pulled back 

slowly to collect the blood and the needle was moved as required. Mice were sacrificed 

by CO2 asphyxiation. 

2.2.5 Plasma Leptin 

Satiety levels were measured at the end of the social isolation period in CD-1 mice via 

quantification of leptin in plasma using a precoated murine leptin enzyme linked 

substrate assay (ELISA) kit (Thermofisher, cat. KMC2281). Plasma was isolated from 

whole blood collected at the end of the social isolation period by centrifuging samples 

for 5 minutes at 10,000 g. The ELISA was carried out according to manufacturer’s 

instructions. In brief, before plasma was used, it was spun down for a further 3 minutes 

at 10,000 g and samples were diluted at 1:5 and 1:10 with standard dilution buffer prior 

to being loaded onto the ELISA plate, where they bound to the antigen. After 2 hours 

incubation, biotin conjugate was added and incubated for 1 hour. Streptavidin-

horseradish peroxidise (HRP) was added and the plate was incubated for 30 minutes 

before stabilised chromatin was added and after ~15 minutes, stop solution was added. 
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The ELISA plate was read at 450nm and the equation of the standard curve was used to 

extrapolate the concentration of leptin in each sample. 

2.2.6 Visceral Adipose Tissue 

Mice were sprayed with ethanol prior to a small incision being made in the middle of the 

abdomen and the skin was gently pulled back. Visceral adipose tissue (VAT) was used, 

as adipocytes tend to be large in size thus aiding counting and sizing of individual 

adipocytes. The VAT is located in the abdominal area and was removed by gently pulling 

it with forceps. Once removed the VAT was weighed and placed in 4% 

paraformaldehyde (PFA) overnight. 

After remaining in 4% PFA overnight half of the adipose tissue was placed in 70% 

ethanol in preparation for haematoxylin and eosin stain (H&E) staining. Adipose tissue 

was stained and mounted by Barts Cancer Institute Pathology Services. Three field 

images per adipose slide were taken at 20x zoom using a Nikon Eclipse TE300 

microscope. The adipocytes were counted, and their individual areas were measured 

across the three field images using Image J. 

2.2.7  Faecal Boli 

In order to assess the effect of social isolation on the microbiome, faecal boli were 

collected after 1 week and again at 2 weeks of social isolation. Approximately, 5x faecal 

boli were taken per mouse at each of these time points. Faecal boli were frozen at -20°C. 

Deoxyribonucleic acid (DNA) was extracted from a single faecal boli, as determined by 

a calibration curve, using a PowerFecal DNA Isolation Kit (Mo Bio Laboratories Inc., 

cat. 12830-50) and following the manufacturer’s instructions. In brief, samples were 

thawed and prepared in solution C1, containing SDS to promote the breakdown of fatty 
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acids and lipids, prior to being lysed in lysis buffer at 4°C. Once lysed, an Inhibitor 

Removal Technology buffer was added and the DNA was bound to the Eppendorf. The 

solution was transferred to a spin column and the DNA was washed prior to elution. DNA 

concentration and quality were assessed using the Nanodrop 1000. 

Primers used were custom made by Sigma and are listed in Table 3. All samples were 

loaded in triplicate and run on the BioRad CFX Connect Real Time Polymerase Chain 

Reaction (RT-PCR) machine according to primer annealing temperatures. Genes of 

interest were normalised to Universal 16s and analysed using the DDCT method of 

analysis to calculate the fold change. 

Due to technical difficulties with the RT-PCR, frozen faecal boli (3x per housing group) 

was given to Dr Adele Costabile at the University of Roehampton for next generation 

sequencing (NGS). Total bacterial DNA was extracted from 200mg of faecal sample 

using QIAamp DNA Stool Mini Kit (QIAGEN, cat. 51504) following the manufacturer’s 

instructions. The DNA samples were resuspended in 100μl of TE buffer and treated with 

2μl of DNase-free RNase (10 mg/ml) at 37°C for 15 min. Proteins were removed by 

treatment with 15μl of proteinase K at 70°C for 10 min. DNA was subsequently purified 

using QIAamp Mini Spin columns. Final DNA concentration was quantified by using 

NanoDrop ND-1000. 

For NGS analysis, the V3-V4 region of the 16S rRNA gene was amplified by PCR in 

50μl final volume mix containing 25ng of microbial DNA, 2X KAPA HiFi HotStart 

ReadyMix (Roche, cat. KK2601), and 200 nmol/l of S-D-Bact-0341-b-S-17/S-D-Bact-

0785-a-A-21 primers carrying Illumina overhang adapter sequences. Amplification was 

performed using a Biometra Thermocycler T Gradient ThermoBlock according to the 

settings shown in Table 4. 
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The Agencourt AMPure XP magnetic bead-based clean-up system (Beckman Coulter, 

cat. A63881) was used for purification of the 460 base pair amplicons and these were 

then used to prepare indexed libraries by use of a limited-cycle PCR (Nextera 

Technology). Libraries were purified and successively pooled at 4nM, denatured and 

diluted to 6pmol/l. Samples were sequenced on Illumina MiSeq platform using a 2×300 

base pair paired end protocol, according to the manufacturer’s instructions.  

Principal Coordinates Analysis (PCoA) was conducted to explore and visualize 

similarities among samples. The weighted UniFrac metric, a quantitative and 

phylogenetic metric was used to highlight differences among samples taking in to 

account the most abundant species199. PCoA analysis was displayed using the Vegan 

package in R (https://www.r-project.org/)200, while cluster analysis was performed using 

Made 4201. Genera superimposition to the PCoA graph was conducted using the function 

envifit of Vegan.  
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Table 3: Primer Information for Microbiota Analysis. 

 
Table 4: Thermocycler Settings  

Primer Sequence 5’ to 3’ Annealing 

Temperature (°C) 

Universal 16s Forward: ACT CCT ACG GGA GGC AGC 

AGT 

Reverse: ATT ACC GCG GCT GCT GG 

64.0 

 

70.7 

Hepaticus Forward: GCA TTT GAA ACT GTT ACT 

CTG 

Reverse: CTG TTT TCA AGC TCC CC 

56.5 

 

58.3 

Lactobacillus Forward: AGC AGT AGG GAA TCT TCC 

ACA 

Reverse: CAC CGC TAC ACA TGG AG 

62.6 

 

58.7 

Heliobacter Forward: GGT CGC CTT CGC AAT GAG TA  

Reverse: CTT AAC CAT AGA ACT GCA 

TTT GAA ACT AC 

67.3 

64.0 

Robacterios Forward: ATG GCT GTC GTC AGC TCG T 

Reverse: CCT ACT TCT TTT GCA ACC CAC 

TC 

66.2 

64.7 

Murine 

norovirus 1 

Forward: GCG TAA TAC GAC TCA CTA T 

Reverse: GCT TTT GGC CTC ACC TCT G  

60.3 

60.4 

Bacteroides Forward: AAG GCC ATC TGC TAC CCC TA  

Reverse: GGA CGG AGT TGA CGT GAG TT  

64.6 

64.3 

Clostridiales Forward: CCC ACA CTC CAG AGT AAC 

AGT 

Reverse: CCC ACA CTC CAG AGT AAC 

AGT  

60.7 

 

60.5 

Step Time Temperature (°C) 

Activation 3 minutes 95 

3 Step Cycling: 

Denaturation 

Annealing                 25x  

Extension 

 

30 seconds 

30 seconds 

30 seconds 

 

95 

55 

72 

Final extension 5 minutes 72 
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2.2.8 Whole Blood Cellularity 

Cardiac puncture was carried out at the end of the 2 weeks as previously described. Total 

leukocyte counts and the percentage of lymphocytes, monocytes and neutrophils were 

analysed in whole blood on an IDEXX Procyte Dx® Haematological analyser (IDEXX 

Ltd, West Sussex). 

2.2.9 Plasma Cytokines 

Plasma was isolated from whole blood as previously described. IL-6, TNF-a and IFN-g 

concentrations were determined via multiplex assay (Labospace Ltd., Milan). 

2.2.10 Biochemical Parameters 

Cardiac puncture was carried out as previously. Plasma was generated from whole blood 

as previously described. 1x aliquot of plasma was sent to MRC Harwell for the following 

biochemical tests, which were run on Beckman Coulter AU680 Clinical Chemistry 

Analyser: glucose, alanine transaminase (AST), alanine aminotransferase (ALT) and 

creatinine. 

2.2.11 Whole Blood Microarray 
 
After 2 weeks of social isolation or social housing, whole blood was collected via cardiac 

puncture using 3.2% citrate. 150μl of collected blood was stored in RNAprotect Animal 

Blood Tubes (Qiagen, cat. 76544) and this was allowed to sit at room temperature for 2 

hours to allow the blood to lyse.  

Total ribonucleic acid (RNA) was extracted from whole blood from SI and SH mice (n=3 

per housing group) using the RNeasy Protect Animal Blood Kit (Qiagen, cat. 73224) and 

following the manufacturer’s instructions. In brief, the RNAprotect Animal Blood Tubes 

were centrifuged for 3 minutes at 10,000 g and the supernatant was removed. The pellet 
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was washed with RNAse-free water before resuspension in Buffer RSB. Samples were 

then digested in Buffer RBT with proteinase K and homogenised by centrifugation 

through the QIAshredder column. Ethanol was added, and the RNA was bound to the 

RNeasy MinElute column. DNA was digested, and the samples were washed with Buffer 

RW1 and Buffer RPE. Total RNA was eluted in 25μl of Buffer REB and was quantified 

and assessed for purity using the Nanodrop 1000. 

Extracted RNA was hybridised at UCL genomics using the GeneChip Fluidics Station 

450 to Affymetrix Mouse Gene 1.0 ST array chips by use of standard Affymetrix 

protocols. Robust multiarray average was used to normalise the data using Affy 

(Bioconductor software). Genes were excluded if they did not have an Entrez ID or if 

their gene expression was less than 100 by non-logged value. Limma, Bioconductor 

software, was used to apply T-statistics to the data. Differentially expressed genes were 

identified if they had both a fold change greater than 2 or if the non-adjusted P value was 

<0.05. 

2.2.12  Validation of Microarray Genes 

After careful consideration and taking into account known immunological function, and 

availability of primers and antibodies the following 4 genes were selected to be 

confirmed at a protein and messenger ribonucleic acid (mRNA) level: complement decay 

accelerating factor 55 (cd55), cd52, BTB Domain and CNC homolog 2 (bach2) and XIAP 

associated factor 1(xaf1). 

After 2 weeks of social isolation or social housing whole blood was collected via cardiac 

puncture using 3.2% citrate as an anticoagulant, as there is some evidence that heparin 

interferes with RT-PCR202. 150μl of collected blood was stored in RNeasy Protect 

Animal Blood Tubes and this sat at room temperature for 2 hours to allow the blood to 
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lyse. After 2 hours, RNA was extracted using the RNeasy Protect Animal Blood Kit and 

following the manufacturer’s instructions as described previously. RNA was quantified 

using the Nanodrop 1000. 

Complementary DNA (cDNA) synthesis was carried out, by adding 10µl of RNA to 1µl 

of 0.5µg/µl OLIGO dT primers (Promega, cat. C110A) and 1µl of RNase free water. 

Samples were incubated at 70°C for 10 minutes and placed on ice to cool for 5 minutes. 

After the 5-minute period, 8µl of a mastermix containing 4µl of AMV reverse 

transcriptase 5x buffer (Promega, cat. M515A), 1µl of RNAsin (Promega, cat. N211A), 

1µl of RNase free water, 1µl of 10mM dnTP mix (Promega, cat. C114B) and 1µl of 

AMV reverse transcriptase (Promega, cat. M5101A) was added and samples were 

incubated at 42°C for 60 minutes and 10 minutes at 70°C. Samples were cooled to 4°C 

on ice before being stored at -20°C. 

The following was added to 2μl of cDNA to prepare the samples for RT-PCR: 

• 20µl of SYBR green mastermix (Applied Bioscience, cat. 4309155) 

• 4µl of primer for the gene of interest or housekeeping gene 

• 14µl of RNase free water 

Primers used were as follows: glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

(Qiagen, cat. QT01658692), cd55 (Qiagen, cat. QT00133994), cd52 (Qiagen, cat. 

QT00255339), bach2 (Qiagen, cat. QT0254459) and xaf1 (Qiagen, cat. QT01545033). 

All samples were loaded in triplicate and run on the BioRad CFX Connect RT-PCR 

machine using the settings shown in Table 5. Genes of interest were normalised to the 
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house keeping gene, GAPDH, and analysed using the DDCT method of analysis to 

calculate the fold change. 

Table 5: RT-PCR Settings. 

 

2.2.13 Ex Vivo Analysis of Peritoneal Macrophages 

In order to determine which, if any, TLR pathways were changed after a 2-week period 

of social isolation in CD-1 mice, peritoneal lavage fluid (PLF) was collected from the 

mice (n=3 per housing group) by washing the peritoneal cavity with 0.3M 

ethylenediaminetetraacetic acid (EDTA). Collected PLF was spun down at 264 g for 5 

minutes at 4°C. The supernatant was removed, and the pellet resuspended in 200µl 

RNAlater™ Stabilization Solution (ThermoFisher Scientific, cat. AM7020). A Qiagen 

RNAeasy Mini Kit (Qiagen, cat. 74104) was used to extract the RNA according to 

manufacturer’s instructions. In brief, RNAlater™ Stabilization Solution was removed 

and the peritoneal macrophage cells were lysed and homogenised. Ethanol was added, 

and total RNA was bound to the RNAeasy spin column and this was washed 3x before 

being eluted in 25µl of RNase-free water. Total RNA was quantified using the Nanodrop 

1000.  

cDNA synthesis was carried out on the 3 samples from each group that had the highest 

RNA concentrations using the RT2 First Strand Kit and by following the manufacturer’s 

Step Time Temperature (°C) 

Activation 15 minutes 95 

3 Step Cycling: 

Denaturation 

Annealing                 40x  

Extension 

 

15 seconds 

30 seconds 

30 seconds 

 

94 

55 

72 
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instructions. In brief, samples were incubated with genomic DNA elimination mix before 

being added to the reverse-transcription mix and RNase-free water was added. 

Samples were loaded individually onto RT2 Profiler PCR Array: Mouse Toll-Like 

Receptor Signalling Pathway Kit plates (Qiagen, cat. PAMM-018ZD-6) and were run 

according to the manufacture’s settings on BioRad CFX Connect RT-PCR machine using 

RT² SYBR Green qPCR Mastermix. The fold change was analysed using the DDCT 

method of analysis. 

2.2.14 Statistics 

Significance was tested using the statistical analysis specified in each figure legend on 

GraphPad Prism 8 (GraphPad Software Inc, USA). 
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2.3  Results 

2.3.1 Weight Change and Nutritional Intake  

Weight and nutritional intake were assessed to give an indication of any gross changes 

in the physiology of the mice. During the 2-week period of social isolation, SI mice 

weighed significantly less than SH mice (Figure 2.3a). SI mice consistently consumed 

significantly more food than the SH controls (Figure 2.3b). Additionally, there was no 

significant difference in water intake between the housing groups (Figure 2.3c). Weight 

change was assessed over the 2-week period of social isolation to determine whether 

social isolation would alter female physiology in a different manner to males. Similarly, 

to male CD-1 mice, SI female mice showed a consistent trend towards gaining less 

weight compared to SH female mice (Figure 2.4). Since food intake was higher in SI 

mice, satiety was assessed by measuring leptin, the satiety hormone, in plasma from male 

CD-1 mice. SI mice had a trend towards lower plasma leptin levels than SH mice (Figure 

2.5). 
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Figure 2.3: Weight and Nutritional Intake in Male CD-1 Mice. The following 

physiological parameters were assessed: a) weight change, b) food and water intake over 

the period of 2 weeks of social housing or social isolation. Each bar shows mean ± SEM 

of n=10 mice with each symbol representing n=1 mouse for weight change or n=1 cage 

for food and water intake. Significance was determined when * p<0.05 was gained using 

an unpaired parametric T-test.  
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Figure 2.4: Weight Change During Social Isolation in Female CD-1 Mice. Weight 

change was assessed over the period of 2 weeks of social housing or social isolation. 

Each bar shows mean ± SEM of n=5-7 mice from a single experiment with each symbol 

representing a single mouse. Significance was assessed by an unpaired T-test where 

p<0.05.   
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Figure 2.5: Plasma Leptin Levels in Male CD-1 Mice. Plasma leptin levels were 

quantified after 2 weeks social isolation or social housing via ELISA. Values are 

expressed as mean ± SEM of n=6 mice per housing group with each symbol being 

representative of a single mouse. Significance was assessed by an unpaired T-test where 

p<0.05.   
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2.3.2 Visceral Adipose Tissue 

Since social isolation has been linked to changes in adipose tissue, particularly increased 

adiposity, VAT was assessed to determine whether there were any changes in the 

adipocyte number and size, that might be indicative of metabolic changes179,183. 

Representative images of H & E stained VAT after 2 weeks of social isolation or social 

housing show that SI mice have increased numbers of smaller adipocytes and SH mice 

have fewer larger adipocytes present (Figure 2.6).  

VAT accounted for ~2% of overall body weight in both housing groups (Figure 2.7a). 

VAT was taken from CD-1 mice after 2 weeks of social isolation or social housing. VAT 

underwent H & E staining to allow for the number of adipocytes to be counted and their 

area sized, as this can be an initial indication of whether changes in energy expenditure 

and metabolism had occurred. There was a trend towards increased numbers of 

adipocytes present in the VAT from SI mice compared to SH mice (Figure 2.7b). The 

adipocytes from VAT showed a trend towards being smaller in SI CD-1 mice compared 

to SH CD-1 mice (Figure 2.7c, p=0.06). 
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Figure 2.6: Representative CD-1 H&E Stained VAT Images. Representative images 

of H & E stained VAT at 20x magnification from a) SH and b) SI CD-1 mice. VAT was 

taken from n=4-6 mice per housing group. Scale bars are representative of 50µm. 
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Figure 2.7: VAT Characteristics. VAT was weighed and stained with H & E. The 

following characteristics were assessed: a) VAT as a % of body weight, b) adipocyte 

count and c) adipocyte area. Data is shown as the mean value per housing group where 

n=4-6 mice and each individual symbol is representative of 1x individual mouse. 2x SI 

mice did not have adipocyte size and number calculated due to problems with sectioning 

the tissue for staining. Significance was assessed by an unpaired T-test where p<0.05.   
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2.3.3 Faecal Boli Bacterial Analysis 

The microbiota composition of SI mice compared to SH mice was characterised in the 

faecal boli of male CD-1 mice, as it is well known that negative emotions, such as anxiety 

and the environment, can alter the microbiota203,204. After 2 weeks of social isolation, 

there was a relative increase in the Bacteroidetes classes of bacteria and a decrease in the 

Firmicutes classes compared to those mice who were subjected to social housing (Figure 

2.8).



Chapter 2: Basal Effects of Social Isolation 
 

 81 

 
 

 
 
 
 
 
 

 
 
 
 

 
 
 
 

Figure 2.8: Microbiota Composition in Male CD-1 Mice. Faecal boli were pooled from n=4-5 mice and the microbiota taxonomies were 

expressed in a) SI and b) SH mice. Taxonomies are presented as a % of the total microbiota present.
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2.3.4 Peripheral Blood Analysis in CD-1 Mice 

In order, to determine whether the immune system is changed as a basal effect of social 

isolation, the immune cell profile and levels of inflammation were assessed. After 2 

weeks of social isolation or social housing, whole blood was analysed to give the total 

leukocyte count and the subtypes of leukocytes present, since previous studies on 

environmental enrichment have shown a differences in whole blood immune cell 

profile195. SI mice and SH mice had similar numbers of leukocytes present, in their whole 

blood (Figure 2.9a). There was a similar number of lymphocytes between the housing 

groups (Figure 2.9b). The number of neutrophils were significantly lower in SI mice 

compared to SH mice (Figure 2.9c). The NLR was significantly lower in SI mice 

compared to SH mice (Figure 2.9d). There was a trend towards slightly lower numbers 

of monocytes present in SI mice compared to SH mice (Figure 2.9e). 
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Figure 2.9: Immune Cell Numbers and Profile in CD-1 Male Mice. Basal immune 

cell response was assessed after 2 weeks social isolation or social housing: a) total 

leukocyte count, b) lymphocyte count, c) neutrophil count, d) NLR and e) monocyte 

count. Each bar shows mean ± SEM of n=10 mice with each symbol representing n=1 

mouse. Significance was determined when *p<0.05 was gained using an unpaired 

parametric T-test. 
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2.3.5 Plasma Cytokines in CD-1 Mice 

In order to assess basal inflammation TNF-a, IL-6 and IFN-g concentrations were 

measured in plasma after 2 weeks of either social isolation or social housing. However, 

in basal plasma, TNF-a, IL-6 and IFN-g concentrations were too low to be accurately 

detected by the multiplex assay hence the data is not shown. 

2.3.6 Biochemical Parameters 

To assess whether SI mice had different levels of organ damage the following 

biochemical markers were assessed: AST, ALT, creatinine and glucose were measured 

in basal plasma (MRC Harwell). AST and ALT are markers of liver function and damage 

and it was seen that AST levels were significantly higher in SI mice compared to SH 

mice, whilst similar levels of ALT were seen between the housing groups (Figure 2.10a). 

Creatinine, which is a marker of kidney function, was not significantly changed between 

SI and SH mice (Figure 2.10b). Plasma glucose levels were found to be significantly 

higher in SI mice compared to SH mice (Figure 2.10c). 
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Figure 2.10: Basal Biochemical Parameters. The following biochemical parameters 

were analysed: a) AST (left), ALT (right) b) creatinine and c) glucose. Data shown as 

mean per housing group ± SEM with n=9-10 mice and symbols are representative of a 

single mouse. Significance was determined when **p<0.01 and ***p<0.005 as 

determined by use of an unpaired parametric T-test. 
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2.3.7  Ex Vivo TLR Analysis of Peritoneal Macrophages 

TLR signalling was assessed in peritoneal macrophages to see whether social isolation 

would induce a similar response to that seen in low ranking monkeys, whereby 

downregulation of the viral response genes and upregulation of the bacterial response 

genes occurs153. 

 
To investigate whether social isolation could alter basal gene expression in immune cells 

TLR signalling pathway genes, 84 in total, were assessed via RT2-PCR profiling array in 

peritoneal macrophages. The majority of the genes with the largest fold change were 

involved in MyD88 signalling (Figure 2.11). 
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Figure 2.11a: TLR Signalling Gene Expression in Basal Peritoneal Macrophages. Fold gene expression of TLR signalling genes 

normalised to b2-Microglobulin in social isolation vs social housing. Each bar shows mean ± SEM of n=3 mice. Significance was assessed 

by use of multiple T-tests corrected for by the Holm-Sidak method.  
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Figure 2.11b: TLR Signalling Gene Expression in Basal Peritoneal Macrophages. Fold gene expression of TLR signalling genes 

normalised to b2-Microglobulin in social isolation vs social housing. Each bar shows mean ± SEM of n=3 mice. Significance was assessed 

by use of multiple T-tests corrected for by Holm-Sidak method.  
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2.3.8  Whole Blood Microarray Analysis for Potential Biomarkers of 
Social Isolation 

In order, to identify the potential mechanisms for the observed altered immune response 

and to find potential biomarkers of social isolation, microarray analysis was carried out 

on basal blood from SI and SH mice at the end of the 2-week period.  Microarray analysis 

of whole blood at a basal level showed that SI mice have a unique transcriptional 

fingerprint whereby 26 genes where upregulated (fold change >2 or a non-adjusted 

p<0.05) and 10 genes were downregulated (fold change <2 or a non-adjusted p<0.05) 

(Figure 2.12). The differentially expressed genes and their functions if known are listed 

in (Table 6). 
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Figure 2.12: Gene Expression in Whole Blood from SI and SH Mice. Microarray analysis was done on RNA extracted from blood in SI 

versus SH mice where n=3 mice per housing group. Bright green represents the most downregulated genes whilst bright red the most 

upregulated genes. 
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Table 6: Differentially Expressed Genes in SI Whole Blood. 

Gene Codes Function  Role in Immune System to 

Inflammation Related Diseases 

Log 

Fold Change 

Non-adjusted P Value 

 Upregulated Gene During Social Isolation    

Glb1 Galactosidase beta 1 Involved in lysosomal 

storage205 

High levels are associated with 

cellular senescence.1. 

1.272 0.00991 
 

Zfp729a Zinc finger protein 729a N/A N/A 1.220 0.00029 

Cd55 Complement decay 

accelerating factor  

GPI bound membrane 

protein involved in 

inhibition of 

complement2 

Inhibits the activation of 

complement by affecting the C3 and 

C5 convertases needed for the 

classic and the alternative pathways. 

Some evidence it suppresses T cell 

immunity206,207. Nucleotide binding 

oligomerization domain containing 

2 (NOD2) suppresses CD55 on 

neutrophils thus enhancing 

production of C5a during 

polymicrobial sepsis208. 

1.059 0.00048 

 

Slc30a4 or ZnT4 Solute carrier family 30 

member 4  

Intracellular Zn2+ 

transporter209. 

IL-4 stimulation of M2 

macrophages causes 

metallothionein 3 and SLC30A4 to 

promote Zn2+ storage and thus allow 

1.040 0.00029 
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pathogens to exploit the Zn2+ in 

order to survive209.  

Dennd5b DENN domain containing 

5B 

Ras associated protein 

(Rab)39 guanine 

nucleotide exchange 

factor – involved in 

membrane trafficking210. 

N/A 1.030 0.00053 

 

Zfp992 Zinc finger protein 992 N/A N/A 1.192 0.00014 

Dnah8 Dynein axonemal heavy 

chain 8 

Regulates androgen 

receptor proliferation 

and transcriptional 

activity211. 

May influence the tissue biology of 

adipocytes during obesity by 

regulating inflammation especially 

IL-6 and IL-1b212. 

1.459 0.00611 

 

Laptm4b Lysosomal transmembrane 

protein 4b 

Needed for the formation 

of autolysosomes via 

aiding the fusion of 

lysosomes with 

autophagosomes213.   

Allele variation is associated with 

increased risk of a number of 

cancers including breast, liver, 

ovarian and gastric. Associated with 

metastasis in breast cancer and 

ovarian cancer and thus poorer 

prognosis214–217. Interacts with 

ceramide in late endosomes to aid its 

removal thus regulating 

sphingolipid-mediated cell death218.  

1.836 0.00059 
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Involved in the recruitment of the 

LAT1-4F2hc Leu transporter to 

lysosomes allowing for Leucine to 

be taken up into the cells thus 

promoting mTORC1 activation 

which in turn leads to autophagy219. 

Upregulated in sepsis patients220. 

Hist1h2bg Histone cluster 1 h2b 

family member g 

Key component of the 

nucleosome where it is 

essential for 

transcriptional 

regulation, DNA repair, 

DNA replication and 

chromosomal 

stability221.  

Modified in schizophrenia221. 1.222 0.0044 

 

Xaf1 XIAP-associated factor 1 Tumour suppressor gene 

involved in sensitizing 

death of cells222. Needed 

for KIF1Bβ-mediated 

apoptosis and acts as a 

molecular switch for p53 

promoting apoptosis as 

Interacts with TNF-a to enhance 

apoptosis by activation of the 

mitochondrial pathway and 

cytochrome C release225. 

1.380 0.00018 
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opposed to cell cycle 

arrest223–225. 

Cd52 Cluster of differentiation 

factor 52 

Antigen expressed on the 

cell surface of B and T 

lymphocytes, monocytes 

and NK cells226. 

Involved in the activation of 

complement and is targeted by 

antibodies in the treatment of 

chronic lymphocytic leukaemia, RA 

and multiple sclerosis amongst other 

diseases226. Upregulated in the 

prefrontal cortex in response to pain 

in mice227. 

1.044 0.00044 

 

Bach2 BTB domain and CNC 

homolog 2 

Transcription factor 

involved in adaptive 

immune cell 

differentiation228.  

 

Promotes T cell effector memory by 

reducing the availability of activator 

protein-1 thus limiting the 

expression of TCR driven228. 

Promotes antibody class switching 

in B cells by repression of plasma 

cell regulatory genes229. Mediates 

antiapoptotic and anti-oxidative 

properties during treatment with 

Bortezomib in Mantle cell 

lymphoma230.  

1.048 5.00x10-4 
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Ifi214 Interferon activated gene 

214 protein 

N/A N/A 1.379 0.00037 

 

Rnu73b U73B small nuclear RNA N/A N/A 1.052 0.00146 

A630089N07Rik N/A N/A N/A 1.189 0.00204 

1110025L11Rik N/A N/A N/A 1.033 0.00056 

1700097N02Rik N/A N/A N/A 1.470 0.00029 

6820431F20Rik N/A N/A N/A 1.530 1.00x10-5 

1700054O19Rik N/A N/A N/A 1.091 0.00041 

Mir467e MicroRNA 467e N/A N/A 1.142 0.00027 

Mir5123 MicroRNA 512 N/A N/A 1.068 0.01302 

Mir5104 MicroRNA 5104 N/A N/A 1.215 0.00051 

Gm6445 Predicted gene 6445 N/A N/A 1.034 7.00x10-5 

Igkv10-96 
 

Immunoglobulin kappa 

variable 10-96. 

Makes up part of the 

kappa variable region of 

immunoglobulins231.  

N/A 1.073 0.04822 

 

Gm6793 Predicted gene 6793 N/A N/A 1.104 6.00x10-5 

 

Lpgat1 Lysophosphatidylglycerol 

Acyltransferase 1 

Catalyses the reacylation 

of 

lysophisphatidylglycerol 

to phosphatidylglycerol, 

an important membrane 

Thought to be associated with 

obesity by influencing BMI in Pima 

Indians233. Some variants have been 

shown to be associated with lower 

levels of steric acid234.  

1.007 0.00118 
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phospholipid precursor 

for cardiolipin which is a 

component of the inner 

mitochondrial 

membrane232. 

Snord93 Small nucleolar RNA, C/D 

box 93 

N/A N/A 1.183 0.00297 

 

  Downregulated Genes During Social Isolation   

Slamf1 Signalling lymphocytic 

activation molecule 1 

Acts as a microbial 

sensor for gram negative 

bacteria e.g. E.coli235.  

Regulates bacterial phagosome 

functions in macrophages by the 

recruitment of the Vps34 proteins 

needed for regulation of NADPH 

oxidase 2 and  membrane fusion235.  

-1.042 0.00206 

 

Hist1h2bc Histone H2B type 1 c Key component of the 

nucleosome where it is 

essential to 

transcriptional 

regulation, DNA repair, 

DNA replication and 

chromosomal 

stability221.  

 

N/A -1.159 0.0085 
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Hist1h4k Histone H4 type 1 k Key component of the 

nucleosome where it is 

essential to 

transcriptional 

regulation, DNA repair, 

DNA replication and 

chromosomal 

stability221.  

N/A -1.538 8.00x10-5 

 

Hist1h2bf Histone H2B type 1 F Key component of the 

nucleosome where it is 

essential to 

transcriptional 

regulation, DNA repair, 

DNA replication and 

chromosomal 

stability221.  

N/A -1.192 0.00013 

Rab27b RAB27B Membrane bound 

proteins with roles in 

vesicular trafficking and 

is particularly involved 

in the distribution of 

Regulates neutrophil azurophilic 

granule exocytosis and is involved 

in the exosome secretion 

pathway236. Regulates neutrophil 

chemotaxis by regulating primary 

granule exocytosis237. Regulates the 

-1.018 0.00051 
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secretory granules near 

the plasma membrane236.  

department where nicotinamide 

adenine dinucleotide 

phosphate  oxidase is stored in 

activated macrophages238.  

Ctla2b Cytotoxic T lymphocyte-

associated protein 2b 

Novel cysteine 

proteinase inhibitor239.  

Expressed in T cells and mast cells. 

Induced by IL-4 during T2 

polarisation240,241. Upregulated 

during chronic stress in the 

hippocampus of mice242. 

-1.006 0.00063 

 

Rhoj Ras homolog J Rho GTPase involved in 

the following: endocytic 

pathway, differentiation 

of adipocytes, 

endothelial motility and 

focal adhesion243. 

Hypomethylation linked to discoid 

rash in SLE and is thought to 

promote apoptosis244. Upregulated 

in response to infection in 

zebrafish245. 

-1.070 0.03066 

Gdpd3 Glycerophosphodiester 

Phosphodiesterase Domain 

Containing 3 

Lysophospholipase246.  Potential marker of memory T 

cells247. 

-1.957 0.01235 

 

4933432Ko3Rik N/A N/A N/A -1.182 0.00014 
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2.3.9  Validation of Microarray Genes 

The microarray genes were confirmed at a transcriptional level in whole blood using RT-

PCR to ensure they were true biomarkers of social isolation. cd52, cd55 and bach2 were 

significantly upregulated in SI mice compared to SH mice (Figure 2.13). Xaf1 had a 

trend towards a higher fold change in SI mice compared to SH mice (Figure 2.13c). 
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Figure 2.13: Validation of Microarray Genes in Male CD-1 Mice. Fold change was 

calculated for the following genes by RT-PCR to confirm microarray data. The following 

genes were tested: a) cd52, b) cd55, c) xaf1 and d) bach2. Data points are representative 

of a single mouse where n=3-6 mice per housing group and bars representing the mean 

± SEM. Mice were excluded if the ct value for the gene of interest was above 35. 

Significance was determined when p*<0.05 and **p<0.01 as assessed by an unpaired 

parametric T-test. 
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2.4  Discussion 

This chapter aimed to assess the basal effects of social isolation. It was demonstrated that 

SI mice have increased food intake but do not gain as much weight over the period of 2 

weeks. Social isolation was shown to alter the NLR and to upregulate the MyD88 

pathway in peritoneal macrophages. Microarray analysis revealed that short-term social 

isolation caused a unique transcriptional fingerprint to be seen in whole blood. 

Microbiota analysis of faecal boli showed that the microbiome is altered after social 

isolation.  

SI CD-1 mice were found to not put on as much weight as SH mice despite eating more 

over the 2-week period of social isolation. This differs from studies carried out in 

C57BL/6 mice that underwent social isolation for either 3 weeks or 8 weeks where SI 

mice were found to have similar weights to SH mice whilst having lower food 

intake248,249. It is possible that if the time period of social isolation was extended, that SI 

mice might weigh the same as the SH mice. However, one study using CD-1 mice to 

investigate the effect of social isolation on weight over a period of 42 days found similar 

results whereby SI mice consistently weighed 2-3% less than SH mice suggesting that 

this finding could be strain dependent250. Mice are known to be sociable creatures who 

huddle together for warmth and it is known that huddling can increase metabolic 

efficiency by 40–65%251,252. In the absence of huddling, it is possible that the increased 

food intake seen accompanied by little weight gain in SI mice is the result of increased 

energy demand to fulfil the need for increased thermogenesis to maintain body 

temperature.  Interestingly, it has been reported that female mice are more likely to 

huddle for warmth, have enhanced BAT thermogenesis, and were warmer in the absence 

of littermates compared to males, suggesting this effect may be potentiated in female 

mice251. Sociability is known to play a role in thermoregulation. For example, in 
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macaques, the social behaviour of grooming was predictive of huddle size, whereby those 

individuals who were more sociable had a greater huddle size which is suggestive of 

reduced energy expenditure and exposure to the environment, potentially explaining how 

sociality affects survival252. Additionally, studies have shown that the wood chippings in 

cages are not sufficient to aid mice in terms of insulation253,254. Since mice are normally 

housed at an ambient temperature of 20-24°C which is below their lower critical 

temperature, estimated to be ~30°C, this raised the question of whether or not SI mice 

were cold as they could not huddle for warmth254 .  

Leptin, the hormone of satiety, was measured in plasma to determine whether social 

isolation could alter appetite, with the expectation that it would be lower in SI mice as 

they eat more255. Plasma leptin concentrations were found to be among the normal range, 

1-20ng/ml, in both housing groups although concentrations showed a trend towards being 

decreased in those mice subjected to social isolation compared to controls256. This 

disagrees with previous studies investigating social isolation in C57BL/6 mice, where 

serum leptin levels were increased accompanied by decreased food intake182.  However, 

social stress and chronic social defeat have been shown to decrease leptin levels257,258. 

The majority of studies investigating the effects of both acute and long-term periods of 

cold, such as that hypothesised to occur in SI mice, showed that leptin levels decrease259–

261. Further appetite hormones such as ghrelin should be tested to better understand 

whether appetite is affected by social isolation. 

VAT was found to account for a similar % weight between the housing groups used in 

this study. This is in contrast to the literature where VAT accounts for a higher % of body 

weight in those rodents who were subjected to social isolation. However, this difference 

might be accounted for by the longer period of social isolation, 7-8 weeks, used in these 
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studies compared to the shorter 2 weeks used in this study182,183. Interestingly, the size of 

adipocytes showed a trend towards having a smaller area in SI VAT compared to SH 

VAT, despite similar adipocyte counts being present. Adipocytes store excess 

triglycerides and the more triglycerides they store, the more hypertrophic they become, 

thus smaller adipocytes would be suggestive of more energy being expended. There are 

two possible reasons why more energy would be being expended: increased thermogenic 

demand due to absence of littermates to huddle with, or increased locomotion262,263. 

Locomotion was not tested in these studies, but the concept of increased thermogenic 

demand is discussed in Chapter 4. There is contrasting findings in the literature with 

regards to social isolation and locomotor activity with some studies finding no change in 

locomotor activity and others finding increased locomotor activity179,263. 

Plasma glucose levels were found to be significantly higher in SI mice compared to SH 

mice, which is in concordance with a study carried out in humans where social exclusion 

was found to be associated with higher blood glucose levels264. Similarly, a study has 

shown that CD-1 mice subjected to chronic social defeat model, were found to have 

hyperglycaemia, glucose level >8.83mmol/l. Interestingly, this change appeared to be 

independent of insulin sensitivity, which was unaffected, in the chronic social defeat 

model. Since SI mice in our study had an average glucose level of 14.85mmol/l, this 

suggests that social stress can increase the risk of hyperglycaemia265. The increased 

plasma glucose seen in SI mice is interesting since there is evidence to suggest that social 

isolation increases risk of T2D and this implies that the increased risk cannot be 

accounted for alone by diet and sedentary lifestyle alone177. 

Leptin is a satiety hormone so the trend towards lower leptin levels in SI mice partially 

facilitates increased food intake seen in SI mice and therefore, might account for the 
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increased glucose levels seen in SI mice. However, it is important to note that leptin, as 

well as supressing appetite, also contributes to glucose uptake into the skeletal muscle 

and BAT266,267. Thus, the lower levels of leptin seen in SI mice would suggest less 

glucose is being taken up into the skeletal muscle and BAT, causing there to be higher 

circulating levels of glucose as measured in the plasma of SI mice. However, since the 

difference in leptin levels is neither significant nor very large, it is unlikely to account 

completely for such a profound change in plasma glucose level in SI mice.  

Another factor that might account for the increased glucose levels seen in SI mice, could 

be their increased food intake. Ideally, to avoid any differences in plasma glucose being 

the result of food intake, mice would be fasted, but this was not possible as the protocol 

required to carry out this was not on the group’s Home Office Project License268. To 

minimise this samples were taken in the morning during the light cycle, since mice 

consume 2/3rd of their food during the night due to their nocturnal nature269,270. Similarly, 

plasma glucose in non-fasted mice follows a circadian rhythm, whereby plasma glucose 

is lowest in the night and increases during the light period. It is for this reason that, where 

possible, blood for glucose testing was taken first thing in the morning to give as close 

as possible reading to what would be seen in the fasted state as glucose uptake primarily 

occurs in the dark cycle271,272. It is unlikely that differences in food intake could 

completely account for the increased plasma glucose levels as the samples were taken in 

the light cycle. Due to the nature of social housing, it is impossible to know how much 

food each individual mouse actually consumes, as food intake is measured per cage and 

an average calculated to gain an estimated food intake/mouse. If the exact food intake 

was known in each SH mouse this could be checked against their individual plasma 

glucose values to see if there is any significant correlation between food intake and 
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plasma glucose, which might help to determine the likelihood of whether food intake 

could be accounting for the increased plasma glucose levels seen in SI mice.  

AST concentration was demonstrated to be higher in the plasma from SI mice compared 

to SH mice. AST is traditionally thought of as a marker for liver function, although it is 

not as specific as ALT, as it is also found in cardiac and skeletal muscle, brain, pancreas, 

lungs, erythrocytes and leukocytes273. This suggests that SI mice have higher levels of 

generalised basal inflammation, since ALT, a specific marker for liver function, and 

creatinine, a marker of kidney function, did not differ between housing groups. 

There were no differences in the number of leukocytes and lymphocytes present. 

Although there was no significant difference, there was a definite decrease in circulating 

monocytes. The number of neutrophils and the NLR was significantly lower in SI mice 

compared to SH mice. The NLR is considered to be a marker of subclinical inflammation, 

whereby high NLR scores are indicative of poor prognosis in cancer and sepsis, 

premature mortality, CHD and heart failure274–277. Therefore, this finding of a lower NLR 

in SI mice compared to SH mice is somewhat surprising, since those individuals who 

have high levels of social isolation or loneliness are at increased risk of chronic 

inflammatory diseases and premature mortality119,147,176,177. One possible reason why 

such a finding might occur, is that in non-lonely people, as cortisol levels increase so 

does the NLR ratio, but such a response is blunted in individuals who are lonely278. 

TLR pathway analysis of basal peritoneal macrophages revealed that one of the largest 

gene expression changes was colony stimulating factor 2 (csf2). Csf2 stimulates the 

production of macrophages and granulocytes as well as promoting survival279,280. 

Additionally, Csf2 primes macrophages towards a more activated pro-inflammatory 

state, thus it would be interesting to profile the cell types in the peritoneal cavity at 
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baseline281. Csf2 levels increase upon infection and have been implicated in 

inflammatory diseases including arthritis and atherosclerosis282,283. Recombinant Csf2 

was tried in clinical trials as a way of treating neutropenia and leukopenia during the 

immunosuppressive stage of sepsis, with initial results showing improved outcomes284–

286. It should be noted that due to a small n number (n=3 per housing group), more 

pronounced differences may be present than shown here. Although not significant, there 

was a trend towards the MYD88 pathway genes being higher in basal peritoneal 

macrophages from SI mice compared to SH mice. This is not surprising since studies 

looking at social status in macaques and humans demonstrated those with low status had 

enrichment of the MYD88 pathway genes at the expense of the TRIF pathway genes i.e. 

a primed bacterial response153.  

Initial studies, comparing the microbiota in faeces from SI CD-1 mice to SH CD-1 mice, 

showed a change in the types of bacterial phyla, which is not surprising since there is 

emerging evidence that shifts in microbiota have been shown to be involved in a number 

of mental illnesses including depression and anxiety disorders91,287,288. For example, 

patients with generalised anxiety disorder had reduced microbial richness and diversity, 

accompanied by short-chain fatty acid-producing bacteria, whilst patients with 

depression were found to have a lower % of Firmicutes composition in the microbiota 

and altered microbial metabolite production91,287,288.The most notable shift was seen in 

the proportions of the Bacteroidetes and the Firmicutes phyla in SI CD-1 mice compared 

to SH CD-1 mice. SI CD-1 mice have a lower Firmicutes:Bacteriodetes ratio compared 

to SH CD-1 mice. There is some debate about whether the Firmicutes:Bacteriodetes ratio 

is correlated to BMI, with some studies showing a higher Firmicutes:Bacteriodetes ratio 

being correlated to increasing BMI, whilst other studies reported seeing no change in the 

ratio190,289–291. Therefore, it is possible that the shift in microbiota seen in SI mice could 
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partially account for the lower weight gain seen in SI mice. Additionally, the lower % of 

firmicutes composition of the microbiota seen in SI mice, has been potentially linked to 

depression in humans288.  

A higher proportion of the microbiota in SI CD-1 mice was attributed to the 

Proteobacteria phylum. There are studies indicating that members of the Proteobacteria 

phylum might be involved in microbiota dysbiosis and thus be implicated in metabolic 

diseases such as T2D88.  It is possible that over a prolonged period of time, such a shift 

could account for the increased incidence of the aforementioned diseases in people who 

are lonely or isolated152,292–294.  Actinobacteria was present only in the faeces from SI 

CD-1 mice but not SH CD-1 mice, whereas the Tenericutes phylum was only seen in SH 

CD-1 mice. This result was also seen in mice subjected to chronic social defeat stress for 

10 minutes each day for a period of 10 days295. This suggests that social stress might 

account for this shift in microbiota composition. Additionally, it has been noted that 

rheumatoid arthritis (RA) patients have increased prevalence of Actinobacteria in their 

gut, which would suggest SI mice might be more susceptible to RA296. This suggests that 

an increase in Actinobacteria accompanied by a decrease in Tenericutes in murine faeces, 

might have the potential to be a biomarker of social stress. 

The Verrucomicrobia phylum accounted for a lower % of the microbiota seen in faeces 

in SI CD-1 mice compared to SH CD-1 mice. This phylum has been proposed to be a 

biomarker of microbiota health, as it has been seen to become more prevalent during 

remission in inflammatory bowel disease (IBD)297. Similarly, the TM7 phylum was 

unique to SI CD-1 mice. TM7 has been associated with inflammatory mucosal diseases 

such as periodontitis and IBD where it is thought to alter the local environment to 

promote a more pro-inflammatory microbiota298,299. It is possible that longer periods of 
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social isolation would cause a further increase in the % of microbiota by the TM7 phylum 

resulting in the promotion of inflammation, which may account for the increased 

prevalence of inflammatory disease in SI people120,147. Cyanobacteria was only 

detectable in the faeces from SI CD-1 mice. This is perhaps not surprising, since faeces 

from SI CD-1 mice had a much more potent smell compared to that of SH CD-1 mice 

that could be potentially accounted for by the increase in cyanobacteria present, which 

are well known reducers of sulphate300.  

These findings suggest that just 2 weeks of social isolation can alter the proportions and 

numbers of different bacteria phyla present in the faeces. Interestingly, our findings 

concur with that found in a small scale study looking at faecal microbiota from patients 

with major depressive disorder, where the Bacteroidetes, Proteobacteria and 

Actinobacteria phyla were increased whilst the Firmicutes phylum was decreased90. This 

highlights a close link between emotional wellbeing and the microbiota. Currently, the 

majority of the changes seen in the phyla present in the faeces would suggest that social 

isolation promotes the presence of inflammation. However, what is not as clear is what 

the long-term effects of social isolation might have on the microbiota present in the 

faeces. Since mice are coprophagic animals, it is possible that the SH mice could 

influence their microbiota by the consumption of other mice’s faeces, an issue that could 

be overcome by the use of metabolic cages301. Additionally, further work is needed to 

determine which classes within each of the phyla have been altered by social isolation, 

to better understand how changes in the microbiota may predispose the body to 

inflammation and/or chronic diseases. 

Since people who were identified with having high levels of perceived loneliness have 

been shown to have a unique gene expression pattern known as CTRA and show other 
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potential immunological biomarkers of loneliness (IL-6, CRP and fibrinogen), it was 

investigated whether social isolation would cause changes in gene expression175,184,302,303. 

Additionally, since EE mice, the polar opposite model to social isolation, have their own 

unique gene expression pattern, it was thought that SI mice would have the opposite 

effect on the same gene expression155. As of yet there have been no studies that have 

looked at the immunogenotype of social isolation in mice and in order to attempt to do 

this, microarray analysis was performed on RNA from whole blood from SI and SH mice. 

To this end, whole blood microarray analysis was carried out and 36 genes were found 

to be differentially expressed, 26 upregulated and 10 downregulated, with the majority 

of these having immunological functions or promoting apoptosis. In the polar opposite 

model, environmental enrichment, 8 genes were upregulated and 5 were downregulated 

in the blood, with the differentially expressed genes having roles in metabolism and 

regulation of the immune system. Interestingly, apart from RhoJ, which was upregulated 

in EE mice and downregulated in SI mice, both paradigms have their own unique gene 

expression pattern, suggesting that each emotion and environment will have its own 

unique expression pattern155. Four of the most immunologically interesting genes were 

chosen for confirmation by RT-PCR: cd55, cd52, xaf1, and bach2. With the exception of 

xaf1, which only showed a trend towards being upregulated in SI mice, all the other 

chosen genes were significantly upregulated confirming the microarray data. 

The main role of the CD55, a surface membrane protein, is to inhibit the activation of 

complement by affecting the C3 and C5 convertases involved in both the classical and 

the alternative pathways207. CD55 protects neuronal cells against chemical hypoxic-

induced injury via reduction in cell death and apoptosis and partially protects against 

neuroinflamamtion304. Interestingly, there is evidence to suggest that cd55 expression is 

suppressed on neutrophils by NOD2-mediated signals during polymicrobial sepsis, thus 
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promoting C5a production. C5a has been linked to multiple organ failure, dysfunctional 

coagulation and cardiomyopathy208. There is evidence to suggest that CD55 may be 

implicated in atherosclerosis, as cd55 deficiency in ApoE-/- mice was found to increase 

C3a production, leading to increased adiposity, altered lipid handling, as well as 

atheroprotection305. Since SI mice have elevated cd55 levels this would suggest that they 

would also have increased plaque.  

CD52 is a glycoprotein found on the surface of mature lymphocytes, monocytes and NK 

cells. It is currently targeted by antibodies in the treatment of RA and chronic 

lymphocytic leukaemia226. Interestingly, it has been found to be upregulated in the 

prefrontal cortex during pain227. CD52 is involved in apoptosis of cells by inhibition of 

TLR activation of NFkB306. This is interesting as apoptosis, in contrast to necrosis, does 

not promote a pro-inflammatory immune response, as apoptotic cells normally keep their 

membrane integrity preventing the release of DAMPs. In fact, apoptosis can promote 

macrophages to release anti-inflammatory cytokines, such as IL-10, thus having higher 

levels of cd52 may be beneficial in promoting resolution of inflammation during chronic 

inflammatory diseases, such as atherosclerosis307.  

Bach2 is a transcription factor that is involved in adaptive immune cell differentiation. 

More specifically Bach2 promotes T cell effector memory and antibody class switching 

in B cells228,229. Interestingly, Bach2 was found to have the highest fold change in 

peripheral blood mononuclear cells in patients suffering from peripheral artery disease 

(PAD) compared to healthy controls. As PAD is caused by the accumulation of fatty 

deposits in the leg, it is possible that Bach2 may play a role in the pathogenesis of 

atherosclerosis, although to elucidate its exact role in vascular disease, further studies 
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looking at downstream markers are needed308. Bach2 has also been shown to promote 

apoptosis during oxidative stress in cancer230,309.  

Xaf1 is a tumour suppressor gene, which is essential for KIF1Bβ-mediated apoptosis and 

it acts as a molecular switch for p53, promoting apoptosis as opposed to cell cycle 

arrest223–225. Xaf1 gene expression has been found to be decreased in blood at the onset 

of sepsis shock and recovered to normal levels within 48 hours in patients with a low 

Simplified Acute Physiology Score II (SAPSII) score, whilst recovery of Xaf1 was 

delayed in those with high SAPSII scores310. 

These results show that just 2 weeks of social isolation can induce a unique 

transcriptional fingerprint in mice. The majority of the genes significantly changed were 

involved in the differentiation of immune cells and the promotion of apoptosis, 

suggesting social isolation primes the immune system ready for infection and promotes 

a more anti-inflammatory phenotype for cell death. These unique genes could potentially 

be used as biomarkers of social isolation after further validation in animal and human 

models, allowing for a more personalised approach to the treatment of patients with 

inflammatory diseases. 

In conclusion, short-term social isolation exerts its effects on weight and nutritional 

intake, biochemical, immunological and whole blood transcriptional phenotype of mice. 

It was demonstrated that SI mice eat more but have reduced weight gain and that there 

was a shift in the microbiota towards groups of bacteria associated with chronic 

inflammatory diseases and stress. It was established that SI mice had increased 

concentrations of the biochemical markers of organ function, AST and glucose. Social 

isolation was found to induce changes in the immune system, with a decreased NLR 

being demonstrated compared to SH mice, and SI mice having upregulation of the TLR 
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signalling involved in bacterial clearance. Finally, at the transcriptional level it was found 

that social isolation caused upregulation of 26 genes and down regulation of 10 genes in 

whole blood, with those upregulated genes primarily being involved in the immune 

system and apoptosis. Taken together these results elucidated that just 2 weeks of social 

isolation is enough to cause profound changes in the body.
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Chapter 3  
Social Isolation and Sepsis 

3.1  Introduction 

Sepsis is a life-threatening acute inflammatory disease that is characterised by the 

presence of severe organ dysfunction, in response to a dysregulated response by the host 

to infection15. The initial stage of sepsis is driven by an innate immune response to an 

infectious stimulus, most commonly bacteria, followed by an immunosuppressive 

stage1,28. Despite a wealth of clinical trials and research studies aiming to reduce the 

mortality of sepsis patients, very little is known about why sepsis remains the leading 

cause of death in ICUs worldwide and why some patient’s survive, whilst others do 

not17,20.  

Socioeconomic status refers to the class or group a person belongs to with the three main 

factors defining it being their occupation, education and income311. There is increasing 

evidence to suggest that socioeconomic status can affect risk of sepsis and prognosis. In 

a Danish population, it was demonstrated that those people with a lower socioeconomic 

status were at increased risk of having Staphylococcus aureus bacteraemia, bacteria in 

the blood, which can be a precursor to sepsis312. Patients who have a low personal income 

have a higher risk of dying both at 30 days (35%) and 180 days (25%) after discharge 

from the hospital. Furthermore, patients who had a low educational background and low 

income were seen to have a trend towards readmission to the hospital after discharge313. 

In a population based study, it was shown that higher scores of perceived stress were 

associated with increased incidence of sepsis at 1 year and 10 years314.  In the United 

States, the counties with strong levels of clustered sepsis were found to be predominately 

in the South and once again have low income and education, but were also found to be 
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predominately composed of black race people, high unemployment rates and elderly 

people315,316. 

3.1.1 Specific Aims  

This study had the following aims: 

1. To investigate the effects of social isolation on the acute immune system; 

2. To understand whether social isolation has a differential response to LPS and 

polyinosinic-polycytidylic acid (poly (I:C)) induced sepsis; 

3. To determine the effects of social isolation on the immune system using an E.coli 

induced model of sepsis. 
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3.2  Methods 

3.2.1 Animal Husbandry 

All animals were housed in individually ventilated enclosures with standard food and 

water being provided ad libitum and with a 12-hour light-dark cycle. All experiments 

undertaken were approved and performed according to the guidelines of the Ethical 

Committee for the Use of Animals, Bart’s and The London School of Medicine and 

Dentistry and the Home Office Regulations Act 1986 (Prof. D’Acquisto, PPL. 70/8714). 

3.2.2 Modelling Social Isolation in CD-1 Mice 

As previously described, in house bred 5-week-old male or female CD-1 mice weighing 

between 20-25g were used. Mice were randomly assigned to either social isolation or 

social housing for a period of 2 weeks before the induction of sepsis. As CD-1 mice are 

outbred and have been shown to be suitable for experiments involving sociability, they 

were chosen over C57BL/6 mice, as they have greater genetic diversity and are more 

representative of the human population317. 

3.2.3 LPS Induced Sepsis 

Sepsis was induced in male CD-1 mice via intraperitoneal (i.p.) injection of 15mg/kg of 

E.coli 0111:B4 LPS (Sigma-Aldrich, cat. 297-473-0) resuspended in PBS. Mice were 

left for 4 hours and cardiac puncture was done as previously described (Figure 3.1)318. 

In order to collect the PLF by peritoneal lavage, the fur of the mouse was sprayed with 

ethanol and a small horizontal incision on the abdominal fur was made and the fur was 

pulled back to reveal the abdominal cavity. The needle of a 2.5ml syringe (25G 1” needle) 

filled with 3mM EDTA and a little air in it was inserted into the peritoneal cavity. 2.5ml 

of 3mM EDTA was slowly injected into the peritoneal cavity and the mouse was gently 
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shaken to loosen the cells. A small cut was made, and a Pasteur pipette was used to take 

up the PLF (~2 ml). 

PLF was spun down at 264 g for 5 minutes and the supernatant removed. PLF supernatant 

was sent to Labospace Ltd. (Milan) for measuring the concentration of IL-6, TNF-α and 

keratinocyte-derived chemokine (KC) by multiplex assays. 

Whole blood was sent to IDEXX laboratories for whole blood profiling using IDEXX 

Procyte Dx® Haematological analysis. Remaining blood was spun down at 10,000g and 

the plasma collected. In order, to measure the severity of sepsis, 1x aliquot of plasma was 

sent to IDEXX laboratories for the following biochemical tests: AST, ALT and 

creatinine. IL-6, TNF-a, monocyte chemoattractant protein-1 (MCP-1) and IFN-g 

concentrations were determined in plasma via multiplex assay (Labsopace Ltd., Milan).
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Figure 3.1: LPS Sepsis Study Overview. CD-1 mice were randomly assigned to either social housing or social isolation for a period of 2 

weeks as previously described. After 2 weeks, mice were injected i.p. with LPS (15mg/kg) and sacrificed at 4 hours. Three main parameters 

were assessed: plasma and PLF cytokines, immune cell number and profile and biochemical markers of inflammation. Image created on 

Biorender.

W
eek 2 or 

 
Social Isolation  

(SI)  

E.coli 0111:B4 LPS 
(15mg/kg) i.p. 

Plasma and PLF cytokines 
Immune cell number and profile 

Biochemical markers of inflammation 
 

4 hours 

 Social Housing  
(SH) 



Chapter 3: Social Isolation and Sepsis 
 

 118 

3.2.4 E.coli Induced Sepsis 

The E.coli model of sepsis confers an advantage over the LPS model of sepsis as it allows 

the ability of the immune cells to clear infection to be assessed. As the E.coli model uses 

live bacteria, the ability of the immune cells to deal with infection can be assessed by 

bacterial clearance. This is not possible with the LPS model as it is a TLR4 stimulant that 

is derived from gram-negative bacteria and cannot be killed by the immune system, 

although it can trigger cytokine release (Figure 3.2). Thus, the E.coli model of sepsis 

was used to assess the functionality of the immune response to a bacterial challenge. 

Male and female mice were used as controversy exists surrounding whether there is a 

sexual dimorphism in susceptibility to sepsis and in survival, with some studies finding 

that women have better clinical outcomes and lower mortality, whilst others found this 

not to be the case319–323. Mice were weighed prior to the induction of bacterial sepsis and 

just before sacrifice to give an objective indication of how physically sick the mice were. 

In order to model bacterial sepsis, male or female CD-1 mice were given E.coli serotype 

06:K2:H1 [ATCC®19138™] at a dose of 1x107 colony forming unit (CFU) by i.p. 

injection and were left for a period of 6 hours (Figure 3.3).324.  

After 6 hours, the mice were observed and recorded via video to assess sickness 

behaviours: piloerection, huddling, fever and cloudy eyes.  Mice were then anesthetised 

using isoflurane and cardiac puncture was performed as previously described with around 

0.4ml of blood being collected due to hypercoagulation as a result of the sepsis. To give 

an indication of the local response to infection peritoneal lavage was carried out as 

previously described.  

Since studies in female macaques suggest social isolation primes the immune response 

for bacterial infection, bacterial clearance was assessed to see whether social isolation 
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would have any functional effects on the immune system153. For males, blood and PLF 

was diluted 1:1,000 in sterile PBS. For females, blood was diluted in sterile PBS at a 

1:10,000 dilution and PLF was diluted 1:50,000 in sterile PBS. 50µl of diluted blood and 

diluted PLF was pipetted and spread evenly on a lysogeny broth (LB) plate. LB plates 

were incubated overnight at 37°C. In the morning, the bacteria colonies were counted, 

and CFU/ml was calculated using the following equation: 

!"#/%& = ()%*+,	./	0.&.(1+2	3+,	%&	./	454,
6.64&	71&)61.(	/406.,  

Remaining blood was spun down at 10,000g and the plasma collected. In order, to 

measure the severity of sepsis 1x aliquot of plasma was sent to MRC Harwell for glucose, 

AST, ALT and creatinine measurement using a Beckman Coulter AU680 clinical 

chemistry analyser.  

For ELISAs, 2x aliquots of plasma were used in order to measure the concentration of 

the following cytokines: IL-6 (1:10 and 1:50) (Invitrogen, cat. 88-7064-77) and TNF-α 

(1:100) (Invitrogen, cat. 88-7234-77).  In brief, high affinity binding 96-well plates were 

coated with 1x capture antibody in coating buffer and were incubated overnight at 4°C. 

Plates were blocked with ELISA/ELISASPOT diluent (1X) and incubated at room 

temperature for 1 hour. Samples were loaded to bind the antigen and the plate was 

incubated at room temperature for 2 hours. Detection antibody (1X) was added and the 

plate was incubated at room temperature for 1 hour. Avidin-HRP was added and the plate 

was incubated at room temperature for 30 minutes. 1X 3,3′,5,5′-Tetramethylbenzidine 

solution was added and the plate was incubated for ~10-15 minutes at which point stop 

solution was added and the plate was read at 450nm. The equation of the standard curve 

was used to calculate the concentration of each cytokine in each sample. 
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PLF samples were centrifuged for 5 minutes at 264 g and the supernatant removed and 

stored at -80°C. The pelleted leukocyte cells were resuspended in 200µl of residual 

volume. Cells were then washed in FACS buffer and blocked with 50µl of CD16/CD32 

FcγIIR–blocking antibody (clone 93; eBioscience, cat. 14-0161-82) in fluorescence-

activated cell sorting (FACS) buffer. After 30 minutes, the block was washed off and the 

cells were stained with 50µl of Anti-Mouse CD11b FITC (eBioscience, cat. 11-0112-

82), Anti-Mouse Ly6G (eBioscience, cat. 17-9668-82) and Anti-Mouse F4/80 PE 

(eBioscience, cat.12-4801-82) in FACS buffer for 30 minutes at 4°C. Cells were then 

washed and fixed in 4% PFA and were acquired on a LSRFortessa flow cytometer 

(Becton Dickson). Analysis was carried out using FlowJo 7.0 software (Tree Star).
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Figure 3.2: Comparison of LPS and E.coli Sepsis Models. LPS is found on the outer 

membrane of gram-negative bacteria such as E.coli. LPS induced sepsis results in the 

activation of the TLR4 pathway thus causing cytokine production. E.coli is found in the 

human body as a commensal bacteria and during infection in its pathogenic form. In 

contrast to LPS, use of live bacteria such as E.coli serotype 06:H2:K1 to induce sepsis 

causes the activation of multiple TLRs leading to cytokine production. Additionally, the 

use of live E.coli allows for the assessment of the functional ability of  immune cells to 

clear the live bacteria.
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Figure 3.3: E.coli Sepsis Study Overview. CD-1 mice were randomly assigned to either social housing or social isolation for a period of 2 

weeks as previously described. After 2 weeks, mice were injected i.p. with E.coli 06:K2:H1 (1x107 CFU) and sacrificed at 6 hours. The 

following parameters were assessed: sepsis induced weight loss, bacterial clearance in PLF and blood, plasma cytokines, biochemical 

markers of organ function and peritoneal macrophages. Image created on Biorender.
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3.2.5 Poly(I:C) Induced Sepsis 
 
The balance of expression of MyD88 and IRF3 has been shown to be regulated by social 

connections, as both people and female macaques who respectively have high levels of 

PSI or low social rank have downregulation of IRF3 and the subsequent viral response, 

and upregulation of MyD88 and the subsequent bacterial response153,325. In order to test 

whether this would also be true in SI mice, as they had shown an enhanced response to 

bacterial infection, viral sepsis was modelled.  

In order to test for sexual dimorphism during viral sepsis both male and female CD-1 

mice were used. After 2 weeks of social isolation or social housing CD-1 mice were 

injected i.p. with 12mg/kg of poly (I:C) (Sigma, cat. P1530-25MG), a synthetic TLR3 

stimulator326. After 6 hours, the mice were observed and recorded via video to assess 

sickness behaviours: piloerection, huddling, fever and cloudy eyes (Figure 3.4). Mice 

were then anesthetised using isoflurane and cardiac puncture was performed with ~0.8ml 

of blood.  

Blood was spun down at 10,000 g and the plasma collected. In order, to measure the 

severity of sepsis, plasma AST, ALT and creatinine concentrations were assessed as 

described previously for E.coli induced sepsis. 

3.2.6 Statistics 

Significance was tested using the statistical analysis specified in each figure legend on 

GraphPad Prism 8 (GraphPad Software Inc, USA). 
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Figure 3.4: Poly (I:C) Sepsis Study Overview. CD-1 mice were randomly assigned to either social housing or social isolation for a period 

of 2 weeks as previously described. After 2 weeks, mice were injected i.p. with poly (I:C) (12 mg/kg) and sacrificed at 6 hours. The following 

parameters were assessed: sepsis induced weight loss and biochemical markers of organ function. Image created Biorender.
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3.3  Results 

3.3.1 LPS Induced Sepsis 

LPS, a TLR4 ligand, induced sepsis was used as an initial means to test the immune 

response to infection after social isolation. In order to determine whether inflammation 

was altered systemically or locally, cytokine levels were measured in the plasma and in 

the PLF respectively, 4 hours post-induction of LPS sepsis. The early NFkB-dependent 

cytokines, TNF-a and IL-6, were significantly higher in the plasma of SI mice in 

comparison to SH mice, whilst the late NFkB response in plasma, MCP-1 and IFN-g, 

showed a trend towards being higher in SI mice (Figure 3.5). Both the early NFkB 

response, TNF-a and IL-6, and the late NFkB response, MCP-1 and KC, in PLF showed 

a trend towards being higher in SI mice as opposed to SH mice (Figure 3.6). 
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Figure 3.5: Plasma Cytokines - LPS. The following cytokines were measured in 

plasma: a) TNF-a and IL-6 (early NFkB response) and b) MCP-1 and IFN-g (late NFkB 

response) via multiplex assay. Data shown as mean ± SEM where n=9-10 mice per 

housing group and data points represent a single mouse. Significance was determined 

when *p<0.05 was gained using an unpaired parametric T-test. 
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Figure 3.6: Peritoneal Lavage Fluid Cytokines - LPS. The following cytokines were 

measured in PLF: a) TNF-a and IL-6 (early NFkB response) and b) MCP-1 and KC (late 

NFkB response) via multiplex assay. Data shown as mean ± SEM where n=9-10 mice 

per housing group and symbols represent a single mouse. Significance was determined 

when p<0.05 was gained using an unpaired parametric T-test.  
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Whole blood cellularity was assessed 4 hours post-sepsis to give an indication of whether 

social isolation effects the number or type of immune cells present and thus, may have 

an effect on their ability to fight an immune challenge. The number of leukocytes was 

similar between both housing groups (Figure 3.7a). In addition, the relative % of 

lymphocytes and neutrophils between housing groups were similar (Figure 3.7b and d). 

Monocytes showed a trend towards being lower in SI mice (Figure 3.7c). It should be 

noted that due to low leukocyte counts in some mice it was not always possible to detect 

the subtypes of leukocytes present. 

 

Figure 3.7: Immune Cell Numbers and Profile. Immune cell response was assessed 

after 4 hours post-induction of LPS sepsis: a) total leukocyte count, b) lymphocyte count 

c) monocyte count d) neutrophil count. Each bar shows mean ± SEM of n=5-10 mice 

from with each symbol representing a single mouse. Significance was determined when 

p<0.05 was gained using an unpaired parametric T-test. 
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As a measure of as organ damage biochemical markers of liver (AST and ALT) and 

kidney function (creatinine) were measured 4 hours post-induction of LPS induced 

sepsis. AST concentrations showed a trend towards being slightly lower in SI mice 

compared to SH mice, whilst ALT levels were similar in SI mice compared to SH mice 

(Figure 3.8a). Creatinine levels were similar between housing groups (Figure 3.8b). 

 

 

 
 
 
 
 
 
 
 
 
 
 

Figure 3.8: Biochemical Markers of Liver and Kidney Function. Markers of liver 

function: a) AST and ALT and the marker of kidney function, b) creatinine were 

measured in plasma 4 hours post-LPS sepsis induction. Data shown as mean ± SEM 

where each symbol represents a single mouse and n=7-10 mice per housing group. Mice 

were excluded if values were below the range of accurate detection of the assay. 

Significance was determined when p<0.05 was gained using an unpaired parametric T-

test. 



Chapter 3: Social Isolation and Sepsis 
 

 130 

3.3.2 E.coli Induced Sepsis 

Since social isolation in the LPS model of sepsis showed increased early NFkB cytokines 

(IL-6 and TNF-a) levels in plasma and an absence of changes in the levels of the late 

NFkB cytokines in both plasma and PLF, this suggested that social isolation does not 

exert its effects on the immune system in an indiscriminate manner. Therefore, a live 

strain of bacteria, E.coli 06:K2:H1, was given via i.p. injection at a dose of 1x107 CFU 

in order to induce sepsis in the mice and to allow for any functional changes in the 

immune response and bacterial clearance to be elucidated (Figure 3.2). The effect of sex 

was also assessed as the immune response is known to differ between males and females 

as there is some evidence to suggest that sexual dimorphism occurs during sepsis319–

323,327. 

Initially, sepsis severity was assessed to give an indication of whether or not the changes 

in environment could affect sepsis severity. Upon observation throughout the 

experiment, SH mice (left) showed visual signs of ill-health. The SH mice exhibited the 

classical signs of sickness, (huddled together, piloerection of the fur, orbital tightening 

and ear tightening) whereas the SI mice (right) did not display such signs of discomfort 

and were moving around the cage throughout (Figure 3.9a). To assess sepsis severity 

objectively, mice were weighed before and after the induction of sepsis to allow for sepsis 

induced weight loss to be calculated. Weight loss was significantly lower in SI male mice 

and showed a trend towards being lower in female SI mice compared to SH mice (Figure 

3.9b).  
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Figure 3.9: Sepsis Severity. a) Representative images illustrating the severity of sepsis 

in SH (left) and SI (right) male mice 6 hours post-sepsis and b) weight loss over the 6-

hour period of sepsis in male (left) and female (right) mice. Data shown as mean ± SEM 

where n=6-10 mice per housing group and data points represent a single mouse. 

Significance was determined where *p<0.05 was gained using an unpaired parametric T-

test. 
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Bacterial clearance was assessed as a measure of how sick the mice were and of how 

well their immune system was functioning. In SI males, there was significantly less 

bacteria systemically, blood, and locally, PLF, compared to SH male mice (Figure 

3.10a). In females, SI mice had significantly less bacteria in the blood and a trend towards 

lower bacteria in the PLF compared to SH mice (Figure 3.10b). 

 
 

   
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.10: Bacterial Clearance in Blood and Peritoneal Lavage Fluid. To assess 

bacterial clearance, blood and PLF (left to right) were taken after 6 hours: a) male CD-1 

was plated at a 1:1,000 dilution and b) female CD-1 was plated at 1:10,000 dilution for 

blood and 1:50,000 dilution for PLF before being cultured overnight and colonies were 

counted in order to calculate CFU. Data shown as mean ± SEM where each symbol 

represents an individual mouse and n=5-10 mice per housing group. Significance was 

determined using an unpaired parametric T-test where p<0.05* and p<0.001***. 

SH SI
0

1×106

2×106

3×106

4×106

C
FU

/m
l

Blood

*

SH SI
0

2×105

4×105

6×105

8×105

1×106

C
FU

/m
l

Blood

***

SH SI
0.0

5.0×105

1.0×106

1.5×106

C
FU

/m
l

PLF

*

SH SI
0

1×107

2×107

3×107

C
FU

/m
l

PLF

a) 

b) 



Chapter 3: Social Isolation and Sepsis 
 

 133 

Plasma cytokines were measured 6 hours post-sepsis induction in order to assess 

systemic inflammation, particularly with regards to understanding whether social 

isolation alters the MyD88/TRIF balance and thus the early and the late NFkB cytokine 

response (Figure 1.5). The early NFkB cytokines, TNF-a and IL-6, were found at lower 

concentrations in the plasma of SI mice compared to SH mice, with IL-6 being 

significantly lower in SI mice at the 6-hour time point (Figure 3.11). The late NFkB 

interferon, IFN-g, was non-detectable in plasma at the 6-hour time point in both housing 

groups in male CD-1 mice (data not shown). Cytokines (TNF-a and IL-6) were too low 

to accurately quantify in plasma from female SI mice (data not shown). 

  
 

 

 

 

 

 

Figure 3.11:  Plasma Cytokines - Males. a) TNF-a and b) IL-6 were measured in 

plasma via ELISA at 6 hours post-E.coli induced sepsis. Data shown as mean± SEM 

where n=5-8 mice per housing group with each symbol represents an individual mouse. 

Significance was determined when * p<0.05 was gained using an unpaired parametric T-

test.   



Chapter 3: Social Isolation and Sepsis 
 

 134 

As a measure of systemic inflammation and sepsis severity, biochemical markers of 

organ function were assessed. Liver function was assessed by measuring AST and ALT 

in the plasma of CD-1 mice 6 hours post-sepsis.  AST was significantly lower in male SI 

mice compared to SH mice and ALT showed a similar non-significant trend (Figure 

3.12). AST and ALT levels were similar in female mice between the housing groups 

(Figure 3.13). Kidney function was assessed at the 6-hour time point by measuring 

creatinine levels in plasma and was found at similar levels between the two housing 

groups in both males and females (Figure 3.12-13). Glucose levels were measured in 

plasma at the 6-hour time point and were found to be at similar levels between housing 

groups in both male and female mice (Figure 3.12-13). 
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Figure 3.12: Biochemical Markers of Organ Function in Males. Plasma 

concentrations of a) AST and ALT, b) creatinine and c) glucose were measured. Data 

shown as mean± SEM where each symbol represents a single mouse where n=8-10 mice 

per housing group. Significance was determined when **p<0.01 was gained using an 

unpaired parametric T-test. 
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Figure 3.13: Biochemical Markers of Organ Function in Females. Plasma 

concentrations of a) AST and ALT, b) creatinine and c) glucose were measured. Data 

shown as mean per housing group ± SEM where n=6-7 mice per housing group with each 

symbol representing a single mouse. Significance was assessed by use of an unpaired 

parametric T-test where p<0.05. 
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In order to determine the immune cell types in the PLF 6 hours post-sepsis, flow 

cytometry was carried out on the PLF. After excluding doublets, leukocytes (CD45+ 

cells) were gated for and the % of PLF cells that were leukocytes was shown on the 

pseudocolour plot (Figure 3.14). Myeloid cells were identified by gating on the 

leukocyte population for CD11b and the % of leukocytes that were identified to be 

myeloid cells was shown on the pseudocolour plot (Figure 3.14).  From the myeloid cell 

population, macrophages (F4/80+ cells) and neutrophils (Ly6G+ cells) were gated upon 

and shown as a % of myeloid cells (Figure 3.14). 

The % of leukocytes accounted for by macrophages and neutrophils was quantified in 

the peritoneal cavity of male SI and SH mice 6 hours post-induction of to determine if 

this might account for lower bacteria in SI mice post-sepsis. Representative pseudocolour 

plots for SH and SI mice showing the number of macrophages and neutrophils are shown 

in Figure 3.15a and Figure 3.15b respectively. Macrophages accounted for a 

significantly higher % of the total leukocytes accounted for in SI mice compared to SH 

mice (Figure 3.15c). Neutrophils accounted for a significantly lower % of the total 

leukocytes accounted for in SI mice compared to SH mice (Figure 3.15d).    
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Figure 3.14: Representative Gating Strategy for PLF Immune Cells - 6 Hours.  

Leukocytes were gated upon using CD45 as a marker and shown on the pseudocolour 

plot as a % of total events. From the leukocyte cell population, myeloid cells were 

identified by use of the CD11b marker and were shown on the pseudocolour plot as a % 

of leukocytes. From the myeloid cell population, macrophages were gated on by use of 

the F4/80 marker and were shown on the pseudocolour plot as a % of myeloid cells. 

Similarly, using Ly6G and gating on the myeloid positive cells the % of myeloid cells 

accounted for by neutrophils was shown. 
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Figure 3.15: Peritoneal Macrophages and Neutrophils at 6 Hours - Males.  a) 

representative pseudocolour plots for macrophages, b) representative pseudocolour plots 

for neutrophils, c) % of macrophages in PLF and d) % of neutrophils in PLF. Data shown 

as mean± SEM with n=7-10 mice per housing group. Each symbol represents an 

individual mouse. p=0.0001*** and p<0.0001**** as determined by use of an unpaired 

parametric T-test.  
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3.3.3  Poly (I:C) Induced Sepsis 

It is known that those individuals who have high levels of PSI have downregulation of 

TRIF and the genes involved in the viral response, and upregulation of MyD88 and thus 

the genes involved in the bacterial response (Figure 1.5)159. Testing the effect of social 

isolation on the immune system at a functional level revealed that SI mice had enhanced 

bacterial clearance compared to SH mice during E.coli sepsis, thus suggesting that SI 

mice have a primed bacterial response. Therefore, poly (I:C), TLR3 ligand, was given at 

a dose of 12mg/kg to induce viral sepsis in these mice thus testing whether the immune 

response to viral infections would be blunted as the literature suggests159. 

To objectively assess sepsis severity, weight loss was measured during the 6-hour period 

of sepsis with male SI mice losing ~0.16g less than male SH mice (Figure 3.16a). 

Similarly, female mice lost ~0.32g less than female SH mice (Figure 3.16b). 

  

 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.16: Weight Loss During Poly (I:C) Induced Sepsis. Weight loss was 

calculated over the 6-hour period in a) male and b) female SH and SI mice. Data shown 

as mean ± SEM where n=5-7 male mice and n=8-15 female mice per housing group 

where each symbol represents an individual mouse. Significance was determined when 

p<0.05 was gained using an unpaired parametric T-test.  
 

SH SI
0.0

0.5

1.0

1.5

W
ei

gh
t L

os
s 

(g
)

Weight Loss a) b) 

Male Female 

SH SI
0

1

2

3

W
ei

gh
t L

os
s 

(g
)

Weight Loss



Chapter 3: Social Isolation and Sepsis 
 

 141 

Systemic inflammation was assessed by measuring biochemical markers of both liver 

and kidney function. Liver function was assessed by measuring AST and ALT in the 

plasma of CD-1 mice 6 hours post-poly (I:C) induced sepsis. AST and ALT 

concentrations in plasma showed a trend toward being lower in SI male mice compared 

to SH mice (Figure 3.17a). In males, kidney function was assessed at the 6-hour time 

point by measuring creatinine levels in plasma and was found at similar levels between 

the two housing groups (Figure 3.17b). In females AST and ALT concentrations were 

similar between the housing groups (Figure 3.18a). Plasma creatinine concentration was 

similar between housing groups (Figure 3.18b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.17: Biochemical Markers of Liver and Kidney Function in Males. The 

following biochemical parameters were analysed a) AST and ALT and b) creatinine. 

Data shown as mean ± SEM where n=5-8 mice per housing group and each symbol 

represents a single mouse. Significance was assessed by use of an unpaired parametric 

T-test where p<0.05. 
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Figure 3.18: Biochemical Markers of Liver and Kidney Function in Females. The 

following biochemical parameters were analysed a) AST and ALT and b) creatinine. 

Data shown as mean ± SEM where n=8-15 mice per housing group where each symbol 

represents a single mouse. Significance was determined when p<0.05 was gained using 

an unpaired parametric T-test.   
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3.4  Discussion 
This set of studies aimed to assess the effect of social isolation in the acute inflammatory 

setting of bacterial and viral sepsis. Three models of sepsis were utilised: LPS, E.coli and 

poly (I:C). The main finding of this chapter was that SI mice have increased bacterial 

clearance and reduced inflammatory markers following E.coli induced sepsis compared 

to SH mice. LPS induced sepsis illustrated that SI mice have an increased cytokine 

response compared to SH mice. In contrast, there was no difference in the weight loss 

and inflammatory markers assessed between housing groups in the poly (I:C) model of 

sepsis. Taken together these findings are indicative of a primed bacterial response in 

those mice that underwent social isolation without affecting the viral response. 

Initially, an LPS model of sepsis was used to compare the immune response in SI to SH 

mice. At the 4-hour time point, it was demonstrated that plasma TNF-a and IL-6 were 

significantly higher in SI mice compared to SH mice whilst MCP-1 and IFN-g were found 

at similar levels in plasma. This is in concordance with studies in humans who have high 

levels of perceived loneliness, where their leukocytes, especially monocytes, have 

upregulation of the genes encoding the pro-inflammatory cytokines involved in bacterial 

responses (IL-6 and TNF-a)158. There were no differences in the concentrations of 

cytokines found in the PLF suggesting that social isolation exerts its effects primarily at 

the systemic level as opposed to locally. Despite changes in cytokine levels in the plasma, 

whole blood cellularity was similar between the two housing groups which suggests that 

the immune cells present have the transcriptional changes seen by Cole et al (2007) in 

humans with high levels of perceived loneliness158.  

As demonstrated earlier, basal level SI mice compared to SH mice had a significantly 

lower NLR, a subclinical marker of inflammation. High NLR scores are associated with 
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poor prognosis during bacterial infection suggesting that SI mice would have some 

degree of protection during bacterial sepsis274,275. As social isolation in the LPS model 

of sepsis showed an increase in the early NFkB cytokines, IL-6 and TNF-a, levels in 

plasma but an absence of changes in the late NFkB cytokines or in PLF, this suggests 

that social isolation does not exert its effects on the immune system in an indiscriminate 

manner.  

As social isolation seemed to effect only some aspects of the immune system, the second 

model of sepsis that was utilised was the live E.coli model, which allowed the functional 

effects of the immune system during social isolation to be elucidated. During, E.coli 

induced sepsis both male and female SI CD-1 mice were found to lose less weight and 

appeared to be physically less sick compared to SH CD-1 mice, although this effect was 

more pronounced in males than females. Ideally, mice would have been assessed 

according to the murine sepsis score, which scores mice for appearance, level of 

consciousness, activity, response to stimulus, appearance of eyes, respiration rate and 

respiration quality. In retrospect, SH CD-1 mice in particular displayed many of the 

markers of high sepsis severity according to the murine sepsis score, including only 

moving when provoked, piloerection of the far, eyes half closed and cloudy328. 

Weight loss is most commonly monitored in the cecal ligation puncture  (CLP) model, a 

more long-term sepsis model, on a daily basis and in this model, mice typically lose about 

~1g of weight over the 24-hour period which is attributed to both the stress of surgery 

and the initial infection329. Similarly, in the live E.coli model of sepsis used here the SH 

mice lose ~1g in weight but over a much shorter 6-hour time period, as a pilot study at 

12 hours resulted in high mortality of 60% in the SH group (data not shown). However, 

in the faecal slurry model of sepsis, where homogenised faeces are injected by i.p., 
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weight loss is not seen at the 1 day mark328. In a study that used a slightly higher dose of 

E.coli (1.5x107 CFU) at the 1 day time point, mice had lost ~5% of their body weight 

whilst at the 6-hour time point, the SH mice in our study had lost ~3.4% of their body 

weight, thus suggesting that if the model had been continued a similar weight loss as this 

study would have occurred330. The main benefit of this model of the live E.coli model of 

sepsis is that it can induce severe sepsis without the need for surgery. As SI mice lost less 

weight over the 6-hour time period, this suggests that they have some protection against 

E.coli induced sepsis.  

SI mice lost less weight over the 6-hour time period compared to SH mice and it is likely 

that the weight loss seen during E.coli induced sepsis is due to water loss, as such a 

profound weight loss over this period of time is otherwise unlikely. There are two main 

routes whereby this water loss could occur via fever and diarrhoea and urine. However, 

to objectively and accurately quantify whether there was a change in temperature over 

the 6-hour time period that may indicate a fever, radiotelemetry probes would have to be 

used, which requires surgery and thus induces stress329.  In order to assess the differences 

in water loss via diarrhoea and urine, metabolic cages could be used which requires mice 

to be individually housed but this would be a confounding factor in a study of this 

nature331,332. 

In the live E.coli model of sepsis, the expression of plasma cytokines at 6 hours suggests 

that SI mice might have a primed bacterial response, as the early NFkB cytokines, IL-6 

and TNF-a, which are involved in the bacterial immune response were lower in SI mice 

compared to SH mice. In contrast, IFN-g levels which are associated with the late NFkB 

response, antiviral response, were undetectable at this time point158. The lower cytokine 

levels in SI mice suggest that a primed bacterial response allows for bacteria to be cleared 
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both systemically and locally more effectively, thus reducing levels of inflammatory 

cytokines. This primed bacterial response was confirmed by the bacteria counts in the 

blood and PLF which were significantly lower in SI male mice compared to male SH 

mice, whilst in females only the blood had significantly lower bacteria. Although SI mice 

in both sexes had enhanced bacteria clearance, it is interesting to note that female mice 

needed their blood and PLF diluted at a much higher dilution to see clear colonies. This 

suggests that there is sexual dimorphism in the ability to clear bacterial infection during 

sepsis. Although controversial in humans, the literature has reported sexual dimorphism 

in terms of clinical outcomes and mortality. However, in contrast to what is seen here, 

most studies report that females have better clinical outcomes and mortality319–323. 

Interestingly, the finding of the reduced bacteria in SI mice after a bacterial challenge 

has also been documented in a wound healing model, where it has been reported that SI 

mice had less bacteria in their wounds at the end of the study, even after being challenged 

with additional bacteria in the wound, suggesting enhanced bacterial clearance333.  

In male SI CD-1 mice there were significantly more F4/80+ CD11b+ macrophages in the 

PLF, which are known to be large peritoneal macrophages (LPMs)334. LPMs are able to 

undergo phagocytosis and release NO under LPS stimulation, so it is likely that the 

increased presence in the peritoneal cavity contributes to the lower bacterial counts seen 

in the PLF of SI mice and thus minimising the spread of bacteria systemically335. 

Additionally, unstimulated peritoneal macrophages from SI mice had a trend towards 

higher levels of Csf2 gene expression. This suggests that during a bacterial infection they 

would be primed to further recruit more macrophages to the site of infection, conferring 

an advantage for clearance of the bacterial infection. Initially, during infection 

neutrophils predominate but as time goes on, macrophages become the main innate 

immune cells present336. The presence of less neutrophils in the peritoneal cavity of SI 
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mice suggests that the aforementioned switch in immune cell proportion has occurred at 

an earlier stage in SI mice compared to SH mice, once again suggesting that SI mice have 

a primed response to bacterial infections.  

In terms, of biochemical markers of organ function AST was lower in male SI mice 

compared to male SH mice whilst ALT, creatinine and glucose remained similar between 

the housing groups. However, there was no difference in female mice between housing 

groups in the aforementioned biochemical biomarkers of organ function. The lower AST 

concentrations seen in the plasma of male SI mice suggests that less organ damage has 

occurred. It is possible at later time points, more profound differences in the biochemical 

markers of organ damage would be seen. However, in the faecal slurry model of sepsis 

it has been shown that AST and ALT peak at 6 hours, suggesting that this might also be 

the case in the E.coli induced sepsis model328. In order to gain a clear indication of 

severity of infection in the organs, it would be pertinent to assess bacteria levels in the 

organs and this would also give an indication of potential long-term survival of the 

mice328. 

In order, to determine whether SI mice had an enhanced ability to clear all infections, the 

viral mimic poly (I:C) was used to induce sepsis. However, the protective effect, 

attenuated weight loss and lower inflammatory markers, seen in SI mice during the live 

E.coli model of sepsis was not as pronounced in the poly (I:C) model of sepsis. Similarly 

to the literature, the mice in all groups lost about 2-3% of their body weight at the 6-hour 

time point showing that the model was effective at inducing sickness326.  Poly (I:C) is a 

viral mimic that activates TLR3 and whilst social isolation is clearly beneficial during 

bacterial sepsis, it appears to be neither beneficial nor detrimental to the immune 

response during a viral challenge. At the transcriptional level, macaques with low social 



Chapter 3: Social Isolation and Sepsis 
 

 148 

status have enhanced gene expression MyD88 and genes involved in the bacterial 

response, and reduced gene expression of TRIF and genes involved in the viral 

response153,158. However, this study only investigated the immune response at a 

transcriptional level, so it is possible that the changes do not translate into significant 

differences in sepsis severity and biomarkers of inflammation after a viral challenge. 

Since peak inflammation in this model occurs at 3 hours, if AST, ALT and creatinine had 

been measured at 3 hours instead of 6 hours, differences might have be seen between the 

housing groups326. In order to get a clearer indication of the effect of social isolation on 

the viral response, cytokine levels would have to be measured. 

In conclusion, it was demonstrated that SI mice that were challenged with LPS at 4 hours 

exhibited TNF-a and IL-6 concentrations that were significantly higher in the plasma 

compared to SH mice, despite whole blood profile and biochemical markers of 

inflammation being similar between the two groups. Interestingly, it was demonstrated 

that SI mice subjected to E.coli induced sepsis exhibited less weight loss over the 6-hour 

period and had enhanced bacterial clearance, both systemically and locally, compared to 

SH mice. Additionally, it was demonstrated at the 6-hour time point that SI mice had 

lower levels of inflammatory markers and plasma cytokines suggesting that the infection 

was cleared quicker. In contrast to the benefits of social isolation seen in E.coli induced 

sepsis, SI mice given poly(I:C) induced sepsis at 6 hours did not exhibit any significant 

differences in weight loss over the time period or in biochemical markers of 

inflammation. Collectively, the data suggests that social isolation in mice primed the 

immune system for a bacterial response without any profound effect on the viral 

response. 
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Chapter 4  
Social Isolation and Thermogenesis 

4.1  Introduction 
SI mice were shown to consume more food than SH mice, despite this SI mice did not 

weigh significantly more than SH mice. It was hypothesised that SI mice might have 

increased thermogenesis due to an absence of other mice to huddle with to keep warm, 

thus requiring increased energy input in the form of food intake251,337. Therefore, it was 

proposed that a potential difference in temperature of the mice might cause the SI mice 

to undergo browning of the adipose tissue.  

Energy balance within the body can be summarised by the equation: ES = EI − EO where 

ES refers to energy stored in the system, E1 is energy intake and EO is the rate of energy 

output from the system. Energy input can increase as a result of food and water intake, 

whilst energy outputs include: 1. basal metabolic rate - energy needed by the body at 

rest at neutral temperature, 2. thermal effect of food - energy needed to breakdown 

and absorb food, 3. adaptive thermogenesis – production of extra heat during the cold 

and 4. physical activity. Excess energy is stored in the adipose tissue338.   

Adipose tissue, more commonly known as fat, is an endocrine tissue comprised of 

adipocytes, lipid filled cells, a collagen matrix, fibroblasts, blood vessels and immune 

cells. There are two types of adipose tissue: white adipose tissue (WAT) and brown 

adipose tissue (BAT). WAT’s main function is to store energy in the form of 

triglycerides, whilst conversely, BAT’s role is to dissipate heat in response to cold. White 

adipocytes secrete hormones such as leptin, the satiety hormone, and are comprised of a 

large lipid droplet as well as a few mitochondria. Conversely, brown adipocytes have 

high mitochondrial density accompanied by numerous small lipid droplets339. Until 
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recently, it was assumed that only infants but not adult’s possess BAT, but there is now 

evidence to support the idea that adults do in fact have BAT located in the following 

areas: supraclavicular, cervical, axillary and paravertebral340. BAT depots can also be 

found in mice in the following areas: interscapular, subscapular and cervical339. 

Mice that are housed at thermoneutral temperatures (30-33°C) as opposed to being 

housed at standard temperatures (22°C), have an altered immune response and 

metabolism341–344. For example, WT mice housed in thermoneutral conditions had 

increased levels of plasma cytokines and increased expression of macrophage infiltration 

genes in the adipose tissue and atherosclerosis was induced when mice were fed the 

Western diet341. Thermoneutrality has also been demonstrated to suppress monocyte 

egress from the bone marrow into the blood stream343. There is also evidence to show 

that the environment one lives in can affect how much adipose tissue is present and 

overall satiety. In particular, cold environments and enriched environments are able to 

induce metabolic changes in the adipose tissue that cause increased energy 

expenditure259,345,346. These changes may be useful in treating obesity and its associated 

metabolic diseases. 

Browning of the adipose tissue refers to adipocytes that have WAT characteristics but 

are moving towards a set of characteristics more similar to that seen in brown adipocytes, 

with such adipocytes being referred to as beige or brite. Beige adipocytes have a medium 

density of mitochondria with a few to many lipid droplets339. Their role is to generate 

heat in order to maintain body temperature339. The most well documented cause of 

browning of the adipose tissue is thought to be prolonged exposure to cold346. During 

cold temperatures the sympathetic nervous system (SNS) becomes increasingly 

activated, thus causing increased norepinephrine (NE) production. The NE produced can 
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bind to the β3-adrenergic receptors on the cell membrane, thus activating the G-coupled 

protein Gas and this induces the production of cyclic adenosine monophosphate (cAMP) 

by adenylate cyclase (AC). cAMP activates protein kinase A (PKA), which then 

phosphorylates lipases activating them. Activation of lipases causes lipolysis to occur 

leading to free fatty acid production, which can activate uncoupling protein-1 (UCP-1) 

in the mitochondria, causing uncoupling of the electron transport chain (ETC) resulting 

in heat being released (Figure 4.1)347.  

There has been some suggestions that browning of adipose tissue via either 

environmental or pharmacological mechanisms could be used to increase metabolic rate 

and cause reduction of weight during obesity348. Intermittent cold exposure in mice was 

found to improve metabolic rate two-fold, increase food intake and activate browning of 

the adipose tissue. These mice were not found to have any changes in overall body weight 

or adipose tissue weight but were found to have improved glucose homeostasis260. Leptin 

levels were found to be decreased in plasma in women following acute cold exposure, 

further suggesting cold can affect satiety259.  

Environmental enrichment, which involves placing mice in a complex and stimulating 

environment is the polar opposite experimental paradigm to social isolation. EE mice are 

leaner than controls and have upregulation of the BAT specific marker Prdm16, as well 

as genes involved in thermogenesis and b-adrenergic signalling. Within the WAT there 

were areas of adipose tissue that display the morphological features of BAT, with 

associated characteristic high UCP-1 levels. EE mice had elevated brain-derived 

neurotrophic factor in the hypothalamus, which lead to increased sympathoneural 

modulation of WAT, thus causing browning of the tissue and increased energy 

dissipation, which in turn was protective against diet-induced obesity345. 
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However, not all browning of the adipose tissue is beneficial. Cold is associated with 

high cardiovascular risk, with persistent cold in ApoE-/- and Ldlr-/- mice significantly 

increasing plasma levels of LDL remnants, thus leading to accelerated atherosclerotic 

development. Atherosclerotic plaques that formed in mice subjected to prolonged cold 

had higher levels of both microvessels and inflammatory cells present in the plaque, 

which is indicative of plaque instability. Deletion of UCP-1 completely protected the 

mice from accelerated plaque development, suggesting that browning of the adipose 

tissue may be detrimental during CVD349.  When mice are placed under thermoneutral 

temperatures (30°C), there is accelerated onset of macrophage related inflammation in 

the perivascular adipose tissue, which causes the BAT depots to take on a more WAT 

phenotype. This is accompanied by preferential recruitment of monocytes to the 

atherosclerotic lesions, thus increasing vessel wall inflammation and potentiating 

atherosclerosis in these mice342. Browning of the adipose tissue has also been observed 

in hypermetabolic conditions such as those seen in post-burn patients and in cancer 

patients, where it has a deleterious effect by driving cachexia via enhanced 

lipolysis350,351.  
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Figure 4.1: Browning of Adipose Tissue via Prolonged Cold Exposure. Prolonged 

cold exposure activates the SNS and increases NE production. NE binds to the β3-

adrenergic receptors on the cell membrane activating the Gas, which activates AC to 

induce cAMP. cAMP activates PKA, which then phosphorylates lipases activating them. 

Activation of lipases causes lipolysis to occur, leading to free fatty acid (FFA) 

production, which can activate UCP-1 in the mitochondria causing uncoupling of the 

ETC resulting in heat being released. Image created with Biorender.  
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4.1.1 Chapter Aims 

This study had the following aims: 

1. To characterise the morphology and number of adipocytes in inguinal adipose tissue 

after social isolation; 

2. To explore whether browning of the adipose tissue occurs during social isolation; 

3. To determine whether the presence of an artificial nest would be able to reverse the 

metabolic and immunological changes seen during social isolation. 
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4.2  Methods 

4.2.1 Animal Husbandry 

All animals were housed in individually ventilated enclosures with standard food and 

water being provided ad libitum and with a 12-hour light-dark cycle. All experiments 

undertaken were approved and performed according to the guidelines of the Ethical 

Committee for the Use of Animals, Bart’s and The London School of Medicine and 

Dentistry and the Home Office Regulations Act 1986 (Prof. D’Acquisto, PPL. 70/8714). 

4.2.2 Modelling Social Isolation  

To address whether the mice were cold, CD-1 male or female mice were either SI with 

or without an artificial nest for a period of 2 weeks (Figure 4.2). Cages were set up as 

follows: 

• Social housing: 5x CD-1 mice weaned together in standard size cage (W x D x 

H:193x 419x 179x mm, Allentown), 2x strips of nesting material and sawdust 

bedding up to 5cm in depth (Figure 2.1). 

• Social isolation: 1x CD-1 mouse in standard size cage (W x D x H:193x 419x 179x 

mm, Allentown), 2x strips of nesting material and sawdust bedding up to 5cm in 

depth (Figure 2.1). 

• Social isolation and artificial nest: 1x CD-1 mouse in standard size cage (W x D x 

H:193x 419x 179x mm, Allentown), 2x strips of nesting material, sawdust bedding 

up to 5cm in depth and 1x artificial nest (Amazon UK, seller. Travelinwind) (Figure 

4.3). 
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Figure 4.2: Thermogenisis CD-1 Study Overview. CD-1 mice at 5-6 weeks of age were randomly assigned to social housing (5x mice per 

cage) or social isolation (1x mouse per cage) or social isolation + nest (1x mouse per cage and a nest) for a period of 2 weeks, during which 

time the mice were fed the standard chow. Throughout the study cages were changed on a weekly basis at which time the mice were weighed. 

Food and water consumption and tail temperature were assessed every 2-3 days. After 2 weeks, mice were sacrificed, and two main 

parameters were assessed: physiology and whole blood profile.
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Figure 4.3: Cage Setup for Social Isolation with Artificial Nest. Cages were set up to 

include: 1x CD-1 mouse with 2 strips of nesting material, sawdust bedding up to 5cm in 

depth and 1x artificial nest.  
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4.2.3 Weight Gain and Nutritional Intake 

Weight was monitored on a weekly basis when cages were changed. Food and water 

consumption were monitored every 2-3 days and replenished as needed. 

4.2.4 Temperature 

During the period of social isolation, mice in all housing groups had their tail 

temperatures measured every 2-3 days via an infrared thermometer to minimise stress 

(Amazon UK, seller. Aimshine). 

4.2.5 Plasma Leptin Concentration 

Plasma was generated as previously described. Satiety levels were measured at the end 

of the social isolation period in CD-1 mice via quantification of leptin in plasma using a 

precoated murine leptin ELISA kit (Thermofisher, cat. KMC2281) as previously 

described. 

4.2.6 Adipocyte Counting and Size 

After the period of social isolation or social housing was complete, mice underwent 

cardiac puncture and were sacrificed as previously described with PLF and blood being 

collected as stated before. Inguinal adipose tissue, was harvested as there is less 

variability in the amount of adipose tissue present and it is known to be affected by 

cold352. Adipose tissue was removed by gently pulling the adipose tissue located just 

above the leg with forceps. This was then placed in 4% PFA overnight.  

Inguinal adipose tissue underwent H&E staining and imaging as previously described for 

VAT. Adipocyte number and area were quantified using Image J as previously described 

for VAT.  
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4.2.7 UCP-1 Immunohistochemistry 

WAT and interscapular BAT was collected from the mice by use of forceps and once 

removed was placed in 4% PFA overnight. Adipose tissue was paraffin embedded by 

Barts Cancer Institute Pathology services and tissue was sectioned at 5µm thickness 

before mounting on slides. Paraffin wax was removed as follows: 1. 2x 5-minute washes 

in histoclear (National Diagnostics, cat. NAT1334), 2. 2x 5-minute washes in 100% 

ethanol and 3. 1x 2-minute wash in distilled water. Slides were washed on the rocker for 

5 minutes in Tris-buffered saline (TBS).  

Antigen retrieval was carried out for 45 minutes at 95°C in 10mM citrate buffer (pH6). 

Slides were washed in TBS as described prior to being immersed in 0.1% Triton X-100 

(Sigma-Aldrich, cat. T8787-250ML) for 10 minutes and then they were washed a further 

3x in TBS. One drop of blocking solution (Dako, cat. X0909) was added to each slide 

and they were blocked for 30 minutes. Blocking solution was removed by washing slides 

in TBS. 

UCP-1 antibody [1:100] (Abcam, cat. Ab209483) was added to each slide except the 

streptavidin only control, which had one drop of antibody diluent on it (DAKO, cat. 

SO809). Slides were incubated at 4°C overnight. Slides were washed 3x in TBS. 

Polyclonal Swine Anti-Rabbit Immunoglobulins/HRP [1:100] (DAKO, cat. P0217) was 

added to all slides except the streptavidin only control, which had one drop of antibody 

diluent on it. The slides were incubated in the dark at room temperature for 1 hour and 

then washed 3x in TBS. Streptavidin Alexa Fluor 488 conjugate (Invitrogen, cat. 

S32354) was added to all slides and slides were incubated in the dark at room temperature 

for 30 minutes. Slides were washed 3x in TBS. 
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Slides were mounted with 1x drop of FlouroshieldTM with DAPI (Sigma, cat. F6057-

20ML) and a coverslip. Slides were imaged at 60x zoom on the EVOS FL microscope. 

4.2.8 Whole Blood Cellularity 

Cardiac puncture was performed as previously described. Whole blood was aliquoted 

and sent to MRC Harwell for full blood count analysis (total blood leukocytes and the 

%s of lymphocytes, neutrophils, monocytes, basophils and eosinophils) on the Advia 

2120 haematology analyser.  

4.2.9 E.coli Induced Sepsis 

E.coli induced sepsis was carried out as previously described. In brief, male mice were 

weighed before and after sepsis to monitor weight loss. Sepsis was induced with 1x107 

CFU E.coli serotype 06:K2:H1 [ATCC®19138™] and after 6 hours mice were 

sacrificed. Plasma and PLF were cultured overnight and CFU/ml were calculated. 

4.2.10 Cytokines 

Plasma was diluted using ELISA/ELISASPOT diluent (1X) at 1:10 and 1:50 dilution for 

IL-6 and 1:100 for TNF-α. IL-6 (Invitrogen, cat. 88-7064-77) and TNF-α (Invitrogen, 

cat. 88-7234-77) were quantified in plasma by ELISA as previously described. 

4.2.11 Statistics 

Significance was tested using the statistical analysis specified in each figure legend on 

GraphPad Prism 8 (GraphPad Software Inc, USA). 
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4.3  Results 

Environmental temperature, specifically reduced temperature, is well documented to 

affect metabolic and immunological parameters346,353. Since mice are normally social 

creatures who huddle together for warmth it was hypothesised that SI mice might have 

increased thermogenesis as they have no littermates to huddle with, thus causing them to 

eat more to produce the energy needed to keep warm251,337. This hypothesis was tested 

here by giving some of the SI mice an artificial nest to use in order to stay warm, if they 

so desire. 

4.3.1 Weight Gain and Nutritional Intake 

To determine whether the increase in food intake despite lower weight gain across the 

study was the result of increased thermogenesis due to an inability to huddle, weight gain 

and nutritional intake was reassessed with some SI mice having an artificial nest to try 

and help them keep warm. There were no significant differences in weight gain across 

the three housing groups (Figure 4.4a). Food intake over the 2-week period was 

significantly higher in SI mice compared to SH mice, whilst food intake was significantly 

lower between male SI + Nest mice compared to male SI mice (Figure 4.4b). There was 

no significant difference in water consumption across the housing groups, although there 

was a trend towards male SI mice and SI + Nest mice having increased water intake 

compared to SH male mice during the 2-week period (Figure 4.4b). 

Female SH mice showed a trend towards gaining more weight over the course of the 

study compared to SI mice and SI + Nest mice (Figure 4.5a). Food intake in female SH 

mice showed a trend towards being lower compared to SI mice and SI + Nest mice 

(Figure 4.5b). Water intake in female SH mice showed a trend towards being lower 

compared to SI mice and SI + Nest mice (Figure 4.5b). 
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Figure 4.4: Weight and Nutritional Intake - Males. The following parameters were 

assessed: a) weight change and b) food and water intake over the period of 2 weeks of 

social housing or social isolation ± nest. Each bar shows mean ± SEM of n=22-27 mice 

from 4 separate experiments with each symbol representing n=1 mouse for weight or n=1 

cage for food and water intake. Significance was determined when #p<0.05 and 

**p<0.01 was gained using a one-way ANOVA with Tukey’s post-hoc analysis.  
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Figure 4.5: Weight and Nutritional Intake - Females. The following parameters were 

assessed: a) weight change, b) food and water intake over the period of 2 weeks of social 

housing or social isolation ± nest. Each bar shows mean ± SEM of n=4-5 mice with each 

symbol representing n=1 mouse for weight at 14 days or n=1 cage for food and water 

intake. Significance was determined when p<0.05 was gained using an unpaired 

parametric T-test between SI and SI + Nest for food and water intake and for weight a 

one-way ANOVA with Tukey’s post-hoc analysis. 
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4.3.2  Plasma Leptin 

In male mice, plasma leptin was measured to investigate whether satiety in SI mice was 

affected by the presence of an artificial nest. Plasma leptin concentration was similar 

between SH and SI mice (Figure 4.6). SH mice had a significantly higher plasma leptin 

concentration compared to SI mice that were given an artificial nest (Figure 4.6). The SI 

mice had significantly higher plasma leptin concentration compared to those SI mice 

given an artificial nest (Figure 4.6).  

 
 

 

 

 

 

 

Figure 4.6: Plasma Leptin Levels. Plasma leptin levels were quantified via ELISA after 

2 weeks of social housing or social isolation ± nest. Values are expressed as mean ± SEM 

of 5 mice per housing group with each symbol being representative of a single mouse. 

Significance was determined by use of a one-way ANOVA and post-hoc analysis using 

Tukey’s multiple comparisons test, where * p<0.05 and ## p<0.01.  
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4.3.3 Tail Temperature 

Tail temperature was monitored every 2-3 days over the study using an infrared 

thermometer to assess whether there were any differences in tail temperature between 

SH and SI mice that might account for the increased food intake in SI mice, and whether 

the presence of an artificial nest would increase tail temperature in social isolation. 

Throughout the study, there were no significant differences in tail temperature on any 

one day across all three housing groups in male mice (Figure 4.7). Similarly, in female 

mice there were no significant differences in tail temperature on any one day across the 

housing groups (Figure 4.8a). In male mice, the average tail temperature across the study 

for all groups was similar (Figure 4.7b). In female mice, the average tail temperature 

across the study for SH and SI mice showed a trend towards being higher compared to 

SI mice + nest (Figure 4.8b).  
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Figure 4.7: Tail Temperature in Males.  a) Comparative tail temperature over time 

where symbols represent mean±SEM per housing group of n=7-10 mice per housing 

group and b) average tail temperature across the study for each housing group where 

values are expressed as mean ± SEM of n=7-10 mice per housing group and symbols 

represent a single mouse. Significance was assessed by use of a one-way ANOVA and 

post-hoc analysis using Tukey’s multiple comparisons test. 
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Figure 4.8: Tail Temperature in Females. a) Comparative tail temperature over time 

where symbols represent mean±SEM per housing group of n=5 mice per housing group 

and b) average tail temperature±SEM across the study for each housing group where n=5 

mice per housing group and symbols represent a single mouse. Significance was assessed 

by use of a one-way ANOVA and post-hoc analysis using Tukey’s multiple comparisons 

test. 
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4.3.4  Inguinal Adipose Tissue Characteristics 

In male mice, there was no significant difference between adipocyte numbers between 

the housing groups (Figure 4.9a). Similarly, there was no significant difference in the 

adipocyte areas across the housing groups, although both SI and SI + Nest mice showed 

a trend towards a slightly smaller adipocyte area compared to SH mice (Figure 4.9b). 

Representative frequency of adipocyte size in 1x mouse per housing group showed that 

SI + nest mice and SI mice had a higher % of smaller adipocytes (<500µm2) compared 

to SH mice, and that in all housing groups, as adipocyte size increases the % of adipocytes 

decreases (Figure 4.9c). Representative H & E stained images show that SH mice have 

less adipocytes present, which are larger in size compared to SI mice and SI + Nest, 

which have more adipocytes present but are smaller in size (Figure 4.10). 
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Figure 4.9: Inguinal Adipose Tissue Characteristics. Inguinal adipose tissue was 

stained with H & E and imaged at 20x. In the inguinal adipose tissue, the following was 

assessed: a) number of adipocytes present and b) adipocyte size and c) representative % 

of total adipocytes for each adipocyte size range with n=1 mouse per housing group. For 

adipocyte number and size, data is shown as the mean ±SEM with n=3 mice per housing 

group and each symbol is representative of 1x individual male mouse. Significance was 

assessed for adipocyte number and size by use of a one-way ANOVA and post-hoc 

analysis using Tukey’s multiple comparisons test.  
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Figure 4.10: Representative Inguinal Adipose Tissue Images. Representative images 

of H & E stained inguinal adipose tissue at 20x magnification from male a) SH, b) SI 

and SI + Nest mice. Images are representative of n=3 mice per housing group. Scale bars 

are representative of 50µm. 
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4.3.5 UCP-1 in WAT 

Immunohistochemical staining for UCP-1 in WAT from male SH and SI mice 

demonstrated that UCP-1 was not expressed either in SH or SI mice (Figure 4.11). UCP-

1 could however, be detected in BAT (Figure 4.11). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4.11: Representative UCP-1 Stained in White Adipose Tissue Images. The 

top panel shows representative images of BAT with streptavidin and DAPI, streptavidin 

only control, (left) and BAT stained with UCP-1 and DAPI, positive control, (right). The 

bottom panel shows representative brightfield images of UCP-1 and DAPI stained WAT 

in SH mice (left) and SI mice (right). Images are representative of n=3-4 mice. Scale bars 

represent 50µm and all images were taken at 60x zoom. UCP-1: red and DAPI: blue.  
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4.3.6 Peripheral Blood Counts 

Since food intake was partially reversed by the presence of an artificial nest in male SI 

mice, basal immune cell profile was tested to determine whether the changes seen during 

social isolation could also be potentially caused by changes in thermogenesis. Basal 

immune cell profile was assessed in whole blood after 2 weeks of social isolation or 

social housing. Total leukocyte numbers were similar between SH and SI mice whilst 

there was a trend towards lower leukocyte counts in SI + Nest mice compared to the other 

housing groups (Figure 4.12a). The number of lymphocytes showed a trend towards 

being higher in SH mice than SI mice and SI+Nest mice, which had similar numbers of 

lymphocytes (Figure 4.12b). Monocytes and neutrophil counts were found to be similar 

across all housing groups (Figure 4.12c-d). Basophil numbers showed a trend towards 

being higher in SH mice compared to SI and SI + Nest Mice (Figure 4.12e). Across the 

housing groups there was no significant differences in the number of eosinophils present. 

(Figure 4.12f). 
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Figure 4.12: Basal Whole Blood Cellularity - Male. Basal immune cell response was 

assessed after 2 weeks of social isolation±nest or social housing: a) total leukocyte count, 

b) lymphocyte count, c) monocyte count, d) neutrophil count, e) basophil count and f) 

eosinophil count. Each bar shows mean ± SEM of n=4-8 mice with each symbol 

representing a single mouse. Significance was assessed by use of a one-way ANOVA 

and post-hoc analysis using Tukey’s multiple comparisons test. 
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4.3.7 Temperature and the Environment During Sepsis 

Since the presence of an artificial nest during social isolation could partially reverse 

increased food intake, SI mice were given an artificial nest and challenged with sepsis to 

elucidate whether the environment or social isolation itself was causing the beneficial 

changes during sepsis.  

Weight loss over the 6-hour period of sepsis was measured as an objective indication of 

how sick the mice were. In male mice, there was a trend towards SH mice losing more 

weight over the 6-hour period than SI and SI + Nest mice (Figure 4.13a). Overnight 

incubation of blood and PLF on LB agar plates allowed CFU/ml to be calculated giving 

an indication of bacterial load. Male mice exhibited a trend towards SH mice having 

higher bacterial loads systemically, blood, and locally, PLF compared to SI mice and SI 

+ Nest mice (Figure 4.13b). SI + Nest mice had a trend towards increased bacteria load 

in blood compared to SI mice (Figure 4.13b). There was a positive trend between 

increasing weight loss and higher bacteria CFU/ml in blood and PLF across all the groups 

(Figure 4.13c). 

IL-6 and TNF-a concentrations were measured in plasma via ELISA at 6 hours after the 

induction of sepsis, to give an indication of systemic inflammation. TNF-a 

concentrations were similar in the plasma 6 hours post-sepsis across all housing groups 

(Figure 4.14a). IL-6 levels showed a trend towards being slightly lower in SI mice than 

in SH mice and SI + Nest mice (Figure 4.14b).  

 

  



Chapter 4: Social Isolation and Thermogenesis 
 

 175 

 

    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

Figure 4.13: Sepsis Severity. Sepsis severity was assessed in male mice as follows: a) 

sepsis induced weight loss and b) bacterial clearance in blood (left) and PLF (right) after 

24 hours of culture where each bar shows mean ± SEM of n=3-6 mice and each symbol 

representing a single mouse. Significance was assessed by use of a one-way ANOVA 

and post-hoc analysis using Tukey’s multiple comparisons test. c) correlation between 

weight loss and bacterial count in blood and PLF where each colour shade represents a 

single mouse. Mice were excluded if their agar plates were too confluent to count.  
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Figure 4.14: Plasma Cytokines. a) TNF-a and b) IL-6 were measured in plasma at 6 

hours post-induction of sepsis in male mice. Data shown as mean ± SEM where n=2-6 

mice per housing group and each symbol represents an individual mouse. Significance 

was assessed for IL-6 by use of a one-way ANOVA and post-hoc analysis using Tukey’s 

multiple comparisons test.  
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4.4 Discussion 

Small animals such as mice have a high surface area to body mass ratio, meaning they 

have a greater predisposition to losing heat to the environment, which potentially could 

be exacerbated in SI mice due to the lack of huddling with littermates. It was therefore 

proposed that SI mice might have to increase thermogenesis via increased food intake, 

as huddling can increase metabolic efficiency by 40–65%251,337.  To this end, this chapter 

aimed to investigate whether thermogenesis was altered during social isolation and 

whether the presence of an artificial nest, to theoretically provide the option for warmth, 

could reverse the effects seen in nutritional intake and immune systems parameters as a 

result of social isolation.  

Initially, weight and nutritional intake were assessed in the SI + Nest group compared to 

SI and SH mice to see if the presence of an artificial nest could reverse the changes in 

weight and nutritional intake that were demonstrated earlier in SI mice, by theoretically 

increasing the temperature. In male mice, weight gain across the study was similar across 

all groups, whilst weight gain showed a trend towards being lower in female SI and SI 

+Nest housing groups compared to SH females. Interestingly, female mice have been 

shown to be have enhanced BAT thermogenesis and be warmer overall in the absence of 

littermates compared to males, which might partially account for why the presence of an 

artificial nest does not increase weight gain over the 2 week period251. To confirm the 

results seen in female mice with regards to weight and nutritional intake in the presence 

of artificial nests during social isolation, larger scale studies would have to be done with 

around 10 mice per housing group. Food intake was partially reversed in the male SI + 

Nest mice but not in female SI + Nest, thus suggesting that females can better modulate 

their temperature in cold.  
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Since leptin is thought to be pyrexic in nature and is capable of increasing body 

temperature in a manner independent of thermogenesis, a feat that is accompanied by 

reducing heat loss, plasma leptin levels were measured354. As mentioned previously, 

plasma leptin levels increase with increased food intake as a preventative mechanism to 

avoid excessive eating355. Plasma leptin levels were significantly reduced in SI + Nest 

compared to both SI and SH mice. Since the majority of studies investigating the effects 

of both acute and long-term periods of cold showed that leptin levels decrease, it would 

be expected that leptin levels would partially return back to that of SH mice if 

temperature was playing a role259–261. However, it could be argued that the presence of 

an artificial nest during social isolation is enriching the environment, which could explain 

the lower plasma leptin concentration despite no change in food intake as environmental 

enrichment has been shown to decrease leptin levels356.  

Whilst in Chapter 2, leptin concentrations showed a trend towards being lower in SI 

mice compared to SH mice the trend seen in this chapter shows a very slight trend 

towards the opposite with regards to leptin concentrations. One reason why such a 

disparity might be seen between the results, is that the mice might have consumed food 

at different times prior to the collection of the blood. This would mean that the mice that 

had consumed food closer to the time of blood collection would have higher leptin 

concentrations than those that had consumed food at a longer time before collection357. 

In order to minimise this where possible, blood was collected first thing in the morning, 

but without fasting the mice it is impossible to completely rule out the possibility that the 

time of last food intake could be affecting plasma leptin concentrations358. 

In order to address the possibility that SI mice may be cold, tail temperature was 

measured using an infrared thermometer. This method was chosen as it required 
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minimum handling of the mice and preventing the need for surgery. However, no 

significant changes in tail temperature across the housing groups were seen in both male 

and female mice over the study. It is possible that small changes in temperature could be 

missed by this method, as measuring tail temperature has been shown to be more variable 

than that seen by the insertion of a rectal probe359. This suggests that by increasing food 

consumption to allow for increased thermogenesis, SI mice can maintain their body 

temperature in the absence of huddling. 

In inguinal adipose tissue, whilst there were no changes in adipocyte number between 

the groups, there was a trend towards smaller sized adipocytes in the adipose tissue 

collected from SI mice compared to SH mice, thus confirming the findings shown in 

VAT. Interestingly, SI + Nest mice had a higher % of smaller adipocytes (<500µm2) in 

comparison to the other housing groups, thus illustrating an effect of the presence of the 

artificial nest. The presence of smaller adipocytes in SI + Nest mice is in concordance 

with the decreased concentration of plasma leptin, as there is a positive correlation 

between increased WAT mass and its associated adipocyte hypertrophy and leptin 

secretion360.  

A key characteristic of browning of the adipose tissue, which commonly occurs in 

response to prolonged cold exposure, is high numbers of small sized adipocytes 

containing high numbers of mitochondria260,361. It has been suggested that CD-1 mice 

that had nesting material, thus providing increased thermal capacity, consequently have 

increased UCP-1 expression, a marker of browning of adipose tissue362. However, the 

absence of UCP-1 in WAT would suggest that this is not the case in this study. It would 

be pertinent to also assess UCP-1 in SI+Nest mice to gain an understanding of whether 

browning of the adipose tissue occurs in these mice. Additionally, to confirm an absence 
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of browning of the adipose tissue, it would be essential to look at a variety of different 

adipose tissue depots, as browning more readily occurs in subcutaneous adipose tissue 

than in VAT363. One reason why no change in UCP-1 is potentially seen, is that leptin is 

thought to be able to increase temperature in a manner independent of BAT354. This again 

suggests that SI mice can increase their thermogenic capacity via increased food 

consumption. 

 
Whole blood profile was assessed as changes in temperature are thought to alter whole 

blood counts364. It is unsurprising that the presence of an artificial nest in SI mice did not 

alter the whole blood profile, since initial studies comparing SH mice and SI mice 

revealed no significant changes in the total number of leukocytes present and the relative 

% of leukocyte subtypes present.  

There is evidence that as temperatures increase towards thermoneutral temperatures in 

both humans and mice, mobilisation of monocytes in the blood is reduced, which could 

prove important during infection, and for that reason the E.coli sepsis model was carried 

out in SI+ Nest mice343. The presence of an artificial nest during social isolation was not 

able to reverse decreased weight loss during the live E.coli model of sepsis as 

characteristic of SI mice. Interestingly, the data tentatively suggests that the presence of 

an artificial nest partially reverses enhanced bacterial clearance in the blood but not in 

the PLF of SI mice during sepsis. It has been reported that reduced monocyte 

mobilisation occurs as a result of increasing temperature, which would have implications 

on bacteria clearance343. It is therefore possible that the presence of an artificial nest 

might provide enough warmth independently of the increased thermogenesis seen in SI 

mice to maintain body temperature, and thus reduce monocyte mobilisation, explaining 

the partial increase in bacteria load in the blood. As bacterial clearance is only partially 
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reversed in blood and not in PLF, this suggests that social isolation does not 

indiscriminately exert its effects on the immune system.  

Cytokine release from immune cells is known to be altered by temperature, thus cytokine 

concentrations were assessed in plasma post sepsis365,366. IL-6 concentrations in SI + Nest 

mice were reversed back to similar levels as those seen in SH mice, suggesting that 

increased thermogenesis might account for the blunted IL-6 response seen in SI mice. 

Due to issues with TNF-a detection, only a few plasma samples were analysed, which 

might account for why TNF-a levels in SI+Nest mice were not reversed back to that seen 

in SH mice, as is seen for IL-6. LPS stimulated human monocytes and macrophages have 

a blunted IL-6 and TNF-a response when kept in suboptimal temperatures, with the 

response returning to normal as temperature increases to thermoneutrality365. Cold 

temperatures lead to increased thermogenesis to maintain body temperature, thus it is not 

clear whether at the physiological level temperature or increased thermogenesis causes 

the blunted cytokine response261. If SI mice increase thermogenesis to maintain their 

body temperature, increased thermogenesis and not temperature might account for the 

blunted cytokine response seen in that group. When SI mice have access to a nest, this 

could potentially reduce the need for increased thermogenesis by helping to conserve 

heat, which might explain the reversal of plasma IL-6 concentration back to similar 

concentrations seen in SH mice. As the data indicate that SI mice maintain a similar body 

temperature to the other housing groups through increased thermogenesis, it is likely that 

the blunted cytokine response is the result of differences in thermogenesis not 

temperature. Higher n numbers are needed to confirm the results discussed here. 

It is not surprising that there is a positive correlation between increased weight loss 

during sepsis and higher bacteria counts, both in the blood and PLF. Unfortunately, as 
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basal whole blood cellularity was carried out in a separate set of mice to those that got 

sepsis, it is impossible to see if there is any direct correlation between the numbers and 

types of leukocytes present, bacterial load and weight loss during sepsis. Food and water 

intake were not monitored throughout the 6-hour period, which would have provided an 

indication of sepsis severity and likelihood of survival. This is because reduced food 

intake, or anorexia, has been shown to be protective during bacterial infection, thus it 

would have been interesting to measure food intake across the 6-hour period and plasma 

glucose concentration, as those mice that consumed more food and thus had higher 

glucose levels would be less likely to survive116. 

In conclusion, there were no differences in tail temperature across the housing groups, 

suggesting SI mice can maintain their temperature by increasing their food intake. This 

was further confirmed, as in male SI+Nest mice food intake was partially reversed to a 

level more similar to that seen in SH mice, suggesting that SI mice increase their food 

intake to maintain body temperature. Furthermore, the absence of UCP-1 expression and 

similar adipocyte characteristics suggested that browning of the adipose tissue had not 

occurred, indicating an absence of temperature difference between SI and SH mice. 

There was an absence of any differences in the whole blood profile and weight loss 

during sepsis in SI+Nest mice compared to the other housing groups. The presence of an 

artificial nest during social isolation partially reverted the enhanced bacterial clearance 

in the blood but not in the PLF, suggesting that increased thermogenesis might partially 

play a role in systemic enhanced bacterial clearance. Taken together, these results suggest 

that increased food intake in SI mice is necessary to provide the extra energy needed to 

maintain body temperature, whilst changes in thermogenesis do not have such a profound 

effect on the immune system during social isolation. 
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Chapter 5  
Social Isolation and Atherosclerosis 

5.1  Introduction 

Atherosclerosis is an inflammatory disease affecting both the large and medium-sized 

arteries, that is characterised by the presence of endothelial dysfunction and cholesterol, 

lipid and cell deposition, leading to the formation of atherosclerotic plaque71. If left 

untreated, this eventually results in gradual occlusion of the vessel and reduced blood 

flow (Figure 5.1). Rupture of atherosclerotic plaque leads to occlusion of the blood 

vessel and either MI or stroke48. 

There is increasing evidence to suggest a link between social status and CVD, but what 

remains elusive is the molecular mechanisms underlying this link367–370. Loneliness has 

been associated with an increased risk of heart disease, as it has been shown to be 

associated with larger increases in SBP over a 4 year period118,120,371. Additionally, 

loneliness has been shown to increase basal total peripheral resistance and lower cardiac 

output368. In cynomolgus monkeys, those monkeys who were socially dominant in an 

unstable population where there were threats to their status, were found to have increased 

atherosclerotic plaque in the coronary artery369. Social deprivation was found to be 

associated with increased scores for carotid plaque and intima-media thickness, after 

accounting for traditional risk factors in a Scottish based population367. Similarly, those 

individuals who were classed as having both a low social economic status, both in 

childhood and adulthood, were found to have higher scores for intima-media thickness 

and carotid plaque372. Interestingly, a recent UK Biobank cohort study investigating 

social isolation and loneliness as risk factors for MI and stroke, found that 85% of the 

respective 1.4 and 1.5-fold increased risk of incident MI and stroke could be attributed 
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to traditional cardiovascular risk factors e.g. smoking and obesity370. Whilst the English 

Longitudinal Study on Aging identified an increased risk of incident MI and stroke with 

loneliness, independent of traditional risk factors, it found no correlation between social 

isolation and either incident MI or stroke176. Therefore, it is unsurprising that the 

American Heart Association has highlighted in their 2020 Impact Goal that they felt the 

biggest area for improvement in the reduction of CVD was in health behaviours which 

are closely linked to mental health54. 

ApoE-/- mice are a commonly used model of atherosclerosis. Apolipoprotein E (ApoE) is 

essential for the formation of lipoproteins, which allow cholesterol to be transported 

around the blood373. Since ApoE is a ligand for the LDLR, its absence means that 

chylomicrons and very low density lipoprotein (VLDL) remnants cannot be taken up into 

the hepatocytes, where they would otherwise be cleared, thus resulting in their 

accumulation in the blood374. Therefore, ApoE-/- mice are hypercholesterolemic, with 

cholesterol levels at 400-500mg/dL on a standard chow diet, and this allows for the 

spontaneous development of plaque in these mice375. The American Heart Association 

classifies atherosclerotic lesions into different stages as follows: (I) lesion with foam 

cells (II) fatty streak with foam cell layers (III) extracellular lipid pool (IV) atheroma 

with a confluent extracellular lipid core (V) presence of fibroatheroma (VI) complex 

plaque with surface defect, haemorrhage, or thrombus376,377. The timings needed for the 

development of atherosclerotic burden on standard and Western diet in the ApoE-/- model 

are summarised in Table 7378. 
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Figure 5.1: Comparison of the Healthy and Atherosclerotic Arteries. In the healthy 

artery blood can flow through in an undisturbed manner. In contrast, in the atherosclerotic 

artery, there is reduced space for the blood to flow through due to an increase in intima-

medial thickness as a result of atherosclerotic plaque build-up. Image created on 

Biorender. 

 
 Table 7: Time Scale for Atherosclerosis Lesion Scores in ApoE-/- Mice. 

  

 I II III IV V VI 

Standard 
Diet 

1-2 
months 

4-5 
months 

7-9 
months 

8-11 
months 

>10  
months 

N/A 

Western 
Diet 

4-6 
weeks 

8-10 
weeks 

12-14 
weeks 

14-16 
weeks 

18-20 
weeks 

N/A 
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5.1.1 Chapter Aims 

This chapter had the following objectives: 

1. To determine both the basal effects of social isolation and ApoE gene deletion on 

weight and nutritional intake on standard chow, and whether sex can affect these 

parameters; 

2. To explore the effect of social isolation and ApoE deletion on biochemical markers 

of organ function; 

3. To investigate whether social isolation and the Western diet alters weight and 

nutritional intake; 

4. To establish whether social isolation and the Western diet affects the adipose tissue 

morphology; 

5. To examine whether social isolation affects total cholesterol levels, lipid profile and 

glucose in plasma, in mice fed standard chow and Western diet; 

6. To investigate whether atherosclerotic plaque within the aortic sinus is affected by 

social isolation; 

7. To determine if the characteristics of the atherosclerotic plaque within the aortic sinus 

are affected by social isolation; 

8. To confirm that the unique transcriptional fingerprint of social isolation demonstrated 

in CD-1 mice, can also be seen in ApoE-/- mice. 
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5.2  Methods 

5.2.1 Animal Husbandry 

All animals were housed in individually ventilated enclosures with food and water being 

provided ad libitum with a 12-hour light-dark cycle. All experiments undertaken were 

approved and performed according to the guidelines of the Ethical Committee for the 

Use of Animals, Bart’s and The London School of Medicine and Dentistry and the Home 

Office Regulations Act 1986 (Prof. D’Acquisto, PPL. 70/8714). 

5.2.2 Modelling Social Isolation 

Cages for social isolation and social housing were set up as described for CD-1 mice. In 

order to model the effect of social isolation on atherosclerosis, male and female C57BL/6 

ApoE-/- mice were used and were bred in house, in trios. C57BL/6, wild type (WT), mice 

were bought from Charles River Ltd and given 1 week to acclimatise. All studies lasted 

1 month, 4 weeks, as this was the longest period of time allowed on the project license. 

Effect of ApoE Deletion During Social Isolation 

To assess the basal effect of ApoE gene deletion, male and female WT mice and ApoE-/- 

mice at 1 month of age underwent social isolation for a period of 4 weeks, as at this time 

point atherosclerosis is at the very early stages with only small lesions and foam cells 

being present (Figure 5.2)378. ApoE-/- mice were randomly assigned to either social 

isolation or social housing for a period of 4 weeks, which would be akin to a person 

losing their long-term partner, and thus socially isolating him or herself whilst they come 

to terms with their loss. Mice were fed standard chow. 

 



Chapter 5: Social Isolation and Atherosclerosis 
 

 188 

 
 
 
 

 

 

 

 

 

 

 

Figure 5.2: ApoE Deletion and Social Isolation Overview – Standard chow. ApoE-/- mice at 1 month of age were randomly assigned to 

either social housing (5x mice per cage) or social isolation (1x mouse per cage) for a period of 4 weeks, during which time the mice were 

fed standard chow (9.0% fat, 21.8% protein and 0.74% carbohydrate). Throughout the study, cages were changed on a weekly basis, at which 

time the mice were weighed. Food and water consumption were monitored every 2-3 days. After 4 weeks, mice were sacrificed and three 

main parameters were assessed: physiology of the mice, total cholesterol and glucose and biochemical parameters. Image created with 

Biorender. 
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Basal ApoE-/- Study – Standard Chow 

In basal ApoE-/- studies, 3 month old mice were given standard diet for the 4 week period 

of social isolation or social housing, as this is the stage where extracellular lipid pools 

and formation of atheroma are beginning to occur in the ascending aorta (Figure 5.3)378.   
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Figure 5.3: Atherosclerosis Overview – Standard chow. ApoE-/- mice at 3 months of age were randomly assigned to either social housing 

(5x mice per cage) or social isolation (1x mouse per cage) for a period of 4 weeks, during which time the mice were fed standard chow. 

Throughout the study, cages were changed on a weekly basis, at which time the mice were weighed. Food and water consumption were 

monitored every 2-3 days. After 4 weeks, mice were sacrificed, and four main parameters were assessed: physiology of the mice, biochemical 

parameters, plasma cytokines and total cholesterol and glucose. Image created with Biorender.

Standard chow 

3 month old  
ApoE-/- mice  

W
eek 3 

W
eek 4 

Cages changed  
Body weight, food and water 

consumption 

W
eek 1 

 Social Housing 
(SH) 

or 
  

Social Isolation  
(SI) 

Physiology  
Biochemical parameters 

Plasma cytokines 
Total cholesterol and glucose 

W
eek 2 

W
eek 0 



Chapter 5: Social Isolation and Atherosclerosis 

 

 191 

Basal ApoE-/- Study - Western Diet 

Female mice were fed the Western diet for 4 weeks at 1 month of age in order to get an 

indication of the combined effect of the Western diet and social isolation at baseline.  

Atherosclerosis Development Study – Western Diet  

For studies looking at the development of atherosclerosis, the Western diet was given for 

4 weeks at 6 months of age in male ApoE-/- mice, as at the end of the study the mice 

would be 7 months old which is where advanced atherosclerosis occurs (Figure 5.4)378. 

After the 4-week period of social isolation or social housing mice were sacrificed by a 

CO2 overdose in a CO2 chamber.
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Figure 5.4: Atherosclerosis Study Overview – Western Diet. ApoE-/- mice at 6 months of age were randomly assigned to either social 

housing (5x mice per cage) or social isolation (1x mouse per cage) for 4 weeks, during which time the mice were fed the Western Diet 

(21.4% fat, 17.5% protein and 50% carbohydrate). Throughout the study cages, were changed on a weekly basis, at which time the mice 

were weighed. Food and water consumption were monitored every 2-3 days. After 4 weeks, mice were sacrificed, and the following 

parameters were assessed: physiology of the mice, lipid profile and adipose tissue morphology and atherosclerotic burden in the aortic sinus. 

Image created with Biorender.
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5.2.3 Western Diet 

ApoE-/- mice were placed on the Western diet (21.4% fat, 17.5% protein and 50% 

carbohydrate [SDS Diets, cat. 829100] at 6 months of age for the 4 weeks period of social 

isolation or social housing. 

5.2.4 Weight Gain and Nutritional Intake 

During the period of social housing or social isolation food and water was monitored and 

replenished as needed every 2-3 days. Mice were weighed once a week during cage 

changing to assess weight gain over the study.  

5.2.5 Cardiac Puncture 

After 4 weeks mice were anesthetised in a chamber using isoflurane, and cardiac 

puncture was carried out as previously described. Mice were sacrificed by CO2 

asphyxiation in a CO2 chamber.  

5.2.6 Plasma Leptin 

Plasma was isolated from whole blood collected at the end of the social isolation period, 

by centrifuging samples for 5 minutes at 10,000 g. Leptin was measured as described 

previously by a murine leptin ELISA kit (Thermofisher, cat. KMC2281). 

5.2.7 Total Cholesterol and Cholesterol Subtypes and Glucose  

Total cholesterol, triglycerides, HDL, LDL and glucose concentrations were quantified 

in plasma using a Beckman Coulter AU680 clinical chemistry analyser at MRC Harwell. 

5.2.8 Biochemical Parameters 

Plasma was isolated as previously described. Plasma AST, ALT and creatinine were 

quantified using a Beckman Coulter AU680 clinical chemistry analyser at MRC Harwell. 
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5.2.9 Plasma Cytokines 

Plasma was isolated as previously described and one aliquot was sent to Labospace Ltd 

Milan for determination of TNF-a, IL-6 and IFN-g concentrations by use of multiplex. 

5.2.10 Visceral Adipose Tissue 

VAT was weighed and placed in 4% PFA overnight, before being H&E stained as 

previously described. The number of adipocytes and their individual areas were 

measured in Image J as previously stated. 

5.2.11 Quantification of Atherosclerotic Plaque in the Aortic Sinus 

Post sacrifice, the chest cavity was opened up and a small hole was cut in the right atrium 

of the heart. Using a 10ml syringe with a 25G needle, cold PBS was flushed through the 

left ventricle to remove any remaining blood. Once the heart was removed, it was 

weighed prior to being put into 4% PFA. 

The heart was stored in 4% PFA prior to being cut using a scalpel blade in a parallel 

manner across the plane of the atria. The top section of the heart was frozen in optimal 

cutting temperature (OCT) (VWR Chemicals, cat. 00411243) mounting solution and 

stored at -80°C until sectioning, whilst the lower section of the heart was discarded to aid 

access to the aortic sinus. The OCT block was mounted on the cryostat with the aortic 

side of the block facing the pedestal and sectioned at 30µm until the heart becomes 

visible. A section was checked under the microscope to allow the anatomical position of 

the heart to be determined and the position of the block to be altered as required. Further 

30µm sections of the heart were cut until the left and the right atria could be seen under 

the microscope, thus suggesting that the aortic sinus was near. Once the valve cusps were 

clearly visible under the microscope the sections were cut at 12µm, with every other 
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section being mounted onto slides until all of the valve cusps had disappeared, usually 

around 20-24 sections later. Slides were stored at -80°C. 

0.5g of Oil Red O (Sigma, cat. O0625-25g) powder was dissolved in 100ml of 

isopropanol in a water bath to make a stock solution. The Oil Red O stock solution was 

passed through a 0.45µm filter. 30ml of Oil Red O stock solution was added to 20ml of 

distilled water to create the Oil Red O working solution. The slides were fixed in formalin 

and were placed in distilled water for 10 minutes. Slides were then rinsed with 60% 

isopropanol before being stained with Oil Red O working solution for 15 minutes. After, 

15 minutes the slides are rinsed as described previously. The nuclei were stained by 

dipping the slides 5 times into haematoxylin (Sigma, cat. H3136-25g) and then the slides 

were rinsed in distilled water. Slides were then mounted and imaged using an EVOS XL 

Core microscope (10x). Plaques were quantified using Image J software. 

5.2.12 Measuring Necrosis in the Atherosclerotic Plaque 

Necrosis causes swelling of the cytoplasm, plasma membrane damage and the release of 

the cytoplasmic content including MMPs and DAMPS thus promoting the degradation 

of the fibrous plaque and contributing to an already proinflammatory environment379. 

Necrotic cells contribute to the necrotic core, which is a known risk factor for 

atherosclerotic plaque rupture380.  

Using Image J, areas of the atherosclerotic plaque that had not been stained with either 

Oil Red O or haematoxylin, were measured as these areas are considered to be 

necrotic381. Necrosis was assessed for each of the 15x distances from the aortic sinus in 

each mouse and the area was calculated as a % of the total plaque area for each section. 

The average % of necrosis was calculated and plotted for each mouse. 
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5.2.13 Picro-Sirius Red Staining of Atherosclerotic Plaque 

Aortic sinuses were stained using Pico-Sirius Red stain kit (Abcam, cat.	 ab150681) 

according to the manufacturer’s instructions. In brief, an adequate volume of Picro-Sirius 

Red Solution was added to each aortic sinus section, and slides were incubated for 60 

minutes. Slides were then briefly rinsed 2x in acetic acid solution, before being rinsed in 

100% ethanol. In order to dehydrate the sections, they were washed with 2 changes of 

100% ethanol for 2 minutes each. EntellanÒ (Sigma-Aldrich, cat. 107600500) was used 

to mount slides. Sections were imaged at 4x magnification on a Nikon Eclipse TE300 

microscope. The amount of collagen present was quantified by measuring the intensity 

of the red stain within the atherosclerotic plaque using Image J. 

5.2.14 Peritoneal Macrophages 

CD11b+ F4/80+ macrophages were identified as previously described. In brief, samples 

were centrifuged for 5 minutes at 264 g and the pelleted leukocytes were resuspended in 

200µl of residual volume. Cells were then blocked and stained with 50µl of Anti-Mouse 

CD11b FITC (eBioscience) and Anti-Mouse F4/80 PE (eBioscience) in FACS buffer for 

30 minutes at 4°C. Cells were fixed in 4% PFA and were acquired on a LSRFortessa 

flow cytometer (Becton Dickson). Analysis was carried out using FlowJo 8.0 software 

(Tree Star). 

5.2.15 Validation of Microarray Genes 

Whole blood was stored in RNeasy Protect Animal Blood Tubes and RNA was extracted 

using the RNeasy Protect Animal Blood Kit as previously described. cDNA was 

extracted and RT-PCR was carried out to measure gene expression of cd55, cd52, bach2 

and xaf1, as previously described. Genes of interest were normalised to the housekeeping 



Chapter 5: Social Isolation and Atherosclerosis 
 

 197 

gene GAPDH and analysed using the DDCT method of analysis to calculate the fold 

change. 

5.2.16 Statistics 

Significance was tested using the statistical analysis specified in each figure legend on 

GraphPad Prism 8 (GraphPad Software Inc, USA). 
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5.3 Results 

5.3.1 Effect of ApoE Gene Deletion on Nutritional Intake 

In order to investigate the effect of ApoE deletion on weight gain and nutritional intake, 

SI C57BL/6 (WT) mice were compared to age-matched SI ApoE-/- mice fed standard 

chow. Throughout the duration of the study, SI ApoE-/- male mice gained significantly 

more weight than SI male WT mice (Figure 5.5a). During this time SI male ApoE-/- mice 

ate significantly more food than SI male WT mice (Figure 5.5b). Similarly, water intake 

was significantly increased in SI ApoE-/- male than SI male WT mice (Figure 5.5b). Over 

the 4-week period of social isolation, female SI ApoE-/- mice put on significantly more 

weight than female SI WT mice (Figure 5.6a). During this time SI female ApoE-/- mice 

ate significantly more food than SI female WT mice (Figure 5.6b). Similarly, water 

intake was significantly increased in SI female ApoE-/- mice than SI female WT mice 

(Figure 5.6b).  
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Figure 5.5: Weight Gain and Nutritional Intake – SI Males. The following parameters 

were assessed: a) weight change, b) food and water intake over the period of 4 weeks of 

social isolation. Each bar shows mean ± SEM of n=8-14 mice with each symbol 

representing an individual mouse. **p<0.01 and ****p<0.00001, where significance was 

determined using an unpaired parametric T-test.  

WT

ApoE
 -/-

0

2

4

6

8

W
ei

gh
t C

ha
ng

e 
(g

)

Weight

**

a) 

b) 

WT

ApoE
 -/-

0

50

100

150

Fo
od

 C
on

su
m

ed
 (g

)

Food

****

WT

ApoE
 -/-

0

50

100

150

200

W
at

er
 C

on
su

m
ed

 (g
)

Water 

****



Chapter 5: Social Isolation and Atherosclerosis 
 

 200 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.6: Weight Gain and Nutritional Intake – SI Females. The following 

parameters were assessed: a) weight change, b) food and water intake over the period of 

4 weeks of social isolation. Each bar shows mean ± SEM of n=8-9 mice with each symbol 

representing n=1 mouse. *p<0.05 and ***p<0.005, where significance was determined 

using an unpaired parametric T-test. 
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5.3.2 Effect of ApoE Gene Deletion on Plasma Total Cholesterol and 
Glucose  

Plasma total cholesterol and glucose concentration was assessed both in SI WT and SI 

ApoE-/- mice fed standard chow, in order to determine whether the deletion of ApoE gene 

during social isolation would affect these parameters. SI male ApoE-/- mice had 

significantly higher levels of total cholesterol in their plasma compared to SI WT mice 

(Figure 5.7a). Plasma glucose concentration was at similar levels between male SI WT 

and SI ApoE-/- mice (Figure 5.7b). In a similar manner to male SI mice, female SI ApoE-

/- mice had significantly higher levels of total cholesterol in their plasma compared to SI 

WT mice (Figure 5.8a). Plasma glucose concentration was significantly lower in SI 

ApoE-/- mice compared to SI WT mice (Figure 5.8b).  

 
 
 
 
 
 
 
 
 

 

 

Figure 5.7: Total Cholesterol and Glucose Concentration – SI Males. The following 

concentrations were assessed in plasma: a) total cholesterol and b) glucose after 4 weeks 

of social isolation. Data shown as mean ± SEM, where each symbol represents a single 

mouse with n=8-14 mice per housing group. **** p<0.0001 as assessed by an unpaired 

parametric T-test.  
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Figure 5.8: Total Cholesterol and Glucose Concentration – SI Females. The 

following concentrations were assessed in plasma: a) total cholesterol and b) glucose 

after 4 weeks of social isolation. Data shown as mean per housing group ± SEM, where 

n=8-9 mice per group and each symbol represents a single mouse. * p<0.05 and **** 

p<0.0001 as assessed by an unpaired parametric T-test.  
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5.3.3 Effect of ApoE Gene Deletion on Biochemical Parameters 

Biochemical parameters including markers of liver and kidney function were also 

assessed as an indication of systemic inflammation, as inflammation drives 

atherosclerosis. To assess the effect of ApoE gene deletion on plasma AST, ALT and 

creatinine levels, they were measured in SI WT and SI ApoE-/- mice fed standard chow. 

There were no differences in AST or ALT levels between SI ApoE-/- mice and SI WT 

mice (Figure 5.9a). Creatinine levels in plasma were significantly lower in male SI 

ApoE-/- mice compared to male SI WT mice (Figure 5.9b). Plasma AST was found to 

have similar concentrations between female SI WT and female SI ApoE-/- mice (Figure 

5.10a). ALT levels are not reported for female mice due to concentrations being below 

the limit of detection for the assay in most mice. Creatinine concentrations were 

significantly lower in SI ApoE-/- mice compared to SI WT mice (Figure 5.10b).  
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Figure 5.9: Biochemical Markers of Liver and Kidney Function – SI Males. The 

following biochemical parameters were analysed in plasma for a) liver function, AST 

and ALT, and b) kidney function, creatinine. Data shown as mean ± SEM, where n=8-

14 mice per group and each symbol represents a single mouse. **** p<0.0001 as assessed 

by an unpaired parametric T-test.  
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Figure 5.10: Biochemical Markers of Liver and Kidney Function – SI Females. The 

following biochemical parameters were analysed in plasma for a) liver function, AST 

and b) kidney function, creatinine.  Data shown as mean ± SEM, where n=8-9 mice per 

group and each symbol represents a single mouse. **** p<0.0001 as assessed by an 

unpaired parametric T-test.  
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5.3.4 Effect of ApoE Gene Deletion on Plasma Cytokine Levels 

Basal inflammation was assessed by measuring TNF-a, IL-6 and IFN-g concentrations 

in plasma. However, TNF-a, IL-6 and IFN-g concentrations were too low to be detected 

from both male and female SI ApoE-/- mice and SI WT mice by the multiplex assay, thus 

the data is not shown.  

5.3.5 Weight Gain and Nutritional Intake – ApoE-/- Mice Fed Standard 
Chow 

Weight and nutritional intake were assessed over the course of the study to give an 

indication of any physiological changes that may potentially affect the susceptibility of 

the mice to the development of atherosclerosis. The weight change observed over the 4-

week period of social isolation was not significantly different in SI male ApoE-/- mice, 

but there was a trend towards SI male ApoE-/- mice gaining less weight than SH male 

ApoE-/- mice (Figure 5.11a). Food and water intake showed a trend towards being 

increased in male SI ApoE-/- mice compared to male SH ApoE-/- mice (Figure 5.11b). 

Weight change observed over the 4-week period of social isolation showed that SI female 

ApoE-/- mice put on slightly less weight than SH female ApoE-/- mice (Figure 5.12a). 

Food and water intake were increased respectively in female SI ApoE-/- mice compared 

to female ApoE-/- SH mice (Figure 5.12b).  
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Figure 5.11: Weight and Nutritional Intake - Standard Chow ApoE-/- Males. The 

following parameters were assessed: a) weight change, b) food and water intake over the 

4 weeks of social isolation or social housing. Each bar shows mean ± SEM of n=4-14 

mice with each symbol representing n=1 mouse for weight or n=1 cage for food and 

water intake. Significance was determined by an unpaired parametric T-test where 

p<0.05. 
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Figure 5.12: Weight and Nutritional Intake - Standard Chow ApoE-/- Females. The 

following parameters were assessed: a) weight change, b) food and water intake over the 

4 weeks of social isolation or social housing. Each bar shows mean ± SEM of n=4-8 mice 

with each symbol representing n=1 mouse for weight or n=1 cage for food and water 

intake. Significance was assessed by an unpaired parametric T-test where p<0.05. 
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5.3.6 Plasma Leptin – Standard Chow 

The satiety hormone, leptin, was measured in plasma to assess whether changes in its 

concentration could account for the changes in food intake seen on standard chow during 

social isolation. There was significantly higher plasma leptin in SI mice compared to SH 

ApoE-/- mice fed on standard diet (Figure 5.13). 

 

Figure 5.13: Plasma Leptin Levels – Male ApoE-/- Standard Diet. Plasma leptin levels 

were quantified after 4 weeks of social isolation or social housing via ELISA in male 

ApoE-/- mice fed standard diet. Values are expressed as mean ± SEM of 4 mice per 

housing group with each symbol being representative of a single mouse. **p<0.001 as 

determined using an unpaired parametric T-test. 
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5.3.7 Biochemical Parameters - ApoE-/- Mice Fed Standard Chow 

Biomarkers of liver and kidney function were assessed in SH and SI ApoE-/- mice fed 

standard chow, as an indication of systemic inflammation. For liver function, AST and 

ALT concentrations were assessed in plasma from both male and female SH and SI 

ApoE-/- mice fed standard chow. Plasma AST concentration in male ApoE-/- mice fed 

standard chow showed a trend towards being slightly lower in male SI mice compared to 

SH ApoE-/- mice (Figure 5.14). However, plasma ALT concentration in SH mice was 

too low to be detected in 50% of the male ApoE-/- mice used in this study, and for that 

reason the data is not shown. This was also the case for plasma creatinine concentration, 

a marker of kidney function, and for that reason the data is not shown. In female ApoE-/- 

mice, plasma AST concentration was significantly lower in SI mice compared to SH mice 

(Figure 5.15a). Since a substantial number, 77%, of female SI ApoE-/- mice had plasma 

ALT concentrations below the range of detection, the data is not shown. Creatinine 

concentration in plasma showed a trend towards being lower in female SI ApoE-/- mice 

compared to SH female ApoE-/- mice (Figure 5.15b). 
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Figure 5.14: Biochemical Marker of Liver Function– Male ApoE-/- Mice. Liver 

function was assessed by measuring AST concentration in plasma. Data shown as mean 

± SEM, where n=4-14 mice per housing group and each symbol represents a single 

mouse. Significance was assessed by an unpaired parametric T-test where p<0.05. 
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Figure 5.15: Liver and Kidney Function Bicohemistry – Female ApoE-/- Mice. The 

following biochemical parameters were analysed in plasma for a) liver function, AST, 

and b) kidney function, creatinine. Data shown as mean ± SEM where each symbol 

represents a single mouse and n=4-9 mice per housing group. *p<0.05 as assessed by an 

unpaired parametric T-test.  
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5.3.8 Plasma Cytokines - ApoE-/- Mice Fed Standard Chow 

In order to assess basal inflammation, TNF-a, IL-6 and IFN-g concentrations were 

measured in plasma. However, in basal plasma from both male and female ApoE-/- mice 

and in both housing groups, TNF-a, IL-6 and IFN-g concentrations were too low to be 

detected by the multiplex assay, thus data is not shown.  

5.3.9 Plasma Total Cholesterol and Glucose - ApoE-/- Mice Fed Standard 
Chow 

Quantification of cholesterol, lipid profiling and glucose levels was carried out as 

cholesterol levels, and the levels of cholesterol subtypes present, affect the progression 

of atherosclerosis, whilst high glucose levels promote inflammation exacerbating this 

disease. After the duration of the study the total cholesterol concentration in plasma was 

significantly higher in male SI mice as opposed to male SH ApoE-/- mice (Figure 5.16a). 

Plasma glucose concentrations were slightly higher in male SI ApoE-/- mice as opposed 

to male SH ApoE-/- mice (Figure 5.16b). After 4 weeks of either social isolation or 

housing, the total cholesterol in plasma was similar in SI and SH female ApoE-/- mice 

(Figure 5.17a). Plasma glucose concentrations were similar between SI and SH female 

ApoE-/- mice (Figure 5.17b).  
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Figure 5.16: Total Cholesterol and Glucose – Male ApoE-/- Mice. The following were 

assessed in plasma: a) total cholesterol and b) glucose concentrations were measured in 

SH and SI male ApoE-/- mice. Data shown as mean ± SEM, where n=4-14 mice per 

housing group with each symbol represents a single mouse. * p<0.05 as determined by 

an unpaired parametric T-test. 

  

SH SI
0

5

10

15

20

25

m
m

ol
/l

Total Cholesterol

*

SH SI 
0

5

10

15

m
m

ol
/l

Glucosea) b) 



Chapter 5: Social Isolation and Atherosclerosis 
 

 215 

 

 

 

 

 

 

 

 

 

Figure 5.17: Total Cholesterol and Glucose – Female ApoE-/- Mice. The following 

were assessed in plasma: a) total cholesterol and b) glucose concentrations. Data shown 

as mean ± SEM, where n=4-9 mice per housing group and each symbol represents a 

single mouse. Significance was assessed by an unpaired parametric T-test where p<0.05. 
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5.3.10 Weight Change and Nutritional Intake in ApoE-/- Mice Fed 
Western Diet 

Weight change and nutritional intake were assessed to see if a change in diet from 

standard to Western, would alter any of the physiological changes associated with social 

isolation, and whether these changes were sex dependent. Throughout the study male SI 

mice showed a trend towards putting on less weight than SH mice (Figure 5.18a). Male 

mice consumed similar amounts of food over the duration of the study, regardless of their 

housing group (Figure 5.18b). There was no significant difference in the water intake of 

male mice (Figure 5.18b). Female SH mice showed a trend towards losing weight across 

the study compared to the female SI mice, which showed almost no change in weight 

(Figure 5.19a). There was a trend towards an increase in food intake and water 

consumption in female SI mice compared to female SH mice (Figure 5.19b).  
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Figure 5.18: Weight Gain and Nutritional Intake on Western Diet – Males. The 

following parameters were assessed: a) weight change, b) food and water intake after 4 

weeks of social housing or social isolation. Each bar shows mean ± SEM of n=6-8 mice, 

with each symbol representing n=1 cage. Significance was assessed by an unpaired 

parametric T-test where p<0.05. 
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Figure 5.19: Weight Gain and Nutritional Intake on Western Diet – Females. The 

following parameters were assessed: a) weight change, b) food and water intake over a 

period of 2 weeks of social housing or social isolation. Each bar shows mean ± SEM of 

n=4-5 mice, with each symbol representing n=1 cage. Significance was assessed for 

weight change using an unpaired parametric T-test where p<0.05. 
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5.3.11 Plasma Leptin – Western Diet 

The satiety hormone, leptin, was measured in plasma to assess whether changes in its 

concentration could account for the differences in food intake between standard chow 

and Western diet seen during social isolation. There was significantly lower plasma leptin 

in SI mice compared to SH mice fed on Western diet (Figure 5.20). 

 

 

 

 

 

 

 

 

Figure 5.20: Plasma Leptin Levels on Western Diet – Males. Plasma leptin levels 

were quantified after 4 weeks of social isolation or social housing via ELISA in male 

ApoE-/- mice fed the Western diet. Values are expressed as mean ± SEM of 4-5 mice per 

housing group, with each symbol being representative of a single mouse. *p<0.05 as 

determined by use of an unpaired parametric T-test. 
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5.3.12 Comparison of Calorie Intake on Western and Standard Diet 

In order to assess whether total calorie intake in SI ApoE-/- mice was similar between 

diets, calorie intake was calculated. SH ApoE-/- mice’s calorie intake on Western diet 

showed a trend towards being higher compared to SH ApoE-/- mice on the standard diet 

(Figure 5.21). In contrast, SI ApoE-/- mice showed a trend towards consuming less 

calories on the Western diet compared to on standard diet (Figure 5.21). 

 

 

 

 

 

 

 

Figure 5.21: Comparison of Calorie Intake Between Diets – Males. Calorie intake 

was calculated from food intake on standard and Western diet. Values are expressed as 

mean ± SEM of 5-14 mice per housing group, with each symbol being representative of 

a one cage.  
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5.3.13 Visceral Adipose Tissue Characteristics 

VAT was collected from male ApoE-/- mice after 1 month of social isolation and Western 

diet to assess whether differences in the morphology of adipocytes were present, which 

would be indicative of changes in thermogenesis. Representative H & E stained VAT 

images subjectively revealed differences in the area and number of adipocytes present, 

whereby SI mice had an increased number of smaller adipocytes and more of them, 

compared to SH mice (Figure 5.22). The VAT was weighed, and the % of body weight 

was calculated. VAT showed a trend towards accounting for a lower % of body weight 

in SI mice compared to in SH mice (Figure 5.23a). VAT underwent H & E staining to 

allow for the number of adipocytes to be counted and for their size to be determined, as 

this can give an indication of whether VAT dysfunctions were seen. There was a 

significant increase in the number of adipocytes present in the VAT from SI mice 

compared to SH mice (Figure 5.23b). There was a significant difference in adipocyte 

size between SI and SH mice, whereby adipocytes from SI mice had a smaller adipocyte 

area compared to those of SH VAT (Figure 5.23b). 
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Figure 5.22: Representative VAT H & E Images – Males Western Diet. 

Representative images of H & E stained VAT at 20x magnification from a) SH and b) 

SI ApoE-/- mice. Scale bars are representative of 50µm. 
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Figure 5.23: VAT Characteristics – Males Western Diet. VAT was characterised as 

follows: a) weight as a % of body weight, b) numbers of adipocytes and c) adipocyte 

area. Data are expressed as mean ± SEM, where n=6-8 mice per housing group, with 

symbols representing an individual mouse. *p<0.05 as determined by use of an unpaired 

parametric T-test. 
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5.3.14 Total Cholesterol, Cholesterol Subtypes and Glucose – Western 
Diet 

Quantification of glucose, total cholesterol and its subtypes (triglycerides, HDL and 

LDL) were assessed in plasma in ApoE-/- mice fed the Western diet to give an indication 

of whether any changes in cholesterol or glucose would be seen between the housing 

groups, that might contribute to the progression and development of atherosclerosis. 

Although there were no significant changes in the total cholesterol concentration between 

housing groups, male SI mice had a trend towards a lower concentration compared to 

male SH mice (Figure 5.24a). Plasma concentration of triglycerides was at similar levels 

in male mice from both housing groups (Figure 5.24b). HDL concentrations were 

slightly lower in male SI mice compared to male SH mice (Figure 5.24c). Unfortunately, 

due to lipaemia, plasma LDL and glucose concentrations could not be measured 

accurately in plasma (data not shown).  

In female mice fed the Western diet, total cholesterol concentration in plasma was similar 

between the housing groups (Figure 5.25a). Similarly, in female mice fed the western 

diet, triglyceride concentrations were similar between SH mice and SI mice (Figure 

5.25b). Plasma HDL concentrations were again similar between females SH and SI mice 

(Figure 5.25c). LDL concentrations in plasma showed a trend towards being slightly 

lower in female SI mice, than in SH mice (Figure 5.25d).  
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Figure 5.24: Total Cholesterol and Lipid Profile – Male Western Diet. Plasma from 

male ApoE-/- mice had the following assessed: a) total cholesterol, b) triglycerides and c) 

HDL concentrations. Data shown as mean ± SEM with n=5-8 mice per housing group, 

where each symbol represents a single mouse. Significance was assessed by an unpaired 

parametric T-test where p<0.05. 
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Figure 5.25: Total Cholesterol and Lipid Profile – Females Western Diet. Plasma 

from male ApoE-/- mice had the following assessed: a) total cholesterol, b) triglycerides, 

c) HDL and d) LDL concentrations. Data shown as mean ± SEM where n=4-5 mice, with 

each symbol representing a single mouse. Significance was assessed by an unpaired 

parametric T-test where p<0.05. 
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5.3.15 Atherosclerotic Plaque Burden in Aortic Sinus  

Atherosclerotic plaque was quantified using Oil Red O staining in the aortic sinus after 

4 weeks of social isolation or social housing in ApoE-/- mice fed the Western diet, to 

determine whether some of the increased risk of heart disease seen could be attributed to 

increased atherosclerotic burden. There were no differences in atherosclerotic plaque 

area throughout the aortic sinus (Figure 5.26a). The mean plaque area in the aortic sinus 

was similar between housing groups (Figure 5.26b). Representative images of 

atherosclerotic plaques showed larger areas of plaque in SI mice compared to SH mice 

(Figure 5.27).  
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Figure 5.26: Atherosclerotic Plaque in Aortic Sinus. Atherosclerotic plaque area was 

quantified from the aortic root through the aortic sinus with the following shown a) mean 

atherosclerotic plaque area ± SEM across serial 40μm sections from the start of the aortic 

valves (0μm) through the aortic root. Significance was assessed using a one-way 

ANOVA. b) mean whole atherosclerotic plaque area between 80μm and 560μm from the 

sinus. Data shown as mean ± SEM, where each symbol represents a single mouse where 

n=7-8 mice per housing group. Significance was assessed by an unpaired parametric T-

test where p<0.05. 
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Figure 5.27: Representative Images of Atherosclerotic Plaque in Aortic Sinus. 

Representative images of Oil Red O staining for the identification of atherosclerotic 

plaque in the aortic sinus (10x) in a) SH and b) SI mice. Scale bars are representative of 

500µm. 
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5.3.16 Atherosclerotic Plaque Stability 

Despite SI and lonely people being found to have increased risk of cardiovascular events, 

there was no difference in atherosclerotic burden176,178,370. Therefore, the stability of the 

plaque was assessed by measuring the % of necrosis and analysing the collagen 

content. The % of necrosis within the aortic sinuses of SI mice was significantly higher 

in comparison to SH mice (Figure 5.28). Representative images of the necrosis within 

the atherosclerotic plaques seen in each of the housing groups are circled (Figure 5.29). 

 

 

 
 

 

 

 

 

Figure 5.28: Necrosis in Atherosclerotic Plaque. The % of atherosclerotic plaque 

within the aortic sinus of each housing group is shown. Data is shown as the mean ± 

SEM where n=7-9 mice per housing group, and each symbol is representative of a single 

mouse. Significance was assessed using an unpaired parametric T-test where * p<0.05. 
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Figure 5.29: Representative Images of Necrosis in Atherosclerotic Plaque. 

Representative images of necrosis, circled areas, within the atherosclerotic plaque in the 

aortic sinus stained by Oil Red O at (10x) in a) SH and b) SI mice. Scale bars are 

representative of 500µm. 
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Another one of the main determinants of atherosclerotic plaque stability, is the quantity 

of collagen present within the plaque382. There was a similar intensity of the Pico-Sirius 

Red stain in the atherosclerotic plaque within the aortic sinus between the two housing 

groups (Figure 5.30). Representative images of the collagen within the atherosclerotic 

plaques seen in each of the housing groups show no differences in collagen content 

(Figure 5.31). 

 

 

 

 

 

 

Figure 5.30: Collagen Content in Atherosclerotic Plaque. The intensity of the Pico-

Sirius Red stain for collagen was measured using Image J. Data is shown as mean ± SEM 

where n=2-4 mice per housing group, and each symbol is representative of a single 

mouse.  

  

SH SI
0

60

120

180

240

Collagen

A
U



Chapter 5: Social Isolation and Atherosclerosis 
 

 233 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.31: Representative Collagen  Images Within Atherosclerotic Plaque. 

Representative images of Pico-Sirius Red staining (4x) for the identification of 

atherosclerotic plaque at 440-480µm into the aortic sinus in a) SH and b) SI mice. Scale 

bars are representative of 250µm. 
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5.3.17 Heart Weight 

After 4 weeks of social isolation or social housing hearts were weighed as an indication 

of whether fibrosis of the heart tissue might be occurring. There was a trend towards SI 

hearts accounting for a higher % overall body weight compared to SH hearts (Figure 

5.32).  

 

 

 

 

 

 

Figure 5.32: Heart Weight. After 4 weeks of social isolation or social housing, hearts 

from ApoE-/- mice were weighed and the % of overall body weight was calculated. Data 

is shown as the mean ± SEM where n=4-5 mice per housing group, and each symbol is 

representative of a single mouse. Significance was assessed using an unpaired parametric 

T-test where p<0.05. 
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5.3.18 Resident Peritoneal Macrophages – Western Diet 

F4/80+ macrophages were quantified in the PLF of the ApoE-/- mice fed the Western diet. 

LPMs showed a trend towards accounting for a larger % of all the cells found in the PLF 

compared to SH mice (Figure 5.33a). There were no significant differences in CD11b 

mean fluorescence intensity (MFI) (Figure 5.33b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.33: Peritoneal CD11b+ F4/80+ Macrophages. In the PLF the following was 

assessed: a) % of CD11b+ F4/80+ peritoneal cells and b) CD11b MFI. Representative 

histogram is shown for MFI. Bars are representative of the mean ± SEM per housing 

group where n=4-5 mice per group, and symbols represent a single mouse. Significance 

was assessed using an unpaired parametric T-test where p<0.05.  
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5.3.19 Confirmation of Microarray Genes – ApoE-/- Mice 

The microarray genes were confirmed at a gene level in whole blood using RT-PCR to 

ensure they were true biomarkers of social isolation, and to confirm that they were strain 

independent. Cd55, cd52, xaf1 and bach2 showed a trend towards being upregulated in 

SI mice compared to SH mice (Figure 5.34). 
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Figure 5.34: Confirmation of Microarray Genes in Whole Blood - ApoE-/- Mice. 

mRNA levels were assessed via RT-PCR for genes that were identified in the whole 

blood as being potentially associated with social isolation. Fold increase was calculated 

for the following genes: a) cd52, b) cd55, c) xaf1 and d) bach2. Data are representative 

of the average fold change of the gene expression normalised to GAPDH in each housing 

group, where n=3-5 mice per group. Significance was assessed using an unpaired T test 

where p<0.05. 
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5.4  Discussion 

This chapter aimed to better understand whether social isolation contributes to the 

development of atherosclerotic plaque, and the potential mechanisms that might play a 

role in the pathogenesis of this disease. It was shown that deletion of the ApoE gene 

during social isolation influences weight, nutritional intake and biochemical markers of 

inflammation. The Western diet reversed the effects of social isolation on weight and 

nutritional intake. This study showed that social isolation does not affect atherosclerotic 

burden but increases necrosis within the atherosclerotic plaque. It was confirmed that 

there is a trend towards increased gene expression of the microarray genes bach2, cd52, 

xaf1, cd55. 

Initially, to elucidate the effect of ApoE deletion on nutritional intake and weight gain 

during social isolation, SI ApoE-/- mice were compared to SI WT mice both fed standard 

diet. Deletion of ApoE led to increased weight gain and increased food and water intake 

across the study, in a manner independent of the sex of the mice. Older ApoE-/- mice than 

the ones used in this study have been reported in the literature as exhibiting increased 

food intake compared to C57BL/6 mice after 12 months of age383. This suggests that the 

effects of social isolation on nutritional intake and weight gain can be exacerbated by 

ApoE deletion.   

As ApoE is an apolipoprotein, and is able to bind cholesterol and is involved in the 

transport of it around the blood for eventual clearance, it is not surprising that when the 

ApoE gene is knocked out, that SI ApoE-/- mice have higher total cholesterol than SI WT 

mice373. Normal cholesterol concentrations in ApoE-/- mice fed standard chow are thought 

to be around 22.2 mmol/l, which is higher than the ~13.18 mmol/l seen in the mice used 

in this study, but this could be due to the relatively young age of the mice used, 3 months, 
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as hypercholesteremia becomes more pronounced with age375. Deletion of the ApoE gene 

did not affect plasma glucose concentrations in SI male mice compared to SI male WT 

mice, whilst SI female ApoE-/- mice had lower plasma glucose concentrations compared 

to SI female WT mice. The literature indicates that male ApoE-/- mice at 3 months of age 

fed standard chow for 7 weeks have higher fasting plasma glucose concentrations 

compared to C57BL/6 controls. Interestingly, the fasting plasma glucose concentrations 

of the C57BL/6 mice used in their study are markedly lower than the plasma glucose 

concentrations seen in the SI C57BL/6 mice used for comparison to SI male ApoE-/- 

mice384. Since the mice used to compare the effect of the ApoE gene on plasma glucose 

concentration were not fasted, this might account for the absence of a difference between 

the SI strains used in this study. 

In a similar manner to experiments investigating weight gain and nutritional intake in 

CD-1 mice, SI ApoE-/- mice on standard chow were found to have a trend towards 

increased food intake, whilst not gaining as much weight compared to SH ApoE-/- male 

mice. Interestingly, this effect is ablated on the Western diet. As mentioned previously, 

the increased food intake without weight gain on standard chow is most likely accounted 

for by the fact that mice get up to 65% of their warmth by huddling, and by being singly 

housed this source of warmth is not available to SI mice, meaning they have to expend 

more energy to keep warm (Figure 5.35)251. It is possible that since the Western Diet is 

highly calorific, that it provides enough energy to maintain body temperature without the 

need for increased food intake. This hypothesis was confirmed since when calorie intake 

was assessed, a similar number of calories were consumed regardless of diet in SI mice, 

but not in SH mice who had increased calorie consumption on the Western diet, 

suggesting that SH mice might have leptin resistance. This suggests it is the number of 
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calories consumed not their nutritional value that determines weight gain a finding that 

has also been shown in humans during weight loss385. 

Leptin concentration in plasma was higher in SI ApoE-/- mice on standard chow compared 

to those SH ApoE-/- mice, but was lower in SI ApoE-/- mice on the Western diet suggesting 

that the effects of social isolation on leptin can be blunted by Western diet. Similar to 

what was seen with regards to leptin concentration in SI ApoE-/- mice, social isolation 

has been associated in men, but not women with increased serum leptin concentration, 

with the effect being exacerbated by depressive symptoms386. Despite VAT accounting 

for a similar % of body weight in both housing groups the characteristics of VAT were 

markedly different between the groups, whereby SI mice had higher numbers of smaller 

adipocytes present. Both mice and humans eating the Western diet often become leptin 

resistant, meaning that despite high concentrations of leptin, increased food intake and 

thus increased weight gain are not inhibited387,388. There is evidence to suggest that the 

mRNA of leptin receptor long form (Lepr-b) becomes downregulated whilst inhibitors 

of Lepr-b such as suppressor of cytokine signaling-3 (SOCS3), are upregulated in the 

adipocytes, leading to constitutive storage of triglycerides and thus increased 

hypertrophy of adipocytes in WAT389. Thus, it is possible since leptin levels were 

significantly lower in SI mice and adipocyte size was significantly smaller, that SI mice 

have increased Lepr-b and thus exhibit, to some degree, protection against leptin 

resistance, which would also explain why SI mice on Western diet no longer consume 

more food as seen in SI mice on standard chow. 

In order to assess inflammation at baseline plasma cytokine concentrations and 

biochemical markers of inflammation were measured. Since plasma cytokines were 

consistently too low to measure accurately, this suggests that basal inflammation is very 
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low. In female mice fed standard chow, plasma AST concentration was significantly 

lower in SI mice compared to SH ApoE-/- mice, whilst in males the plasma AST 

concentration was similar between the housing groups, suggesting a sex difference. In 

fact, differences in AST concentrations have been reported between male and female 

C57BL/6J mice, the background strain of the ApoE-/- mice used in this study, with 

females tending to have higher AST and ALT concentrations in serum than male390.  

Deletion of the ApoE gene did not exacerbate plasma AST concentration in either male 

or female SI mice, nor plasma ALT concentrations in male SI mice compared to age-

matched SI WT mice390. Similarly to the results seen in male ApoE-/- mice in this study, 

social isolation for a period of 13 weeks has been shown to have no effect on either AST 

or ALT plasma concentrations in male C57BL/6J mice391. Interestingly, when SI ApoE-

/- mice were compared to SI WT mice fed standard chow plasma creatinine 

concentrations were significantly lower in the ApoE-/- mice, regardless of sex. A small-

scale study comparing WT and ApoE-/- mice in standard housing, found that the deletion 

of the ApoE gene did not affect serum creatinine concentrations392. This suggests that the 

difference in plasma creatinine concentration seen is the result of the social isolation as 

opposed to deletion of the ApoE gene. In female ApoE-/- mice fed standard chow, there 

was no difference in plasma creatinine concentrations between SI and SH mice. This 

finding is in concordance with the absence of a difference in creatinine levels in SI and 

socially integrated heart failure patients, who were involved in the “Waiting for a new 

heart study”393. 

On standard chow, it was demonstrated that SI male ApoE-/- mice had increased plasma 

concentrations of total cholesterol. In contrast social isolation and the Western diet did 

not alter total cholesterol levels or lipid profile in plasma. There are only a few studies 

investigating the effect of social isolation as opposed to loneliness in humans or animal 
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models, but the majority of existing data suggests that there is no link between social 

isolation and total cholesterol levels394–397.  However, one study in ApoE-/- mice found 

that there was an increase in plasma lipids during 20 weeks of social isolation398. One 

possible reason for the similar total cholesterol concentrations between the housing 

groups upon the Western diet, could be the result of the male SI mice having a similar 

food intake to SH mice, as opposed to SI mice having a higher food intake on standard 

chow compared to SH mice. Plasma glucose concentration in both males and females 

under the aforementioned conditions were similar between both housing groups, both 

with and without the Western diet. Similar findings were seen in social isolation in rats399. 

However, higher levels of social inclusion in humans has been shown to be associated 

with lower predicted blood glucose and LDL, whilst having no effect on HDL 

concentrations264.  

Lipaemia refers to turbidity that occurs in samples due to high levels of lipoprotein 

particles and consumption of high fat diets, such as the Western diet, can cause it to 

occur400–402. The presence of lipaemia is well-known to interfere with assay reliability, 

particularly for those assays that rely on photometric techniques, including the Beckman 

Coulter AU680 Chemistry Analyzer and ELISA, which was used for total cholesterol 

and lipid profiling of plasma and for the determination of plasma glucose levels400,403–406. 

Lipaemic samples have high levels of lipoprotein particles that absorb light, with the 

amount of light being inversely proportional to the wavelength. Since the plasma samples 

from those mice fed the Western diet were highly lipemic, the results of the 

aforementioned tests should be interpreted with caution. It is for this reason plasma LDL 

and glucose levels are not shown as the samples were above the cut-off level of lipaemia 

for being reliable405,406. Plasma cytokines were not measured, as their concentration 

would be measured by ELISA, a photometric technique, and it was likely that there 
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would be interference by the lipaemic status of the samples rendering any results gained 

unreliable404. In order, to avoid lipaemic samples, mice would have to undergo fasting 

prior to sacrifice, which arguably could be seen as a source of stress and thus a potential 

confounding factor270,407. 

Quantification of the atherosclerotic plaque did not reveal any differences in 

atherosclerotic plaque burden in the sinuses from SI mice compared to SH mice. A small 

scale study carried out in ApoE-/- mice subjected to social isolation for 20 weeks, found 

increased atherosclerotic plaque burden within the intima artery but not in the thoracic 

artery398. This suggests that the effect of social isolation on atherosclerotic burden might 

be area dependent, which is one possible reason why no differences were seen in 

atherosclerotic burden. Similarly increased atherosclerotic burden was demonstrated in 

female cynomolgus monkeys and in Watanabe heritable hyperlipidemic rabbits408,409. 

The difference in the effect of social isolation on atherosclerotic plaque is most likely 

attributed to the length of social isolation, which for the studies done in this chapter were 

4 weeks compared to the 20 weeks of social isolation used in the majority of the 

aforementioned studies. 

Since there were no significant differences in atherosclerotic burden within the aortic 

sinus, plaque stability was assessed, as both loneliness and social isolation are associated 

with increased risk of MI and stroke, which is often caused by rupture of the 

atherosclerotic plaque178,370. It was demonstrated that social isolation increased the % of 

necrosis within the atherosclerotic plaque, which potentially suggests that social isolation 

could increase the risk of atherosclerotic plaque rupture by increasing the size of the 

necrotic core410,411. Interestingly, necrosis occurs as a result of insufficient ability of 

macrophages to  undergo phagocytosis of apoptotic cells, with this inability to effectively 
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clear apoptotic cells being potentially linked to oxidative stress412. The accumulation of 

apoptotic cells within the atherosclerotic plaque is associated with changes in 

inflammatory indices, with it being reported to cause an increase in IFN-g production 

from the atherosclerotic plaque and the spleen, as well as a decrease in IL-10 production 

from the spleen, resulting in enhanced necrosis and promotion of the development of 

atherosclerosis413. Given that bach2 and xaf1, genes involved in the promotion of 

apoptosis, were significantly upregulated in the whole blood of SI mice it is not 

inconceivable that SI mice might have enhanced apoptosis, which would in turn lead to 

greater necrosis. It is worth noting that bach2 has been found to be elevated in PAD so 

there is potential for it to be involved in atherosclerosis308. Higher BMI and thus weight 

are associated with increased risk of plaque rupture, yet it is the SI mice who weigh less 

who that have heightened levels of necrosis, a key risk factor for rupture of the plaque414. 

As necrosis is extremely pro-inflammatory, it suggests that it is a heightened immune 

response, rather than metabolic changes, that drive the documented increased risk of 

acute coronary artery events including MI370,379. 

Plaque instability is characterised by low collagen content and large necrotic cores379,415. 

ApoE-/- mice fed the Western diet form fibrous caps and significant necrotic cores within 

their atherosclerotic plaques at 18-20 weeks of continuous on the Western diet, or greater 

than 10 months on standard chow378. Therefore, the absence of high levels of collagen 

deposition in the mice used in this study is not surprising, as they were fed the Western 

diet for 1 month at 6 months of age. To this end, the absence of a fibrous cap meant 

collagen deposition could not be calculated as a % of the area of the atherosclerotic 

plaque within the sinus, but was tentatively determined instead by the intensity of the red 

of the Pico-Sirius Red stain within the plaque area. Due to the small number of aortic 

sinus samples available to stain with Pico-Sirius Red, it is impossible to get a clear 
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indication of any differences in collagen present, but the data thus far suggests there is 

very little if any difference in collagen within the plaques of SI ApoE-/- mice416. Similarly, 

it is important to note that the difference in % of necrosis between the groups whilst 

significant is relatively small, 1.6%, but has the potential to become more pronounced 

over time and to have more translational value. The atherosclerotic plaques seen in ApoE-

/- mice do not tend to rupture without intervention, thus it is not clear what % of the 

plaque would have to be necrotic in this model to cause the plaque to rupture. In humans, 

the necrotic core accounts for about 15-23% of the plaque in 75% of ruptured 

atherosclerotic plaques, which is a much higher % than the averages seen in this 

study379,417. 

Studies have shown that cardiac hypertrophy is seen in ApoE-/- mice as they age and is 

exacerbated by the Western diet. The main causes of cardiac hypertrophy in these mice 

are arterial stiffness and hypertension418. The heart to body weight ratio is commonly 

used to assess cardiac hypertrophy in mice419. In this study, preliminary results show that 

SI mice have a slightly higher heart to body weight ratio, suggesting that they might have 

increased cardiac hypertrophy. As loneliness in humans has been shown to increase both 

blood pressure and risk of CVD, it is perhaps surprising that preliminary data suggest 

that there are no significant differences between SI ApoE-/- and SH ApoE-/- mice, as both 

of these factors lead to exacerbated cardiac hypertrophy178,371. 

Similarly to what was demonstrated in CD-1 mice subjected to E.coli induced sepsis, SI 

ApoE-/- mice had a trend towards a higher % of CD11b+ F4/80+ cells, LPMs, in the 

peritoneal cavity compared to SH ApoE-/- mice. LPMs have been shown to be heavily 

involved in clearing apoptotic cells and tissue repair, which is interesting since a lot of 

the upregulated differentially expressed genes in SI mice in the microarray also promote 
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apoptosis, suggesting SI mice might be able to promote apoptosis as opposed to 

necrosis420. Peritoneal macrophages from mice fed high fat diet have been shown to have 

enhanced phagocytosis, suggesting that having higher numbers of LPMs might be 

beneficial in inducing low grade inflammation, which is key for the development of 

atherosclerotic plaque416. 

In order to confirm the validity of the genes (cd52, cd55, xaf1 and bach2) identified as 

being upregulated in CD-1 mice by both microarray and RT-PCR in ApoE-/- mice, these 

genes were tested in whole blood from ApoE-/- mice fed the Western diet to elucidate 

whether the results were strain and diet dependent. There was a trend towards 

upregulation of cd52, cd55, xaf1 and bach2 gene expression in SI mice compared to SH 

mice. Possible reasons for the absence of significant changes in the gene expression of 

cd52, cd55, xaf1 and bach2 in whole blood, such as those seen in CD-1 mice, could 

possibly be due either to the strain of mice or the change in diet from standard chow in 

CD-1 mice to Western diet in ApoE-/- mice. In order, to address whether the change in 

diet could attribute for the variability of the data, the genes of interest would have to be 

tested in ApoE-/- mice fed standard chow.  

In summary, comparison of SI WT mice to SI ApoE-/- mice revealed that ApoE-/- mice 

gained more weight over the study, as a result of increased food intake and higher total 

cholesterol, accompanied by a decrease in creatinine concentration in plasma. It was 

demonstrated that on standard chow SI mice have increased food intake despite not 

gaining as much weight, an effect that can be overcome by the calorific Western diet. 

Additionally, it was shown that VAT had increased numbers of smaller sized adipocytes. 

Taken together, these results are indicative of increased energy expenditure, probably as 

a requirement for keeping warm. Furthermore, atherosclerotic plaque size was found to 
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be similar between housing groups, as was total cholesterol and lipid profile. SI mice had 

a higher % of necrosis in their atherosclerotic plaques, suggesting that they would be 

more prone to rupture. However, it was shown that SI mice had a trend towards increased 

LPMs. All the genes tested from the microarray showed a trend towards being 

upregulated in SI mice compared to SH mice suggesting, a unique transcriptional 

fingerprint in the whole blood during social isolation. In conclusion, since both housing 

groups have similar atherosclerotic burden with a higher % of necrosis seen in SI 

atherosclerotic plaques, this highlights the importance of the role of the immune system 

in atherosclerotic disease development. 
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Figure 5.35: Role of Huddling in Thermogenesis. Mice that huddle together such as 

SH mice have a lower surface:volume ratio, and thus have reduced heat loss. This means 

SH mice do not have to increase their calorie intake in order to maintain their body 

temperature. In contrast, SI mice that cannot huddle together for warmth have a higher 

surface:volume ratio, and thus have increased heat loss. As SI mice lose more heat to 

their surroundings, they have to increase their calorie intake in order to maintain their 

body temperature. 
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Chapter 6  
General Discussion 

6.1  General Discussion 

Social isolation and loneliness are becoming increasingly prevalent, with it being 

estimated that around 5% of adults in England ‘often’ or ‘always’ feel lonely, according 

to the Jo Cox Commission on Loneliness160. However, this figure is probably highly 

underestimated since there is a stigma surrounding admitting feeling lonely421. This 

increase in the prevalence of loneliness has important implications to the economy, as 

loneliness is estimated to cost the UK £2.5 billion per year160. Since social isolation is 

thought to be as dangerous as smoking 15 cigarettes per day, it is unsurprising that both 

loneliness and social isolation are risk factors for premature mortality and a number of 

inflammatory diseases, including atherosclerosis147,152,166,177,370. Therefore, there is a 

need to better understand the molecular mechanisms which confer such an increased risk 

of premature mortality. 

It is important to note that the use of experimental animal models, including mice, to 

model social isolation is a very simplified but useful tool. It allows elucidation of the 

molecular and transcriptional changes caused by social isolation, and the subsequent 

impact on the physiology of the organism in the model. Humans are inherently complex 

both in terms of their behavior and personality. For example, some people enjoy solace 

as opposed to company, which might affect the impact of social isolation on the body. It 

is known, as mentioned previously that poor social connections result in increased 

prevalence of risk behaviours, such as increased alcohol consumption, sedentary lifestyle 

and smoking, as well as poor medical adherence. All of which contribute to some extent 

to the increased risk of chronic inflammatory disease, and thus premature mortality seen 
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in this population of people120. These changes in behavior are not easily modelled in 

mice. It is not clear how much of an effect and thus how important such effects are in 

this increased risk, as there is disparity in the literature about whether or not social 

isolation and loneliness are independent risk factors for disease, or whether changes in 

health behaviours are responsible178,370,422. Additionally, the studies carried out are over 

relatively short time frames, 2-4 weeks, compared to those seen in humans who might 

face social isolation over periods of years, with this being particularly relevant for those 

suffering from debilitating diseases such as RA423. However, it is important to note that 

as mice only live 2 years, a period of 2-4 weeks of social isolation is thought to be the 

equivalent of ~1.6-3.1 human years, thus our models are the equivalent of a relatively 

long period of social isolation, such as that seen in humans who have chronic debilitating 

diseases such as RA, or mental illnesses such as depression148,424,425. 

There is some uncertainty amongst the scientific community as to whether mice have 

personalities. Humans have complex personalities, which affect how they act and the 

choices they make every day426. This is an important aspect to consider as some 

individuals are more introverted, like to be alone more, whilst others are more extroverted 

and like to be surrounded by people427. At a basic level the behavioural traits exploration, 

activity and boldness have been demonstrated to differ between different mice and 

remain consistent over time within the same mouse428. Recently, it has been 

demonstrated in mice that there appears to be four different identity domains, with each 

domain being akin to different ‘personalities’, that were found to be stable over time 

regardless of the social environment. Personalities were determined by the frequency of 

the following behaviours in their everyday life:  1. approach other mice, 2.  be approached 

by other mice, 3. chase other mice, 4. escape from other mice, 5. contact duration, 6. time 

alone outside, 7. time outside, 8. mean speed, 9. food and water habits, 10. distance , 11. 
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location preference, 12. predictability and 13. entry into the elevated area. The identity 

domains were shown to result in transcriptomic variance within the brain429. There are 

considered to be two main characteristics of personality traits seen in humans. Personality 

traits refer to a continuous gradient of individual differences seen in humans, and these 

characteristics remain relatively stable over time426. Therefore, it could be argued that 

mice display some degree of personality, not too dissimilar to that seen in humans.  

Additionally, sociability was a factor that was found to differ between the four identity 

domains demonstrated in mice, and this was on a spectrum similar to what is seen in 

humans427. 

In humans, feeling lonely or having poor social connections can induce a complex set of 

behavioural changes, including engagement in risky behaviours, such as increased 

alcohol consumption and poor dietary choices, which often lead to anxiety and 

depression, all of which have been associated with increased risk of metabolic 

dysfunctions120. The combination of behavioural changes that occur as a result of social 

isolation are not easily modelled in mice, but the effect of consumption of high fat food 

compared to a normal diet during social isolation, is modelled by use of the Western diet 

and standard chow respectively. This simple change of diet allows for the effects of social 

isolation and diet, on nutritional intake and immunology of the mice to be elucidated. In 

fact, it might be the combination of behavioural changes that are not easily modelled in 

mice, which might partially account for the absence of any difference in atherosclerotic 

burden between the two housing groups. The period of social isolation used in this study 

was relatively short and since atherosclerosis is a chronic disease that progresses over 

time, it is possible that longer periods of social isolation might show a more profound 

effect in atherosclerotic burden. Necrosis is an immune driven process that occurs as a 

result of insufficient ability of macrophages to undergo phagocytosis of apoptotic cells, 
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suggesting that changes in the immune system as a result of social isolation might play 

more a role in atherosclerosis development379.  

As social isolation and loneliness can cause depressive and anxiogenic behaviours in 

humans, it is important to understand whether such behavioural changes can be seen in 

mice during social isolation, and thus test the validity of this model430–433. There is some 

degree of discrepancy with regards to whether social isolation induces depressive and 

anxiogenic behaviours in mice post-weaning (Table 8). However, the majority of studies 

suggest that social isolation in mice results in increased depressive and anxiogenic 

behaviours, which is in agreement with what is characterised in lonely and SI people430–

436. It is possible that the use of different behavioural tests for anxiety or depression can 

render different results, as can be seen in the study carried out by Võikar et al (2004), 

where they demonstrated decreased anxiety on the elevated plus maze, but increased 

anxiety in both the dark light test and novelty-induced feeding suppression test436. Both 

the age of the mice and the duration of social isolation differ throughout the studies, 

making it harder to get a clear picture of whether social isolation is modelled accurately 

in mice. 

It is also important to note that the majority of the studies in Table 8 were carried out 

using the C57BL/6J strain, meaning there is a possibility of a strain effect, although when 

DBA/2 and C57BL/6J were compared in the same study, no differences in the main 

behavioural findings were seen between strains436. Furthermore, only 2x studies 

addressed the effect of social isolation on behaviour in female mice435,437.  There is some 

debate surrounding whether the stage a female mouse is in within the oestrous cycle, can 

influence the results of behavioural tests. In CD-1 mice, no effect of the oestrous cycle 

was found on the open field test, and this was also true in C57BL/6J females438,439. 
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However, female BALB/c mice were found to have differing results in the open field, 

startle reflex and tail suspension test, depending on the stage of the oestrous cycle. These 

remained consistent in C57BL/6J females irrespective of the stage of the oestrous cycle 

439. Therefore, it is likely the effect of the oestrous cycle is strain dependent and it is 

unclear whether social isolation itself causes any true behavioural effects. 

Social hierarchy is an aspect that is not considered in this thesis. yet it is present in most 

animal societies and refers to an organisational scheme that is in place to determine 

access to resources, whereby group members are either considered to be dominant or to 

be subordinate440. Mice housed with other mice are known to exhibit social hierarchy. 

Socially dominant mice are more likely to win conflicts, exhibit agonistic behaviours, 

have first access to food, mark their territory with urine and have a prominent role in the 

grooming of other mice within the social hierarchy441.  

It is likely that social hierarchy would occur in the SH mice used throughout this thesis, 

although it is important to note that all SH mice were weaned together to minimise 

fighting and its associated social stress. Whilst it is impossible to know whether social 

hierarchy is influencing food intake of each mouse in SH cages, as food is measured for 

the whole cage rather than on an individual mouse basis, it is likely that those individuals 

who are more dominant would exhibit increased food intake. However, weight change 

throughout the studies consistently shows a distribution that might suggest dominance 

ranking, whereby the SH mice that gain the most weight have access to food first and eat 

more, whilst those who are lower ranked gain less weight due to later access to food later 

meaning they probably eat less441. 

One way to test such a hypothesis would be to carry out social hierarchy testing of the 

SH mice by use of either the test tube test or the food competition test440,442. Briefly, the 
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test tube test involves two mice entering a narrow tube at opposite ends and meeting in 

the middle. The mouse that retreats out of the tube is considered to be a subordinate, and 

the mouse that remains in the tube is considered to be the dominate mouse440. The food 

competition test is where mice are fasted for 12 hours and two mice are given a highly 

appetitive piece of food e.g. a vanilla cookie, and the mouse that wins the food is 

considered to be the dominant out of the two mice442. For both tests, the procedure is then 

repeated so that each mouse competes against the other mice in the cage, with increased 

wins correlating with increased social rank440,442. These tests would help to establish the 

individual ranks of the mice and these could be compared to weight gain to determine 

whether social hierarchy influences this factor. 

It has also been demonstrated that social hierarchy can affect how well the immune 

system responds to infection. Plasma corticosterone levels were found to be lowest in 

lower ranked mice and to increase as dominance increases, with the highest levels seen 

in the most dominant members who are probably subjected to enhanced social stress 

mice442. In healthy mice there were no differences in the immune secretion of IL-10, IL-

4, IFN-!	and	IL-2	from	the	splenocytes	of	both	dominant	and	subordinate	mice443. 

However, social hierarchy has been shown to affect how the immune system responds to 

infection, whereby 21 days after a challenge with purified tuberculin, IFN-! and IL-10 

production from spleen cells was higher in higher ranked mice compared to lower ranked 

mice. In contrast, cytokine production after LPS stimulation was unaffected by social 

rank, as was bacterial growth442. This suggests that whilst there is some variation in the 

concentrations of cytokines in PLF and plasma in SH mice challenged with LPS, it is 

mostly not accounted for by differences in social rank. However, there is an almost linear 

distribution of individual mice with regards to weight loss, CFU/ml of bacteria in blood 

and PLF and plasma cytokine concentrations that occurs in SH mice during E.coli 
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induced sepsis. This could indicate an effect of social hierarchy. Since dominant mice 

have been shown to be more resistant to tumoral, parasitic and viral challenges compared 

to lower ranked mice within the social hierarchy, it would be expected that those mice 

with the lowest bacterial counts and weight loss after the E.coli challenge would be the 

dominant mice, whilst those with greater weight loss and bacterial counts would have 

lower ranks within the social hierarchy 444–446.  A similar distribution in individual mouse 

values for weight loss occurs in poly(I:C) septic SH mice to that seen in SH mice with 

E.coli induced sepsis, thus suggesting social rank might have a role in disease severity. 

Interestingly, the percentage of neutrophils and macrophages does not appear to be 

affected by social hierarchy as the individual values for each mouse forms a cluster with 

the rest of the SH group. Again, to have a better understanding of how social hierarchy 

affects the immune system in the SH mice used in this thesis, the test tube test or the food 

competition test would need to be carried out to determine the social rank of each 

individual mouse440,442. 

Sexual dimorphism has been documented with regards to the immune response327,447. Yet 

it is estimated that less that 10% of immunological studies included female mice 448. 

Similarly, despite evidence showing that women have double the risk of being diagnosed 

with anxiety or depression than men, less than 45% of animal studies used females when 

investigating these diseases, and this is particularly important in preclinical drug trails 

since 8 of the prescription drugs withdrawn by the food and drug administration during 

the period of 1997-2000, where found to have greater adverse effects in woman than 

men449–453. Traditionally, the main reason female mice are not commonly used is because 

of a concern that the oestrous cycle would affect the variability of results451. However, 

there is evidence to show that a range of biomedical parameters including pain, behaviour 

(strain-dependent) and food intake have demonstrated a similar level of variability in 
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results carried out in female mice across the oestrous cycle, to those seen in male mice 

438,439,454–456. For the majority of studies, where possible, experiments have been carried 

out in both males and females to try to account for any differences caused as a result of 

sexual dimorphism in the immune response. With regards to atherosclerosis, female 

ApoE-/- mice spontaneously have smaller atherosclerotic lesions compared to males, and 

that is also true on atherogenic diets457,458. The evidence for such differences in lesion 

size are thought to be accounted for by oestrogen playing an atheroprotective role in 

female mice457–459. Since the mice could only be placed in social isolation and on the 

Western diet for a 4-week period due to restrictions on the Home Office Project License, 

the decision was made to only use male mice. Therefore, the findings with regards to no 

difference in lesion size, most likely would only hold true in the male population, 

particularly as premenopausal female humans, like mice, are thought to benefit from 

protection against CVD460–462. 

A key finding was that in a similar manner to loneliness which induces a unique 

transcriptional fingerprint expression known as the CTRA in whole blood, it was 

demonstrated for the first time that just 2 weeks of social isolation was enough to generate 

a unique transcriptional fingerprint in the blood, with 36 genes being differentially 

expressed325. Additionally, in genome wide analysis studies, loci have been identified 

both for loneliness and social interaction, suggesting that our findings are likely to 

translate over into humans196. This unique transcriptional fingerprint, once validated in 

humans, has the potential to act as a biomarker for social isolation, and could potentially 

identify those individuals who are at increased risk of chronic inflammatory diseases as 

a result of social isolation but due to stigma, do not want to admit they feel this way. For 

example, in the Loneliness experiment, when the word ‘loneliness’ was not used, 30% 

of respondents moved from the ‘never’ feeling lonely to the ‘sometimes’ feeling lonely 
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category, suggesting a reluctance to admit feeling lonely. This reluctance to admit to 

loneliness was most prevalent in women rather than men, and decreased with increasing 

age463. If such individuals can be identified, preventative measures including 

pharmaceuticals could be used as well, as social interventions to potentially attenuate the 

increased risk of chronic disease seen in this population. 

Interestingly, just 2 weeks of social isolation was found to profoundly alter the immune 

system, suggesting that even short periods of time might lead to clinically relevant 

changes in the immune response to infection. It was demonstrated at a molecular level 

that peritoneal macrophages have altered TLR signaling, that is primed for bacterial 

infections at the expense of viral infections. This was then confirmed using the viral 

mimic, poly (I:C), to induce viral sepsis and LPS and live E.coli to induce bacterial 

sepsis. Social isolation enhanced bacterial clearance in the live E.coli model of sepsis, 

and the mice were less sick than those mice in social housing. Both housing groups 

responded to poly (I:C) induced sepsis with a similar response. The social ecology theory 

of the immune system, states that this favoritism towards clearance of bacterial infections 

at the expense of a viral infection is probably an evolutionary response. Those people 

who are more socially integrated are more likely to get a viral infection than a bacterial 

infection, as they are most commonly spread from person to person, whilst the opposite 

is true of a person who is alone464. Lonely individuals also have a change in gene 

expression, including upregulation of IL-1β and IL-6 and downregulation of type I 

interferon genes, resulting in a gene expression profile that favours an immune response 

tailored to bacterial infections, as opposed to viral response175. Similarly, emerging 

evidence suggests that lonely people report more severe symptoms when challenged with 

rhinovirus, and lonely individuals have higher titers of Epstein-Barr virus 
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antibodies188,465. This shows that the models used in this thesis translate reasonably well 

into humans. 

As described previously, sepsis has a proinflammatory and an anti-inflammatory 

phase466. The main issue with the E.coli model of sepsis is that it is carried out only over 

a 6-hour period and thus is only a model of  the proinflammatory stage of sepsis467. 

However, during the anti-inflammatory phase, viruses such as herpes simplex are 

reactivated, and social isolation no longer confers a benefit44. Thus, it is possible that in 

the anti-inflammatory stage of sepsis, SI may have an equal or higher mortality rate than 

those individuals with larger social network sizes153,325. Our research would suggest that 

in the anti-inflammatory stage, equal mortality would occur, as social isolation did not 

appear to be beneficial after a poly (I:C) challenge. 

The LPS model, as well as other TLR mimic models such as poly(I:C), are simple and 

very reproducible models, but are acute in nature. The main disadvantage of the LPS and 

poly (I:C) models as discussed in Chapter 3, is that they are both TLR mimics thus they 

cannot test the functional effects of the immune system e.g. phagocytosis, which in 

contrast is the main advantage of the E.coli model of sepsis (Figure 3.2). Aside from this 

the hemodynamic response differs compared to that seen in humans, and is considered 

to be highly dose dependent468,469.  

Another aspect that should be considered, particularly with regards to the bacterial 

models of sepsis, is that only one type of bacteria, E.coli, was injected to induce sepsis. 

In the clinical setting, whilst one type of bacteria might predominate, often multiple types 

of bacteria will lead to the induction of sepsis, thus our model of sepsis is perhaps a 

simplified one, but confers the benefit of no requirement for surgery470. The gold standard 

model of murine bacterial sepsis is known as the CLP model, and it addresses the need 



Chapter 6: General Discussion 

 259 

for microbial diversity to be modelled without the need for high bacterial loads at one 

time. Sepsis in humans is normally the result of a septic focal point that over time, 

gradually builds up to a high bacterial load468. In brief, the CLP model is carried out by 

ligating the cecum directly below the ileocecal valve, which causes proinflammatory 

necrotic tissue to form. A needle is then used to perforate the cecum, allowing faecal 

material to leak into the peritoneal cavity and thus sepsis is induced471. Aside from the 

previously mentioned advantages conferred by the CLP model, it more closely models 

human sepsis progression in terms of hemodynamic and metabolic phases, as well as 

having both the hyper- and hypoinflammatory phases. Additionally, it has the advantage 

of a prolonged and lower cytokine release, which better mimics the human response and 

this is contrast to the high and rapid increase in cytokines seen in the LPS and poly (I:C) 

models468. Therefore, for the aforementioned reasons, the CLP model would have been 

ideally used as it mimics the human response to bacterial sepsis more closely. However, 

the CLP model is not perfect, as sepsis severity is dependent on the percentage of cecum 

that is ligated and thus the amount of necrosis that is induced468,471. 

Social isolation was shown to induce changes in the microbiota after just 2 weeks, and 

these differences in the phyla of bacteria seen between SI and SH mice give an indication 

of the potential changes that occur as a result of social isolation. However, for these 

findings to be more translationally viable, longer-term studies would need to be carried 

out to establish whether changes in the microbiota are long-lived, or if further changes 

occur over time. It is not clear how other behavioural factors that can occur as a result of 

social isolation, such as poor diet and sedentary lifestyle would influence the changes 

seen during social isolation, but most likely they would exacerbate the dysbiosis seen 

and contribute to making it even more proinflammatory472–475. To further complicate 

matters a lot of the diseases including diabetes and hypertension that are more common 
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in SI people, and even some of their treatments such as statins, are known to influence 

microbiota476–478.  

Whilst changes in the abundance of microbiota phyla is demonstrated in SI mice 

compared to SH mice and is useful for partially understanding the mechanisms 

underlying increased risk of chronic diseases, it is important to note that the changes in 

the abundance of certain phyla, and their potential associations with disease are based 

primarily on correlative studies, as opposed to single bacteria transfer studies into 

GFM93. Thus, it is not clear how the individual phylum shifts in the microbiota seen in 

SI mice would influence their risk of developing diseases, such as depression and RA. 

However, it would probably be more translationally relevant to measure small molecule 

production. For example, in SI mice compared to SH mice, a lower % of the firmicute 

phyla is seen in the faecal boli which is thought to be correlated with depression, thus it 

would be interesting to measure the small molecules butyrate, propionate and acetate as 

they have been implicated in depressive symptoms90,288,479–481. 

An issue with the atherosclerosis studies in particular, is that the mice were only SI for 4 

weeks which is the equivalent of ~1.6-3.1 human years424. However, atherosclerosis 

builds up over decades so to truly understand the translational value of the findings much 

longer periods of social isolation would be needed, ideally with different time point 

studies being carried out to establish whether social isolation can accelerate the 

progression of the disease and the overall disease burden in the long-term482. Whilst SI 

mice appear to have increased necrosis in their atherosclerotic plaques a major flaw of 

all murine models of atherosclerosis is that atherosclerotic plaque rupture does not 

spontaneously occur, thus it is difficult to know whether differences in necrosis might 

lead to the higher incidence of cardiovascular events seen in the human population417.  
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Despite the ApoE-/- model of atherosclerosis being a very commonly used model, it has 

some limitations that need to be considered483. Whilst mutations in ApoE are seen in 

humans, causing them to have hypercholesteremia, they are incredibly rare and even 

when present, the levels of plasma cholesterol (~300mg/DL - standard diet and 

~1000mg/DL – Western diet) are not as high as that seen in the ApoE-/- mouse (400-

500mg/DL)483,484. High levels of plasma cholesterol in people without FH are	

≥240mg/DL,	 which	 is	 considerably	 lower	 than	 the	 plasma	 cholesterol	

concentrations	seen	 in	 the	ApoE-/- mouse485. Another aspect to consider, is that the 

majority of plasma cholesterol in ApoE-/- mice is carried by VLDL and chylomicrons 

particles, whereas it is mainly transported by LDL in humans483. Despite the differences 

in plasma cholesterol between the ApoE-/- mouse model and the majority of humans, this 

model is favoured as the lesion distribution is considered to be very similar to that of 

humans, where atherosclerotic plaques predominantly occur in the aortic root, carotid 

artery and aortic branches483. Thus, it is likely that the no difference in atherosclerotic 

plaque would also hold true in humans. 

In conclusion, social isolation profoundly alters the physiology of mice to one that 

suggests enhanced thermogenesis is taking place. It was demonstrated that social 

isolation induced a unique transcriptional fingerprint in whole blood, that has the 

potential, given further validation, to be used as a marker of social isolation. The immune 

system is altered during social isolation to one that is primed towards bacterial infections, 

which was demonstrated by enhanced bacterial clearance during E.coli induced sepsis, 

whilst social isolation was neither beneficial or detrimental during viral infections. Social 

isolation did not appear to exacerbate atherosclerotic burden but did increase necrosis, 

suggesting that the plaques might be more prone to rupture. On the Western diet, it 

appears that social isolation might be protective against leptin resistance. This thesis has 
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demonstrated for the first time that even short periods of social isolation can have 

profound transcriptional, physiological and immunological effects upon the body. This 

has implications clinically, as if those people who meet the diagnostic criteria for social 

isolation can be identified sooner, preventative treatments can be put in place to 

potentially stop the development or exacerbation of chronic inflammatory diseases.
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Table 8: Summary of Behavioural Phenotypes in SI Mice. 

Study Strain 
(Sex) 

Age 
(Weeks) 

Period of Social 
Isolation 
(Weeks) 

Behavioural  
Tests 

Results 

Social Isolation Stress 
Induces Anxious-

Depressive-Like Behavior 
and Alterations of 

Neuroplasticity-Related 
Genes in Adult Male 

Mice434. 

C57BL/6J 
(Male) 

 

9 5 Open field 
test and tail 
suspension 

test 

Higher locomotor activity and decreased time 
spent in open field. Reduced distance on open 
arms and higher immobility time in the tail 
suspension test. 
 

Increased anxiety and depression 

Effect of post-
weaning isolation on 

anxiety- and depressive-like 
behaviors of C57BL/6J 

mice437. 
ox 

C57BL/6J 
(Male and 
Female) 

3 5 Open field 
test and 

forced swim 
test 

In both sexes, decreased time spent in open field 
and less distance travelled in the open field test. 
Females had decreased immobile time in the 
forced swim test whilst no difference in males.  

 
Increased anxiety in both sexes and 

decreased depression in females 
HINT1 is involved in the 
behavioral abnormalities 

induced by social isolation 
rearing486. 

C57BL/6J 
(Male) 

3 4 Open field 
test, forced 

swim test and 
elevated plus 

maze 

No difference in locomotion on the open field 
test. Increased immobility on the forced swim 
test. No difference in duration spent or number 
of entries on the open arms. 

 
Increased depression and no difference in 

anxiety 
The lonely mouse: 

Verification of a separation-
induced model of 

C57BL/6J 
(Female) 

8 16 Light/dark 
box, forced 

swim test, tail 
suspension 

Fewer transitions in the light/dark box. Increased 
immobility in the forced swim test. Increased 
bouts of immobility in the tail suspension test. 
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depression in female 
mice435. 

test, acoustic 
startle test 

Lower startle response in the acoustic startle 
response test. 
 

Increased depression and anxiety 
Long‐term individual 

housing in C57BL/6J and 
DBA/2 mice: assessment of 
behavioral consequences436. 

C57BL/6J 
(Male) 
DBA/2 
(Male) 

4 7 Elevated plus 
maze, 

light/dark 
box, Y-maze, 

novelty-
induced 
feeding 

suppression 
test and the 
forced swim 

test 

Note: results given are seen in both strains. 
 
Entered open arms faster, had higher % of open 
arm entries, longer time in open arms and 
reduced latency to start grooming in the elevated 
plus maze. Higher spontaneous locomotor 
activity. Increased latency to enter central area, 
reduced number of central entries and increased 
faecal boli numbers in the light/dark box. 
Reduced habituation, longer latency to start 
grooming and shorter grooming period in the Y-
maze. Number of approaches and latency to start 
eating in the novelty-induced feeding 
suppression test. Lower % immobility in the 
forced swim test. 
 
Unclear anxiety (reduced=elevated plus maze 
but increased = light/dark box and novelty-

induced feeding suppression test) and 
decreased depression 
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6.2 Future Perspectives 
An aspect that remains unanswered is whether the unique transcriptional fingerprint 

demonstrated in SI murine whole blood could be used as a biomarker of social isolation 

in humans. Initially, studies would need to be carried out to confirm the genes of interest 

at a protein level, using techniques such as Western blotting and flow cytometry. 

Confirmation of the genes found for social isolation would require a cohort of healthy 

people matching the diagnostic criteria for social isolation. Finding such a cohort might 

be difficult, since most of the people who would fit that criteria are likely to be elderly 

and suffer from chronic diseases which often require the use of anti-inflammatory drugs. 

Most of the genes found to be upregulated in whole blood during social isolation are 

associated with inflammation and apoptosis, which increase with age, which would be a 

confounding factor487.  

In order to confirm that SI mice can maintain their body temperature by increased calorie 

consumption to provide energy for increased thermogenesis, it would be pertinent to 

determine temperature using a more accurate and sensitive method to avoid small but 

potentially significant changes in temperature being missed. Ideally, the core temperature 

of the mouse would be assessed via the use of radiotelemetry probes to allow monitoring 

of the temperature of the mice over a prolonged period, and to minimise intervariablity 

between readings. However, the implantation of radiotelemetry probes requires the mice 

to undergo major surgery which in itself will cause stress on the mouse, and thus would 

be a confounding factor in the study488. Additionally, the thermal properties such as the 

level of insulation could be assessed for the artificial nest and bedding using thermal 

imaging to assess whether an increase in temperature can reverse the phenotype induced 

by social isolation362. In humans, changes in temperature as a result of social isolation 

could easily be reversed by increasing temperature by use of central heating or wrapping 
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up warm, thus it is not clear what, if any, effect temperature changes might have on the 

physiology of humans. Nonetheless it would be interesting to compare body temperature 

of SI people to those who have larger social networks to try and answer this question. 

Social exclusion has been shown to lower skin temperature, so it would be expected that 

social isolation would have a similar effect489. However, changes in temperature might 

not be seen as increased calorie intake as a result of increased food intake in SI mice 

might provide them with enough energy to maintain body temperature. Ideally, 

metabolism would be monitored in metabolic cages but the need to singly house mice 

makes it difficult to fairly compare SH mice with SI mice490. Additionally, there is 

evidence that metabolic cages can induce stress, which would be a confounding 

factor331,332,490. 

Another area that requires further investigation is whether or not social isolation is 

protective against leptin resistance in ApoE-/- mice on the Western diet, as SI mice had 

lower plasma leptin concentrations compared to SH mice. One possible way to assess 

this hypothesis would be to give both SH and SI ApoE-/- mice fed the Western diet, daily 

i.p. injections of leptin after the 4-week period for a further week to see whether 

suppression of food intake and weight gain in either of the two housing groups occurs. If 

SH mice do in fact have leptin resistance, their food intake would remain largely 

unchanged. Leptin mainly acts on the arcuate nucleus (ARC) in the hypothalamus to 

reduce energy uptake by suppressing the release of neuropeptide Y (NPY) and agouti-

related peptide (AgRP), appetite stimulating hormones. Therefore, mRNA levels of NPY 

and AgRP should be assessed in the ARC, as a further way of determining whether leptin 

resistance is present491. SOCS3 is known to inhibit leptin signalling and it has been shown 

that mRNA of SOCS3 in the ARC is upregulated during leptin resistance492. This 
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suggests that SOCS3 should also be investigated in the ARC as a further indication of 

whether leptin resistance is present in SH mice. 

There is increasing evidence to suggest that anxiety levels increase the progression of 

atherosclerosis, thus it would be particularly pertinent to carry out behavioural testing of 

the ApoE-/- mice in both housing groups particularly as there is a debate surrounding 

whether or not ApoE-/- mice have increased anxiety493. Some studies have found that 

ApoE-/- mice have increased anxiety as measured by increased time on the open arms of 

the elevated plus maze, whilst other studies have reported the opposite494,495. 

Additionally, one study has found that  ApoE-/- mice have an increased startle response 

indicating increased anxiety494. Despite, the debate surrounding whether or not the ApoE-

/- mice might suffer from increased anxiety, this model was used as opposed to the LDLR-

/-, another leading atherosclerosis model, because there is more literature exploring the 

behavioral phenotype of ApoE-/- mice, as it is also being investigated as a model for 

Alzheimer’s disease496. It should be noted that LDLR-/- mice have been shown by use of 

sucrose preference test, splash test, and tail suspension test to exhibit depressive like 

behaviour compared to WT mice, and depression is also known to be a risk factor for 

heart disease497–499. The known literature for both models is summarised in Table 9. 

Therefore, ideally both the previous models of atherosclerosis would be tested to see 

which model has the least behavioural abnormalities that might confound the effect of 

social isolation on the development of atherosclerosis. 

One of the main questions that remains unanswered is whether longer periods of social 

isolation would exacerbate atherosclerotic plaque. Ideally, the ApoE-/- mice would be 

placed in social isolation for at least 20 weeks whilst being fed the Western diet, as there 

is evidence to suggest that mice that are singly housed for 20 weeks have exacerbated 
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atherosclerosis in the innominate artery but not in the thoracic artery398.  After 20 weeks 

ApoE-/- mice fed the Western diet are known to have fully developed atherosclerosis in 

the ascending aorta, thus studies lasting 20 weeks would be ideal to elucidate the effect 

of longer periods of social isolation378.  It would also be pertinent to do a time point study 

to assess whether social isolation induces atherosclerosis at an earlier time point. 

A possibility that has not been fully explored is whether social isolation affects plaque 

stability as opposed to atherosclerotic burden, which could account for the increased risk 

of MI as a result of social isolation and loneliness. Longer-term studies would be needed 

to elucidate any changes in plaque stability, as this would allow much larger 

atherosclerotic plaques to form. Assessment of plaque stability could be investigated 

initially by using Pico-Sirius red staining for collagen in a larger number of samples, and 

if changes were identified, MMP levels would also have to be assessed415. As changes 

were seen in necrosis, it would also be worth using the TUNEL stain for apoptosis on the 

atherosclerotic plaque as apoptosis, particularly of vascular smooth muscle cells is 

known to affect plaque vulnerability500,501. It would be also worth assessing galectin-3 

by immunohistochemistry of the aortic sinuses in order to determine the macrophage 

content within the atherosclerotic plaque502. Since recent evidence suggests that 

neutrophil infiltration and release of histone H4 from their NETs promotes lytic cell 

death, and is positively correlated with atherosclerotic plaque vulnerability, it would be 

interesting to determine this by immunohistochemistry for Ly6G+, neutrophil marker, 

and histone H4503. 

One area not explored within the studies carried out is the effect of social isolation on 

adaptive immunity. In fact, within this field this area has largely remained unexplored. 

Social isolation in a murine model of breast cancer was found to result in a decrease in 
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the number of CD8+ T cells in the spleen and activated T cells504. Similarly, early life 

social isolation has been shown to decrease the ratio of helper to suppressor T cells in 

rhesus monkeys505. However, in a small study in humans subjected to solitary 

confinement, no differences in either T cell type, number or proliferation were 

detected506. As T cells interact with macrophages to allow recognition of oXLDL during 

atherosclerosis associated with social isolation, it would be interesting to explore how 

social isolation alters the adaptive immune system13.
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Table 9: Summary of Behavioural Phenotype in ApoE-/- and LDLR-/- Mice. 

 

Study Strain Age 
(months) 

Diet Behavioural Test Results 

‘apoE Isoforms and Measures 

of Anxiety in Probable AD 

Patients and Apoe−/− Mice’494 

ApoE-/- 
 

6-8 Standard  Acoustic startle 

response and the 

elevated plus 

maze 

Higher acoustic startle response; decreased 

time spent in open arms, reduced distance on 

open arms and decreased time spent going over 

edge of open arms. 

 

Increased anxiety 
‘Differences in Anxiety-Related 

Behavior between 

Apolipoprotein E-deficient 

C57BL/6 and Wild Type 

C57BL/6 Mice’495 

ApoE-/- 
 

2-3 Standard  Elevated Plus 

Maze 

Decreased anxiety on elevated plus maze – 

increased time in open arms with females 

visited open arms more often. 

 
Decreased anxiety 

‘Is there an association between 

hypercholesterolemia and 

depression? Behavioural 

evidence from the LDLr(-/-) 

mouse experimental model’497 

LDLR-/- 3 

 

Standard  Sucrose 

preference test, 

splash test and tail 

suspension test 

 

Lower sucrose preference; decreased grooming 

time in splash test and increased immobility in 

the tail suspension test. 

 

Increased depression 
‘Increased locomotor activity in 

mice lacking the low-density 

lipoprotein receptor’507 

LDLR-/- 3 Standard 

and high 

fat  

Open field test, 

light/dark test and 

elevated plus 

maze 

No difference in any of the tests or diet. 

 

No anxiety phenotype 
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