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Abstract 

During development, there are windows in which the brain is particularly susceptible to the 
impact of challenges – these include the pre-natal, early post-natal, and peri-pubertal 
periods. As such, adverse childhood experiences (ACEs), such as stress exposure, confer 
greatly increased risk of developing anxiety and depression in adult life. Previous work has 
found evidence for dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis, 
alterations in brain structure, and elevated inflammation markers in adults exposed to 
adverse and traumatic experiences during childhood. Recently, chronic, low-level 
inflammation has also been associated with depression and anxiety risk, making stress and 
inflammation potentially cumulative risk factors for the development of psychiatric illness. 

A rat model of an early life stress paradigm combined with an adolescent immune challenge 
was designed to evaluate the contributions of these insults to brain development and future 
behaviour. The early life stress model chosen was the limited bedding and nesting material 
(LBN) paradigm: a naturalistic model of maternal deprivation previously validated to produce 
aberrations in maternal behaviour, and anxiety-like traits as well as HPA axis dysregulation in 
the offspring. Assessment of maternal behaviour during the LBN period revealed disruption 
to maternal behaviour, including evidence for fragmentation of maternal care, which has 
been strongly linked to poor outcomes in offspring. Offspring exposed to LBN or control 
conditions during postnatal days 2-10 were then given an immune challenge via 
administration of a low-dose of the endotoxin lipopolysaccharide (LPS) or vehicle control 
injections over five consecutive days during puberty onset. Weight data, and plasma 
interleukin-6 and corticosterone concentrations from blood samples taken on the first and 
last days of this inflammatory challenge revealed evidence of a mild inflammatory response. 

In order to study the influence of these early adverse experiences on long-term behavioural 
outcomes representative of depression and anxiety, rats were subjected to a battery of 
behavioural tests once they reached adulthood (>8 weeks). The results revealed a moderate 
impact of early life stress on anxiety-like behaviour, although the direction of this effect 
varied across two experimental cohorts. Gene expression was determined in brain regions-of-
interest using quantitative polymerase chain reaction (qPCR). This revealed reduced 
expression of the mineralocorticoid receptor in the hippocampus, and of the glucocorticoid 
receptor in the amygdala of male LBN condition animals. In addition, both male and female 
LPS condition animals showed reduced glucocorticoid receptor expression in the 
hypothalamus, with an interacting effect of stress condition in the males. LPS treatment also 
significantly reduced Iba1 expression – a marker of microglial abundance – in hippocampus 
and hypothalamus samples from the adult rat brain. These results demonstrate a long-lasting 
impact of both elements of the ‘double-hit’ animal model on markers of stress responsivity 
and on the neuro-immune system. We do see some evidence for an interaction between the 
two challenges on the expression of the glucocorticoid receptor, but otherwise the two ‘hits’ 
chiefly appear to impact outcomes separately. 
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In order to study the impact of the double-hit model on brain structure, post-mortem 
structural magnetic resonance imaging (MRI) scans were conducted in the male rats. 
Volumetric analysis using a semi-automated protocol for cortical and subcortical parcellation 
of MRI scans revealed stress-induced reductions in global metrics of brain volume, as well as 
changes in the volumes of the subiculum (a sub-region of the hippocampus) and the 
neocortex. A significant interaction between the two challenges on the volume of the 
superior colliculus – a region involved in threat perception – was observed. These MRI 
findings indicate effects of early life stress on gross brain development, as well as some 
regionally-specific effects on brain volumes which may underlie functional outcomes of both 
early life stress and an adolescent immune challenge. 

In order to provide a translational context for the outcomes of this novel animal model, 
analysis of a large cohort neuroimaging study examining the neurostructural sequelae of 
childhood trauma in two independent, UK-based adult populations was undertaken. There 
was strong evidence for associations between reports of childhood trauma and the incidence 
of depression and other psychiatric symptomology in adulthood. Volumes of the whole brain, 
grey matter, and white matter were found to be lower in adults reporting traumatic 
childhood events. This indicates a long-lasting effect of childhood adversity on brain 
structure. In addition, reduced volumes of hippocampal and thalamic structures were 
negatively associated with self-reported severity of childhood trauma. These data are 
consistent with the finding of lower global volume in the brains of rats exposed to early life 
stress.  

The data presented indicate exposure to early life stress induces alterations in stress-related 
behaviour, central gene expression, and brain structure in animals. Additionally, long-lasting 
changes in the resident immune cells of the brain after a mild systemic inflammatory event in 
adolescence are demonstrated. There is limited evidence for cross-talk between the two hits 
in this model, although there is evidence of a combined influence on the volume of the 
superior colliculus in post-mortem MRI data. Data derived from human neuroimaging cohorts 
provides a translational link to the animal models, with evidence of global brain volume 
reductions in both humans and experimental animals. 
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Lay Summary 

Negative and stressful experiences during childhood have been found to increase a person’s 
risk of developing depression and anxiety as an adult. These experiences are surprisingly 
common, with approximately 50% of people reporting some kind of childhood adverse event. 
Adverse childhood experiences can include things such as parental loss, witnessing domestic 
violence, and parental alcoholism. The more severe end of these experiences includes abuse 
and neglect during childhood, and the worst outcomes happen to people who experience 
multiple forms of adversity. Depression and anxiety are common mental health problems 
which have major effects on a person’s quality of life, their ability to work, and their physical 
health.  

Inflammation is the body’s response to illness, infection, or injury. Usually inflammation is 
helpful and lets us heal, but sometimes it is unwanted and can have negative effects. 
Depression is related to many different environmental factors, and links have been found 
between chronic inflammation and depression. In addition, the type of stress caused by 
adverse childhood experiences can interact with the inflammatory system, and vice versa. So 
both childhood stress and chronic inflammation can increase a person’s risk of developing 
depression and anxiety as an adult. Understanding the connection between these two factors 
could, therefore, be helpful in improving interventions to treat mood disorders. 

We developed a rat model of early life stress, combined with a small-scale inflammatory 
challenge during puberty, in order to study how they interact as a ‘double-hit’, and how they 
affect outcomes relevant to depression and anxiety. First, we had to characterise the 
immediate impact of each challenge. The early life stressor we used was the limited bedding 
model; rats like to build warm, secure nests for their babies, and in this stress model we 
deprive them of the material they need to do this. We studied the mothers’ behaviour under 
these conditions, and found that while they spend more time with their babies, their 
behaviour is more erratic and the quality of their care is worsened. This has been shown to 
cause stress in the babies. When the babies reached puberty, we then gave them five 
consecutive daily injections of an inactive bacterial protein which causes an inflammatory 
response. This made the rats mildly unwell, and the illness also caused them stress which we 
checked by measuring the levels of a stress hormone called corticosterone in blood samples. 
Being confident that both the early life stress and the pubertal inflammatory challenge had 
the effects we were expecting, we then allowed the rats to reach adulthood before taking 
any other measurements. 

The adult rats were tested on several tasks designed to reveal anxiety- or depression-relevant 
behavioural traits. While we did not see any evidence for depression-like behaviour, we did 
find that the early life stress model affected the anxiety-like behaviour of male, but not 
female rats. We did not, however, see any additional effects of the inflammatory challenge 
on this behaviour. We collected tissue from the rats’ brains to analyse what changes occurred 
at a cellular level. We found that the amounts of several of the receptors which are involved 
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in processing the brain’s response to stress were changed by either the early life stress or the 
inflammatory challenge. However in the rats which had both experiences these stayed at 
normal levels, or matched the levels of the rats who had experienced only the early life 
stress. We also looked at a marker to tell us how many of the brain’s immune cells there 
were (as these cells multiply when they are responding to inflammation), and found that in 
rats who had been given the inflammatory challenge the population of these cells was 
reduced, but there was no additional effect of the early life stress. Overall, this tells us that 
the two ‘hits’ in this double-hit model do not add up to a worse outcome than either of the 
two challenges alone, either in the rats’ behaviour or in their brains.  

In order to look at the structure of the brain more closely, and to compare the double-hit 
model to data we have from brain imaging studies of people who report adverse childhood 
experiences, we performed MRI scans on male rats. We analysed the size of various brain 
regions and found that not only did the early life stress reduce the size of the whole brain, it 
also specifically reduced the size of three specific regions. We were lucky to have access to 
two large, UK-based studies which have conducted MRI scans of large numbers of people and 
have also asked about their experiences during childhood and their mental health as adults. 
These were the Generation Scotland cohort and the UK BioBank cohort. We found that 
people who reported experiences of abuse and neglect during childhood were more likely to 
have experienced mental health problems in their lifetimes. When we looked at their MRI 
scans we also found that the overall size of their brains was smaller, just like in the rats, and 
some specific regions were smaller too. From this, we can conclude that stressful experiences 
during childhood might interrupt brain development in some way, affecting the growth of the 
brain during the crucial early years. This seems to be consistent between rats and humans.  

There was one region in the brains of the rats that was associated with both the early life 
stress and the inflammatory challenge during puberty, and just like some of the proteins we 
examined in the brain tissue, this area was smaller in rats who had experienced one or the 
other of the two challenges, but remained at normal size in the rats who had both. 

Overall, these results suggest that the two challenges we used do not worsen the outcomes 
in the animals; actually on some measures they were improved. This was a little surprising, as 
in humans we usually see that the more bad things happen to you, the worse the outcomes 
become. It might be that the rats just respond differently to these kinds of experiences 
compared to humans, or it might be that the two challenges were both too mild and more 
severe levels would be needed to see an effect in rats. Future experiments could try using a 
stronger inflammatory challenge and a more stressful early life experience, as both were 
relatively mild. We did see that there were some effects on the structure of the brain that 
seemed similar between rats and humans, though, which suggests that with some changes 
this might be a useful model for telling us more about how experiences during childhood and 
adolescence predispose people to mental health problems during their lifetimes.  
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Chapter 1: General Introduction 

1.1 Adverse Childhood Experiences (ACEs) and adult health outcomes 

The phrase ‘adverse childhood experiences’ (ACEs) is a broad term describing events 
occurring in childhood that may be experienced negatively at the time, and which are 
increasingly recognised to confer lasting risk to a range of physical and psychiatric 
health conditions throughout the lifespan. ACEs can encompass experiences as varied 
as parental loss, exposure to neighbourhood violence, experiencing natural disasters, 
witnessing parental violence or substance misuse, being a victim of bullying, and 
personal experiences of abuse or neglect (Choi et al. 2019; Choi et al. 2020), though are 
often limited to those occurring in the household (Felitti et al. 1998). While all these 
examples have been related to increased risk of poor outcomes (Choi et al. 2020), it is 
believed that experiences of abuse and neglect – hereafter termed childhood trauma 
(CT) – can have particularly damaging consequences (Krupnick et al. 2004; Schalinski et 
al. 2016). Childhood trauma encompasses specifically experiences of physical and 
emotional neglect, and physical, emotional, or sexual abuse. 
 
Although the problem of childhood abuse has been recognised for some time (Straus 
and Gelles 1986), with an acknowledgement that experiences of abuse in childhood 
can have lasting effects (Egeland, Sroufe, and Erickson 1983), it is only relatively 
recently that the prevalence and wide-ranging consequences of ACEs has become an 
academic focus. In 1998 Felitti and colleagues published the ACEs Study – the first 
epidemiological analysis of the relationship between ACEs and the leading causes of 
death in adults in the USA (Felitti et al. 1998). This seminal study discovered that ACEs – 
here defined as experiences of abuse and household dysfunction – have dose-
dependent associations with increased risk for a range of somatic diseases such as 
heart disease and cancer, as well as psychiatric illnesses including depression and 
substance misuse, and increased prevalence of risky lifestyle behaviours such as 
smoking, physical inactivity, and risky sexual behaviour (Felitti et al. 1998). In short, the 
number of categories of ACE reported increased the risk of almost all of the leading 
causes of death in a graded fashion (Felitti et al. 1998). Additionally, in the population 
from which this data was drawn (which encompassed over 9,500 participants), over 
half of respondents reported having experienced at least one category of ACE (Felitti et 
al. 1998). This staggeringly high prevalence statistic has been replicated in the UK 
population since (Bellis et al. 2016; Bellis et al. 2013). The ACEs Study made it apparent 
that adverse childhood experiences are common, and represent a considerable risk 
factor for ill health which makes these experiences a major public health concern. 
 
The relationships between ACEs and adult health conditions have been confirmed in 
other populations since (Turner, Thomas, and Brown 2016; Slopen et al. 2014; Bellis et 
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al. 2019; Bellis et al. 2013). The mechanisms linking ACEs to poor physical health 
outcomes are likely to be complex, involving many systems. For instance, ACEs have 
been related to systemic inflammation (Lacey, Pinto Pereira, et al. 2020), raised blood 
pressure (Su et al. 2015), metabolic disturbances including type 2 diabetes (Crowell et 
al. 2016; Thomas, Hyppönen, and Power 2008), and dysregulation of the stress 
response (Heim et al. 2008). These are all risk factors for cardiovascular disease (Kaplan 
and Frishman 2001; Kannel and McGee 1979; Rosmond and Björntorp 2000), and may 
explain part of the relationship between ACEs and cardiovascular health (Felitti et al. 
1998). The ACEs study also found increased risk of ailments such as bone fractures and 
sexually transmitted diseases in individuals reporting one or more ACE (Felitti et al. 
1998), indicating behavioural consequences such as risk-taking and poor adherence to 
health advice. 
 
 

 
Figure 1.1: The various possible pathways from ACEs to adult physical and mental 
health problems. 

 
Aside from their long-term impact on aspects of physical and mental health, ACEs are 
themselves associated with poorer quality of life, both in childhood (Vink et al. 2019) 
and in adulthood (Davies, Read, and Shevlin 2022). The additional raised risks of long-
term mental illness and poorer physical health, therefore, represent further burdens on 
people who are already vulnerable. This makes understanding the links between 
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childhood adversity and physical and mental health problems all the more important. 
The relative recency of the discovery that ACEs impact not only psychiatric but also 
physical health has opened up new avenues of enquiry into possible mechanistic 
pathways involved in the connections between childhood adversity and poor mental 
health, as the influence of somatic conditions on mood are increasingly recognised. 

 
1.1.1 ACEs and psychiatric illness 

Adverse experiences in childhood are associated with increased risk for psychiatric 
illness across the diagnostic spectrum (Merrick et al. 2017; Hughes et al. 2016; 
Zlotnick et al. 2008). This relationship is dose-dependent (Felitti et al. 1998; Nelson et 
al. 2020), and the experience of multiple types of childhood adversity also confers 
greater risk (Edwards et al. 2003; Lewis et al. 2021).  
 
The groups of disorders with which CT is perhaps most closely implicated is the 
personality disorders – a group of axis II disorders characterised by stable and 
maladaptive traits such as erratic emotionality leading to difficulties with 
interpersonal or occupational functionality (American Psychiatric Association 2013). In 
particular, borderline personality disorder (BPD; also known as emotionally unstable 
personality disorder) is related to a history of abuse or neglect during childhood 
(Bierer et al. 2003)(although other risk factors are also involved), with a recent meta-
analysis finding patients with BPD were 13 times more likely to retrospectively report 
ACEs than controls (Porter et al. 2020). Borderline personality disorder is 
characterised by a pervasive pattern of unstable relationships, reactive mood, and 
impulsive or risk-taking behaviour (American Psychiatric Association 2013); it is 
associated with high levels of self-injurious behaviour and suicidality, with high rates 
of completed suicide compared to the healthy population (Temes et al. 2019). ACEs 
are believed to induce structural brain changes in stress- and emotion- regulation 
systems, as well as psychological mechanisms which heighten threat perception, 
emotional dysregulation, and social functioning in ways which contribute to the 
cluster of symptoms central to a BPD diagnosis (Herzog and Schmahl 2018). 
 
ACEs are also strongly related to the incidence of psychotic experiences and 
schizophrenia (Varese et al. 2012), substance misuse disorders (Dube et al. 2003), and 
anxiety disorders including post-traumatic stress disorder (PTSD)(Green et al. 2010). 
In all of these disorders, a level of gene-environment interaction is thought to play a 
role, where genes that predispose an individual to psychiatric illness may interact with 
the effects of ACEs and increase risk for a poor outcome (Aguilera et al. 2009; Bet et 
al. 2009).  
 
Depression is a disorder with evidence for a strong link with childhood adversity 
(Felitti et al. 1998; Danese et al. 2009; Spatz Widom, DuMont, and Czaja 2007). In 
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addition, depressed mood is a common feature of all of the disorders mentioned 
above (American Psychiatric Association 2013), meaning research into links between 
ACEs and depression may have influence over a wider range of diagnoses than major 
depressive disorder itself.  
 

1.1.2 The burden of depression and the impact of ACEs 

Major depressive disorder (MDD) – also known more simply as depression – is a mood 
disorder characterised by low or anxious mood and a loss of interest in activities, as 
well as other symptoms such as poor concentration, low self-worth, feelings of 
hopelessness, sleep and appetite disturbances, and thoughts of dying (American 
Psychiatric Association 2013). During a period of depression a person will experience 
some of these symptoms most days for at least two weeks, and they cause difficulties 
in functioning such as interpersonal or work-related problems (American Psychiatric 
Association 2013). Depression is a common illness, with estimates of lifetime 
prevalence ranging between 6% and 21% of the population worldwide (Kessler and 
Bromet 2013), and is named by the World Health Organisation (WHO) as one of the 
leading causes of global disability (World Health Organization 2021, 2017). In the UK 
alone, it is estimated that depression is responsible for over 550,000 disability-
adjusted life years (Global Burden of Disease Collaborative Network 2021), and costs 
the economy at least £117.9 billion annually (McDaid et al. 2022). As well as the 
societal-level problems caused by depression, it is an illness that severely impairs 
quality of life (Angermeyer et al. 2002), and is frequently comorbid with other 
physical or mental health conditions (Richards and O'Hara 2014) which exacerbate 
this problem. Depression can occur as a single episode, or it can be recurrent, and it 
can affect people at different levels of severity (Burcusa and Iacono 2007; 
Zimmerman et al. 2018). More severe or more frequently recurrent depression is 
harder to treat, and despite the existence of pharmacological and therapeutic 
interventions for the disorder a subgroup of patients do not respond to treatment 
(Thomas et al. 2013).  
 
Analysis of gender differences1 in the prevalence of depression have found that 
women are around 1.7 times more likely to experience depression in their lifetime 
than men (Kessler et al. 1993; Whiteford et al. 2013). This figure is relatively 
consistent across cultures, indicating that it reflects a biological difference rather than 
a purely socioeconomic one; this may be partially attributable to the effects of female 
sex hormones (Albert 2015). There has been considerable research into gender 
differences in the treatment response, as well, and although findings are generally 
mixed there are suggestions that females response better to serotonergic 

                                                           
1 I refer to ‘gender differences’ here because there are many factors influencing the research area that rely on 
societal gender norms, for instance self-report measures. I use ‘female’ in relation to sex hormone research 
because this is a sex-based biological factor of relevance to the incidence of depression. 
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antidepressants than males (Sramek, Murphy, and Cutler 2016) which may indicate, 
again, that there are differences in the biological processes underlying the condition. 
While both men and women report childhood adversity, evidence suggests that 
women report higher levels and a wider, more complex range of ACEs (Bellis et al. 
2016; Winstanley et al. 2020; Haahr-Pedersen et al. 2020). Although men are more 
likely to report physical abuse, women report higher levels of all other kind of 
adversity including sexual abuse (McAnee et al. 2019). The issues of both childhood 
adversity and subsequent psychiatric illness, therefore, may be greater in the female 
population, making this a group of considerable interest to research in this field.  
 
While treatments such as antidepressant medication and psychological therapies can 
be effective in treating MDD, preventative strategies are of considerable interest due 
to the impact the illness has on quality of life (Angermeyer et al. 2002). By identifying 
at-risk groups before they present with low mood, and targeting interventions to 
improve their resilience against depression, the burden of depression could be 
reduced. Interventions targeted at reducing depression onset in childhood and 
adolescence would be of particular benefit, as younger age of onset is associated with 
a more severe and recurrent course of illness (Zisook et al. 2007). ACEs are associated 
with overall risk for depression (Felitti et al. 1998), as well as younger age of onset 
(Spatz Widom, DuMont, and Czaja 2007), more severe symptomology, and more 
chronic course of illness (Wiersma et al. 2009), and therefore effective interventions 
targeted at young people with a history of trauma or adversity would be particularly 
desirable. Improved understanding of the mechanisms by which ACEs confer risk to 
poor psychiatric outcomes is of vital importance to ensure any such interventions are 
maximally effective.  
 
The pathways through which ACEs predispose individuals to depression are likely to 
be multifactorial and complex, and the full picture is difficult to discern; however, 
some possible pathways have been elucidated by previous research. There are 
psychological processes which may contribute to traits such as altered emotion 
regulation (Hopfinger et al. 2016). These can be conceptualised as examples of 
learned maladaptive cognitive and relational strategies, but are beyond the scope of 
this thesis. In addition to the cognitive aspect of stress coping, there is also the issue 
of the physiological stress response, which has found to be exaggerated in individuals 
exposed to abuse in childhood (Heim et al. 2008). This long-lasting dysregulation of 
the stress response results in prolonged or exaggerated responses to subsequent 
stressors, making ACE-exposed individuals more susceptible to psychiatric illness. 
There has also been a considerable degree of interest in the overlap between ACEs 
and chronic inflammation in recent years, as ACE-exposed individuals have been 
found to have elevated levels of white blood cells and inflammatory factors in their 
blood even in adulthood (Lacey, Pinto Pereira, et al. 2020). Inflammation has also 
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been linked to depressive symptomology (Miller and Raison 2016), making this 
another plausible pathway through which childhood adversity may predispose 
individuals to depression in adulthood (Danese and Lewis 2017). Both the 
dysregulation of the stress response and chronic inflammation have been shown to 
impact on the developing brain with long-lasting consequences (Jiang et al. 2018), and 
therefore one way in which the pathways between ACEs and psychiatric risk may be 
investigated is through the analysis of structural brain changes after childhood 
adversity. 
 

1.1.3 ACEs and brain structure 

Relationships between ACEs and changes to regional brain volumes are well 
established, although the literature is inconsistent as regards the exact regions most 
susceptible. Regions known to express particularly high levels of receptors and 
hormones involved in the hypothalamic-pituitary-adrenal (HPA) axis stress response – 
such as the hippocampus and amygdala – are often preferentially investigated 
(Paquola, Bennett, and Lagopoulos 2016; Calem et al. 2017). It is likely that 
inconsistency in the measurement of ACEs (different questionnaires or interviews 
assessing different elements of early life stress) is partly responsible for this 
inconsistency. In addition, there is evidence that different types of trauma may affect 
different  brain structures – for instance emotional versus sexual abuse (Heim et al. 
2013), or bereavement versus interpersonal trauma (Krupnick et al. 2004); and 
different timings of exposure to adversity – e.g. early infancy versus adolescence – 
may also induce different changes in the brain (Andersen et al. 2008). To further 
complicate the picture, there is evidence that individuals retrospectively reporting 
childhood trauma represent a different population from those followed longitudinally 
with known histories of trauma (Baldwin et al. 2019). The factors which may 
contribute to heightened perception of childhood experiences as traumatic include 
memory bias, motivation of the reporter, and mood at the time of questioning 
(Baldwin et al. 2019; Brewin, Andrews, and Gotlib 1993). While it is also probable that 
retrospectively reported trauma may pick up negative experiences which went 
unnoticed at the time due to their milder nature, it is important to bear in mind that 
retrospective report may not represent a truly accurate picture.  
 
ACEs have been related to reduced volumes in the hippocampus and amygdala, as 
well as the nucleus accumbens, anterior cingulate and other regions (Dannlowski et 
al. 2012; Colle et al. 2017; Chaney et al. 2014; Frodl et al. 2010; Janiri et al. 2017; 
Saleh et al. 2017). The hippocampus is involved in learning and memory (Eichenbaum, 
Otto, and Cohen 1992), while the amygdala is implicated in emotionality and fear 
processing (Olucha-Bordonau et al. 2015), making both regions important to higher 
function and relevant to psychiatric symptomology. There are, however, also studies 
which have attempted to identify volumetric changes in the hippocampus and 
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amygdala and have not found evidence for them (Rokita et al. 2020; Saleh et al. 2017; 
Calem et al. 2017). Such inconsistencies in the literature are likely due in part to 
study-to-study variations in the populations assessed, the definition of childhood 
adversity and the questionnaires used to screen for it, and the modes of analysis used 
for structural MRI data. Given the lack of consensus on what brain regions are most 
affected by childhood adversity, however, there is a need for larger studies using 
more consistent methodologies to improve reliability in the field. 
 
In addition to region-specific volume changes, there is also evidence for overall 
reduction in volume of grey matter, white matter, and total brain volume (Green, 
Stolicyn, et al. 2021; Lim et al. 2018), indicative of an effect of adversity on global 
brain development in humans (Tyborowska et al. 2018). Reductions in grey-matter 
volume across the brain are associated with lifetime depression, although the 
question of whether grey matter volume changes represent a causal factor in 
depressive symptoms or a pathological effect of the disorder is as yet unanswered 
(Wise et al. 2017; Ancelin et al. 2019). It is thought that reductions in volume of 
certain regions (or the brain as a whole) may represent stress-induced interruptions 
to neuronal growth or proliferation during development, causing structural changes 
which could underlie functional aberrations related to depressive symptomology 
(Kassem et al. 2013). In measuring regional and global brain volumes in populations 
exposed to childhood adversity, we can therefore hope to uncover evidence of which 
functional domains may be affected in these populations, and target interventions to 
address those domains.  
 

1.2 Early life stress (ELS) 

The effects of stress during development are often conceptualised according to 
windows of enhanced sensitivity to the impact of adversity. These include the prenatal 
(Harris and Seckl 2011), early postnatal, and peripubertal periods (Andersen and 
Teicher 2008; Andersen 2019). The heightened sensitivity of the brain to adverse 
events is due in part to the rapid brain development that occurs during these windows 
(Andersen 2003). Early life stress models aim to study the impact of stressful 
experiences during the early postnatal period. 
 

1.2.1 The biology of the stress response  

The physiological stress response is primarily governed by neuroendocrine signalling 
between the hypothalamus, pituitary gland, and adrenal glands (figure 1.2) – this 
signalling pathway is referred to as the HPA axis.  
 
Upon detection of a stressor, neurons in the medial parvocellular division of the 
paraventricular nucleus (PVN) of the hypothalamus are stimulated to release  
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corticotropin-releasing hormone (CRH) (as well as arginine-vasopressin (AVP), which 
has a synergistic effect with CRH in stimulating ACTH secretion) (Spencer and Deak 
2017). Parvocellular neurons from the PVN project to the median eminence of the 
hypothalamus, where CRH is secreted into the portal veins connecting it to the pituitary 
gland (Sheng et al. 2021) – a small endocrine gland that sits just below the 
hypothalamus. The pituitary response to CRH binding to its receptor (CRH-R1) is the 
secretion of adrenocorticotropic hormone (ACTH) from the anterior pituitary 
corticotrophs into the peripheral circulatory system (Spencer and Deak 2017). ACTH 
receptors (also known as melanocortin-2) in the adrenal glands – endocrine glands 
situated above the kidneys – bind ACTH and stimulate the release of glucocorticoids 
(CORT) from the zona fasciculata of the adrenal cortex into the circulation (Spencer and 
Deak 2017; Sheng et al. 2021)(figure 1.2). In humans, the primary glucocorticoid is 
cortisol, while in rodents it is corticosterone. CORT exerts many physiological effects 
which prime the body to respond to the stressor detected – these include mobilising 
stored energy into the bloodstream as glucose, increasing heart rate, and dilating the 
pupils (Sapolsky, Romero, and Munck 2000; Goldwater 1972). In addition, CORT acts on 
glucocorticoid (GR) and mineralocorticoid (MR) receptors in the brain. Both GR and MR 

 
 
Figure 1.2: The core endocrine features of the HPA axis response to stress. Stress 
signals are detected in the hypothalamus; secretory neurons in the paraventricular 
nucleus of the hypothalamus release corticotropin-releasing hormone (CRH; and 
arginine-vasopressin), which travel through the portal vein to the pituitary where the 
release of adrenocorticotropic hormone (ACTH) is stimulated. ACTH is released into 
the peripheral bloodstream, and stimulates the release of glucocorticoids (CORT; 
cortisol in humans, corticosterone in rodents) from the zona fasciculata of the adrenal 
cortex. As well as exerting the physiological effects of the stress response, CORT acts 
via glucocorticoid and mineralocorticoid receptors in the brain to suppress the release 
of CRH and ACTH, thereby acting as a negative-feedback control over the HPA axis 
response. 
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are involved in negative feedback into the HPA axis – rising levels of CORT are detected 
by receptors in the hippocampus, hypothalamus, and pituitary gland (Spencer and Deak 
2017)(figure 1.2). This stimulates changes to gene transcription which downregulate 
the production of CRH and ACTH (Spencer and Deak 2017). In addition, CORT acts 
directly to downregulate the production of ACTH by inhibiting the cleavage of its 
precursor – proopiomelanocortin (POMC)(Sheng et al. 2021). Together these negative  
feedback processes act to resolve the stress response. 
 
Stressors can be both physiological and psychogenic (figure 1.3)(Kovács, Miklós, and 
Bali 2005). Physiological stressors include deviations from homeostasis in the many  
finely regulated systems of the body, for instance hypoglycaemia or dehydration 
 (Herman 2012). These are controlled reflexively, as homeostatic sensors project to the 
PVN and directly stimulate the HPA axis response when a perturbation is detected 

 
 
Figure 1.3: Schematic demonstrating elements of the stress circuitry in the brain. 
Physiological stressors (in purple) are detected by brainstem sensors which project 
directly to the paraventricular nucleus of the hypothalamus (PVN). Psychogenic 
stressors are processed via limbic structures including the hippocampus (Hipp.), 
amygdala (Amy.), and prefrontal cortex (PFC). These do not project to the PVN directly, 
but via relay regions including the bed nucleus of the stria terminalis (BNST). The BNST 
is one of the major inputs to the PVN.  
Stimulation of the corticotrophs in the PVN via these inputs leads to the release of CRH, 
which stimulates ACTH release from the pituitary gland, which goes on to stimulate 
CORT release from the adrenal glands. 
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(Kovács, Miklós, and Bali 2005). Psychogenic stressors require more complex 
integration of multimodal signals. Broadly speaking, the amygdala and forebrain limbic 
structures are involved in the detection of threatening or psychologically stressful 
situations, for instance a natural disaster, or a bereavement (Kovács, Miklós, and Bali 
2005). The amygdala and limbic system do not directly project to the PVN, but instead 
rely on relay regions (including the bed nucleus of the stria terminalis, and brainstem 
areas) which themselves project to the PVN to stimulate the HPA axis response (figure 
1.3)(Herman 2012).  
 

1.2.2 Dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis 

As evidenced by the negative-feedback function of CORT, the HPA axis is self-
regulating. In reality, however, stressors often co-exist and some may be more 
intense or prolonged than others. Repeated exposure to a homotypic stressor can 
therefore induce habituation, whereby the response of the HPA axis to each incidence 
of the stressor gradually attenuates and the functional reactions (e.g. raised heart 
rate) are resolved (Grissom and Bhatnagar 2009). This process of habituation is reliant 
on the mineralocorticoid receptors, and pharmacological antagonism of these 
prevent habituation of the stress response (Cole et al. 2000). 
 
While habituation reduces the HPA axis response to stressors of the same kind, novel 
stressors are still able to elicit a normal or even exaggerated HPA response, which is 
evidently driven by a switch from CRH to AVP as the primary ACTH secretagogue (Ma 
and Lightman 1998). If stressors are particularly intense, varied (heterotypic), and/or 
unpredictable, habituation cannot occur and the HPA axis response is maintained for 
long periods of time (Grissom and Bhatnagar 2009). During chronic stress of this kind, 
GRs in the hippocampus and prefrontal cortices are downregulated (Chiba et al. 2012; 
Kitraki, Karandrea, and Kittas 1999). Due to their crucial role in limiting the HPA axis 
response through negative feedback, this loss of GRs leads to more extensive and 
prolonged HPA axis activity as the uninhibited system is biased towards 
hypersecretion of CRH and ACTH (Claes 2004). This dysregulation of the HPA axis can 
be long-lasting, predisposing the organism to excessive stress responses throughout 
the lifespan, and playing a role in inducing pathologies such as cardiovascular disease 
and depression (G., F., and L. 2015; Hammen et al. 2009). A chronically stressed 
animal or individual may display ongoing threat hyperreactivity (Gerhard, Meyer, and 
Lee 2021), anxiety (Vyas and Chattarji 2004), immune system perturbations 
(Zefferino, Di Gioia, and Conese 2021), and lasting changes to neuronal structure in 
stress-sensitive brain regions (Kassem et al. 2013) that result in volumetric as well as 
functional changes, such as reduced volume in the hippocampus with accompanying 
impairments to memory (McEwen and Magarinos 1997).  
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1.2.3 Preclinical models of ELS 

Dysregulation of the HPA axis after chronic stress has been demonstrated in humans, 
and has been implicated in poor health outcomes (Maniam, Antoniadis, and Morris 
2014). It has, therefore, become an area of considerable interest for translational 
research. Preclinical models of HPA axis dysfunction aim to expose animals – primarily 
rats and mice – to chronic and unpredictable stress. The characterisation of stress-
sensitive windows of development has allowed for more direct targeting of particular 
life stages, which can be related to the human condition. One such sensitive window 
is the early postnatal period (Ismail et al. 2012), and preclinical models of early life 
stress (ELS) have been developed to model the effects of adverse conditions on child 
development, in analogy to such scenarios as childhood abuse or neglect, exposure to 
poverty, or parental loss.  
 
In rodents, the early postnatal period is defined by low secretion of glucocorticoids at 
the adrenal level, while the brain is highly sensitive to stressors (Schmidt 2019). This is 
referred to as the stress-hyporesponsive period (SHRP), and typically occurs in the 
first two weeks postnatally (Sapolsky and Meaney 1986). Models of early life stress 
generally aim to interrupt this period of low CORT activity (Walker et al. 2017), as the 
hypothalamus and pituitary are still hypersensitive to stress and lasting changes can 
be induced in the HPA axis by interfering with this critical window (Schmidt 2019).  
 

1.2.3.1 Pup handling 

While not in itself a model of ELS, the pup handling paradigm gives insight into the 
critical aspects of maternal care which has informed the interpretations of results 
from other rodent ELS models, and is therefore worthy of mention here. In the pup 
handling paradigm, rat pups during the early postnatal period (~ postnatal day [PND] 
2-14) are briefly removed from dams daily before return to the home cage (Plotsky 
and Meaney 1993; Williams and Russell 1972; Villescas et al. 1977). This has been 
shown to stimulate increased pup licking by dams (Priestnall 1973), lasting beyond 
the immediate period of reunion (Lee and Williams 1974). Animals handled as pups 
show increased exploratory behaviour on the open field test in adulthood compared 
to non-handled controls (Williams and Russell 1972), and reduced levels of 
hypothalamic Crh mRNA after restraint stress (Plotsky and Meaney 1993). These 
results indicate that alterations to maternal care induced by pup handling can 
induce a less anxious phenotype in adulthood with attenuated HPA axis activity, 
which has led to the conclusion that there are long-term consequences of 
manipulations to maternal care in rodents (Raineki, Lucion, and Weinberg 2014). 
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1.2.3.2 Maternal separation 

The maternal separation (MS) paradigm has been used for many decades to induce 
early life stress by separating pups from their dams – either by means of moving one 
or both to a separate cage (e.g. (Plotsky and Meaney 1993)) or by introducing a 
partition between pups and dam in the home cage (e.g. (Villescas et al. 1977)) – for 
a prolonged period of time, generally between 1-24h (Tractenberg et al. 2016). 
 
In one study using 4h daily maternal separation in rats on PNDs 2-20, MS dams 
demonstrated more pup licking and more arched-back nursing (ABN) than control 
litters (Bölükbas, Mundorf, and Freund 2020). ABN and pup licking or grooming play 
a considerable role in determining stress susceptibility of offspring (Jensen Peña and 
Champagne 2013). Despite these seemingly behavioural positive outcomes of the 
MS model, however, ultrasonic vocalisations were recorded in dams, with MS 
condition dams vocalising significantly more on reunion with pups, indicating 
maternal distress (Bölükbas, Mundorf, and Freund 2020). Regarding maternal 
distress, a recent systematic review reports evidence for heightened depressive-like 
behaviour, and to a lesser extent anxiety-like behaviour, in MS condition dams 
across 11 studies in mice and rats exposed to separations longer than 1h (Alves et al. 
2020). The same review reports MS-induced increases in certain maternal 
behaviours – such as pup licking or pup contact time – in 11 out of 19 studies which 
measure maternal behaviour towards pups (Alves et al. 2020).  
 
The MS paradigm also causes acute stress in the pups themselves – in one study 
using 3h daily separations in rats on PNDs 4-21, pups had elevated basal 
corticosterone levels on PND19-20 than control pups, and this persisted after 
weaning (Gareau et al. 2006). Similarly, on PND20 basal corticosterone was elevated 
in rat pups exposed to 3h daily separation on PNDs 4-19 (Gareau et al. 2007). 
Additionally, MS-exposed pups were found to emit higher-frequency ultrasonic 
vocalisations during isolation than control pups, and to vocalise more frequently, 
indicating distress (Kaidbey et al. 2019). Together these data indicate that the MS 
model of ELS induces stress in both the dam and the pups, and that maternal 
behaviour towards the pups may be altered by MS and this may have additional 
consequences for offspring experience (Alves et al. 2020). 
 
The MS model has, however, been criticised for its lack of ethological relevance as it 
does not obviously represent a source of early life stress commonly experienced by 
humans (Murthy and Gould 2018), though some studies link the model to parental 
separation of infants in neonatal intensive care (Kaidbey et al. 2019) or to periods of 
extreme neglect (Heim et al. 2010).  
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1.2.3.3 Limited bedding and nesting  

The limited bedding and nesting (LBN) paradigm aims to induce ELS in a more 
ethologically relevant manner – by manipulating the behaviour of the dam 
consistently over the paradigm period, without the need for daily experimenter 
intervention (Walker et al. 2017). The LBN paradigm involves the removal or 
limitation of the amount of bedding material available to a dam during the early 
postnatal period – typically around PNDs 2-10, although other time scales have been 
studied. In some instances this involves moving litters to a cage with a wire mesh 
floor, and providing them with minimal nesting material (e.g. a single paper tissue 
(Ivy et al. 2008)). In other instances it involves simply limiting the amount of bedding 
material provided – for instance, a thin layer of wood shavings as used in (Rincón-
Cortés and Grace 2022). In denying the dam the materials required to build a 
satisfactory nest, the dam herself becomes stressed (Ivy et al. 2008), and maternal 
care towards pups is altered. Crucially (unless an intermittent LBN model is used as 
in (Roth et al. 2014)), the disruption to maternal behaviour elicited by the LBN 
conditions is continuous while the cage is in its deprived state, whereas in MS 
models it may fluctuate with the separation and reunions of dam and pups (Walker 
et al. 2017).  
 
LBN-exposed dams have markers indicative of prolonged stress including increased 
adrenal gland weight, elevated basal circulating corticosterone levels, and reduced 
expression of Crh mRNA in the PVN of the hypothalamus after one week of exposure 
to limited bedding conditions (Ivy et al. 2008), which could represent negative 
feedback-induced dampening of the HPA axis response. Dams under LBN conditions 
have been found to show depressive-like behaviour on the forced swim test (FST) 
and reduced dopaminergic activity in reward circuits (Rincón-Cortés and Grace 
2022), as well as anxiety-like behaviour on the open field test (Ivy et al. 2008).  
 
In addition to this evidence of maternal distress, maternal behaviour towards the 
pups is altered. Some studies using the LBN paradigm have found evidence for 
reductions in the amount of time spent, for example, licking pups (Ivy et al. 2008), 
nursing pups (Raineki, Moriceau, and Sullivan 2010), or in contact with pups (Ivy et 
al. 2008). There are, however, also studies which find evidence for increased time 
spent engaged in these behaviours (Shupe and Clinton 2021; Gallo et al. 2019; Dalle 
Molle et al. 2012), or no change in them (Molet, Heins, et al. 2016; Braw et al. 
2009). A recent systematic review reveals that 6 out of 11 studies in rats found no 
evidence for altered licking or grooming of pups by LBN dams, with 2 finding it 
increased and 3 decreased, while the majority of studies found nursing was either 
increased or unaffected by LBN conditions, and pup contact time primarily increased 
(Orso et al. 2019). In addition, some studies find evidence of adverse maternal 
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behaviour or ‘abusive-like’ behaviour – such as rough carrying or kicking of pups 
(Roth et al. 2014; Walker et al. 2017).  
 
The literature is clearly inconsistent on the issue of individual elements of maternal 
behaviour, although there is some evidence that some behavioural domains are 
affected. Researchers have, therefore, sought to quantify the disruption to maternal 
behaviour under LBN conditions another way. Soon after the development of the 
model, the Baram lab reported a higher degree of inconsistency in the behaviour of 
dams (Ivy et al. 2008). This has been replicated since, with others describing 
maternal behaviour as more fragmented or having higher entropy (Molet, Heins, et 
al. 2016; Shupe and Clinton 2021; Davis et al. 2017) – quantifying the frequency with 
which dams change their behaviour towards pups (for example switching from 
grooming to nursing pups) and finding this figure to be higher in LBN dams. Similar 
evidence of fragmented care has been presented in mouse LBN models, with higher 
frequencies of nest entries and exits by LBN dams (Rice et al. 2008) – interestingly 
this figure showed a dose-dependent relationship with the amount of cotton nestlet 
bedding given to mice, with less bedding predicting more exits. Uncertainty or 
unpredictability has been related to the induction of stress in humans (Peters, 
McEwen, and Friston 2017), relating to the concept of ‘allostatic load’ – the 
cumulative burden of repeated stress on a system which is programmed to maintain 
homeostasis (Danese and McEwen 2012). This enhances the translational relevance 
of the LBN model, in which fragmented or unpredictable maternal care – as might 
be experienced by a child in a dysfunctional household (Usacheva et al. 2022) – is 
thought to be a primary factor determining the offspring outcome (Molet, Heins, et 
al. 2016).  
 
Measures of acute responses in pups exposed to LBN conditions also support the 
model as inducing ELS. Several studies report elevated basal corticosterone 
concentrations in pups under LBN conditions (Brunson et al. 2005; Raineki, 
Moriceau, and Sullivan 2010; Moussaoui et al. 2016), as well as increased adrenal 
gland weights (Avishai-Eliner et al. 2001). In addition, reduced expression of 
glucocorticoid receptor and CRH in the PVN of the hypothalamus indicate 
corticosterone-induced negative feedback control of the HPA axis (Avishai-Eliner et 
al. 2001). 
 
The LBN model is, therefore, a model which produces aberrant maternal behaviour 
in dams and stress responses in pups constituting an early life stressor. 
 

1.2.4 Long-term outcomes of ELS models 

As well as the acute effects of the MS and LBN models discussed above, ELS models 
have also been found to produce longer-lasting changes in behaviour and various 
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biomarkers including stress responsivity and brain structure which persist into 
adulthood. In studying the effect of ELS on psychiatric outcomes, it is important for 
translatability to consider the long-term impact of the model, as in humans the 
majority of psychiatric disorders present in late adolescence to adulthood (Solmi et al. 
2022). 
 

1.2.4.1 Behavioural outcomes 

As with maternal behaviour in both the MS and LBN models for inducing early life 
stress, there is mixed evidence regarding the behavioural outcomes of offspring 
reared under ELS conditions. The maternal separation model has been shown to 
induce anxiety-like behaviour (Aisa et al. 2007; Daniels et al. 2004; Macrí, Mason, 
and Würbel 2004; Lajud et al. 2012), and depressive-like behaviour (Aisa et al. 2007; 
Lee et al. 2007) in the adult offspring, as long as the separations are off sufficient 
duration (Murthy and Gould 2018). The LBN model has also been shown to produce 
anxiety-like (Dalle Molle et al. 2012; Gallo et al. 2019; Orso et al. 2020), and 
depression-like (Rincón-Cortés and Sullivan 2016) behavioural phenotypes in adult 
offspring. Both models, however, have also been carried out in studies which find no 
effect of rearing condition on offspring behaviour (Brunson et al. 2005; Savignac, 
Dinan, and Cryan 2011), or decreased anxiety- or depression-like behaviour (Eklund 
and Arborelius 2006). Although these models continue to be used as models for 
mood disorders, the tests used to assess behaviours thought to be analogous to 
features of human depression and anxiety do not consistently demonstrate the 
expected effects. This may be due to unreliability of the ELS models themselves, 
when used across a range of species and strains of rodents and with variations in 
experimental design (Murthy and Gould 2018); or it may be due to unreliability in 
the behavioural tests used to assess these features of rodent behaviour. The 
measurement of ‘depression’ and ‘anxiety’ in rodents is a controversial topic, as 
both are complex disorders involving not only biological but also higher-order 
psychological processes which are not wholly replicable in rodent models. Research 
has, therefore, had to focus on examining specific symptomatic features of these 
illnesses rather than the disorder as a whole (Gururajan et al. 2019), and this 
approach does not always lead to accurate representation of the human condition. 
For example, although depression and anxiety are both more common in women 
than men at an epidemiological level (Altemus, Sarvaiya, and Epperson 2014), 
behavioural tests such as the elevated plus maze (EPM) often detect less anxiety-like 
behaviour in female rats (Knight et al. 2021). In addition, the same test can be used 
to assess both anxiogenic behaviour (Walf and Frye 2007) and risk-taking behaviour 
(Tillmann and Wegener 2019), hinting at the inherent difficulty in accurately 
interpreting the phenotype exhibited in these tests. 
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Despite these critiques of the assessment of anxiety- and depression-like behaviours 
in rodent models, the lack of any reliable biomarkers for depression or anxiety in 
humans limits the range of options for measuring similar traits in experimental 
animals. Even in humans, the standard diagnosis of a mood or anxiety disorder is 
achieved through assessing responses to a series of questionnaires or diagnostic 
interviews which, at their heart, are attempts to formalise patterns of human 
behaviour into characteristic symptom clusters for different disorders. Despite their 
flaws, therefore, behavioural tests of anxiety- and depression-like behaviours in 
animal models are still accepted outcome measures in studies that attempt to 
model psychiatric disorders. 
 
As well as the anxiety- and depression-related behaviours assessed in animal 
models, there is evidence for psychosis-like phenotypes after ELS. Pre-pulse 
inhibition (PPI) is a phenomenon whereby the presentation of a low intensity 
stimulus prior to a higher intensity stimulus is able to reduce the strength of the 
startle response to the latter, and this is found to be impaired in schizophrenic 
patients (Mena et al. 2016). Reduced PPI has also been observed in animal MS 
models (Garner et al. 2007). Given that childhood adversity is a risk factor the 
development of psychosis and schizophrenia (Bentall et al. 2014), evidence for a 
schizophrenic-like behavioural trait in animals models supports the possibility of a 
causal link. 
 
In addition to behaviours analogous to features of psychiatric illness, ELS models 
have also been shown to produce anomalies in reproductive behaviour (Davis et al. 
2020), cognition and memory (Aisa et al. 2007; Ivy et al. 2010; Rice et al. 2008), 
social behaviour (Raineki et al. 2012), and even performance on motor tasks 
(Lippmann et al. 2007). Therefore, although the precise patterns of behavioural 
disruption in adult offspring exposed to ELS models are inconsistent in the literature, 
the overall evidence points to lasting functional effects of exposure to the LBN and 
MS models. 
  

1.2.4.2 The HPA axis response 

As well as inducing long-term behavioural changes in rodents, the LBN and MS 
models have also been shown to result in long-term changes to the function of the 
HPA axis, although again there is considerable variability in the effects reported. In 
MS-exposed animals, some studies report that basal corticosterone and ACTH levels 
are generally resolved to control levels in adulthood (Macrí, Mason, and Würbel 
2004; Biggio et al. 2014; Lippmann et al. 2007; Lajud et al. 2012), although others 
find elevated basal CORT and ACTH levels (Daniels et al. 2004). Following an acute 
stressor (e.g. inescapable restraint or swimming stress) there is evidence for larger 
amplitudes of both CORT and ACTH responses (Aisa et al. 2007), and for longer 
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duration of these responses in MS-exposed animals compared with controls 
(Lippmann et al. 2007). Conversely, blunted responses to a stressor have also been 
reported after MS (Daniels et al. 2004; Slotten et al. 2006), as have CORT responses 
equivalent to responses in control animals (Biggio et al. 2014; Plotsky and Meaney 
1993; Lajud et al. 2012). Increased Crh mRNA expression in the PVN, and decreased 
glucocorticoid receptor density in the hippocampus have been reported in adult rats 
exposed to MS postnatally (Aisa et al. 2007), indicating that long-lasting change to 
HPA axis-related markers can also be detected in the brain.  
 
In the LBN model, results are similarly varied (Walker et al. 2017), although due to 
the comparative novelty of the model there are fewer sources of evidence to draw 
upon. Increased basal levels of circulating CORT, relative to controls, have been 
demonstrated in adult LBN-exposed mice (Rice et al. 2008), although basal CORT is 
unaffected in another report (Bonapersona et al. 2019), and in a combined LBN and 
MS mouse model basal CORT was lower than control levels (Orso et al. 2020). CORT 
secretion in response to an acute stressor in adulthood was lower in LBN-exposed 
female mice, but slightly higher in LBN-exposed male mice (Bonapersona et al. 
2019). In the rat brain, reduced expression of the GR gene N3cr1 has been reported 
in the hippocampus, and the PVN and frontal cortex (Maniam et al. 2016; Avishai-
Eliner et al. 2001); as well as reduced Crh and Crh-R1 gene expression in similar 
regions (Avishai-Eliner et al. 2001; Rice et al. 2008), though a contradictory report 
finds increased CRH-positive cell numbers in the hippocampus (Ivy et al. 2010). 
Although the studies presenting evidence for HPA axis-related marker alterations in 
adult animals after LBN are somewhat limited, especially in rats, the model does 
seem to produce some changes, particularly in stress-related genes and in stress 
processing brain circuits.  
 

1.2.4.3 Magnetic resonance imaging (MRI) in ELS models 

As discussed previously, the effects of stress hormones on the brain can result in 
alterations to neuronal structures and proliferation which can in some cases be 
detected as volumetric changes using MRI. In animal models of ELS it is easier to 
attribute observed structural anomalies to the stress manipulation, than it is in 
humans with variable life histories and multiple confounding factors. Similar to the 
findings of reduced hippocampal volumes in humans with a history of childhood 
adversity, high-resolutions MRI has found reduced volume in the dorsal 
hippocampus in adult rats exposed to the LBN paradigm in early postnatal life 
(Molet, Maras, et al. 2016). In an MRI study of rats exposed to MS, however, no 
differences in hippocampal volume were reported between MS and control groups 
(González-Pardo et al. 2019). A further study in rats exposed to a single 24h 
maternal separation on PND3 found evidence for reduced volume of the pre-frontal 
cortex (PFC), and reduced white matter volumes compared to controls 
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(Sarabdjitsingh et al. 2017). Reduced brain volumes could be due to reduced 
neurogenesis during ELS – as measured in an MS model (Lajud et al. 2012). Acute 
stress has also been shown to induce loss of dendrites and synapses, resulting in 
reduced grey matter volume (Kassem et al. 2013). 
 
Functional MRI studies have revealed reduced activity in the cingulate cortex in LBN-
reared rats, and in the amygdala (Yan et al. 2017) – this is supported by findings of 
reduced c-Fos (an immediate early gene used as a marker of neuronal activation) 
expression in the adolescent rat amygdala after a social stress test, as well as in the 
PFC and nucleus accumbens (Rincón-Cortés and Sullivan 2016). 
While the behavioural and HPA axis results from ELS models have resulted in a 
variable and inconsistent literature, the finding of lasting changes in structural and 
functional MRI scans of rodent models highlights the detrimental effects of the early 
life stress interventions, and provides some insight into the structures which may 
underlie behavioural changes at different levels.  
 

1.3 Inflammation and psychiatric illness 

While the involvement of both psychological and physiological processes in maintaining 
homeostasis has long been recognised in a range of systems, including the HPA axis, 
the recognition of bidirectional interactions between the brain and the immune system 
came relatively late (Ader 1983). Interest in this field has burgeoned recently, and 
immune system activity or inflammatory involvement is now recognised across all 
major psychiatric disorders (Yuan et al. 2019).  
 

1.3.1 Depressive symptoms in inflammation 

Behavioural changes are an adaptive and evolutionarily conserved response to illness 
(Hart 1988). When faced with an infection or illness, the body’s immune system 
releases pro-inflammatory cytokines into the bloodstream and these are associated 
with symptoms such as lethargy, a loss of interest in eating and drinking, social 
withdrawal, and lowered mood (Hart 1988; Vollmer-Conna et al. 2004). This 
behavioural response to illness is termed ‘sickness behaviour’, and is considered to be 
a highly adaptive response that facilitates the resolution of the challenge by the 
immune system (Vollmer-Conna et al. 2004). By encouraging the animal to withdraw, 
avoid potentially contaminated food, and conserve energy, the sickness behaviour 
response allows all resources to be channelled into the energy-intensive process of 
fighting the pathogens causing the disease (Dantzer 2001). As with the negative 
feedback inherent to the HPA axis response to stress, the sickness behaviour response 
is limited in magnitude and duration by the opposing effects of anti-inflammatory 
cytokines (Bluthé et al. 1999; Leon et al. 1999). Therefore, the balance between pro- 
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and anti-inflammatory cytokines is crucial for constraining and governing the sickness 
response (Dantzer et al. 2008).  
 
The sickness behaviour response shares many of the symptomatic features of 
depression – low mood, social withdrawal, and anhedonia being just some – with 
depression as an extended and maladaptive analogue to sickness behaviour (Dantzer 
et al. 2008). The first strong evidence for a causative pathway from inflammation to 
depression was provided by the introduction of cytokine therapies for certain types of 
cancer and hepatitis C. Clinicians repeatedly reported the onset of MDD in a 
proportion of patients treated with interferon-α or interleukin-2 (Renault et al. 1987; 
Denicoff et al. 1987). This was later observed to arise as a very early response to 
cytokine therapy in all patients (Capuron, Ravaud, and Dantzer 2000), but with a 
significant proportion of patients developing more persistent depressive symptoms 
later in treatment (Capuron et al. 2002; Constant et al. 2005). In addition to this drug-
mediated pathway, a diagnosis of depression is highly comorbid with other conditions 
that naturally involve high levels of systemic inflammation, such as rheumatoid 
arthritis (Matcham et al. 2013), atherosclerosis (Tiemeier et al. 2004), and type 2 
diabetes (Nguyen et al. 2021). These studies imply that not only can systemic 
inflammation cause transient sickness behaviour that shares symptomatic features 
with depression, but it also seems capable of causing persistent and clinically 
significant MDD. 
 

1.3.2 Inflammation in depression 

As well as these reports of depression as a secondary consequence of an 
inflammatory state, there is now a strong consensus that a subpopulation of 
depressed patients present with biomarkers of systemic inflammation. Across three 
separate meta-analyses, measures of proinflammatory cytokines including tumour 
necrosis factor alpha (TNF-α), interleukin-6 (IL-6), and interleukin-1 (IL-1), as well as c-
reactive protein (CRP – an acute-phase inflammatory protein), are all found to be 
significantly increased in depressed patients (Dowlati et al. 2010; Howren, Lamkin, 
and Suls 2009; Hiles et al. 2012). The effect is stronger in clinically diagnosed patients 
than in community members with depressive symptoms (Hiles et al. 2012; Howren, 
Lamkin, and Suls 2009). In addition, subgroups of depressed patients who are 
treatment-resistant (i.e. do not respond to antidepressant therapy) have been found 
to express higher levels of inflammatory markers (O’Brien et al. 2007; Lanquillon et al. 
2000).  
 
Depression has been related to lifestyle behaviours which are known to promote 
inflammation – such as poor sleep, smoking, and poor diet (Bauer and Teixeira 2019). 
In this way, depression may be seen as a causative factor in systemic inflammation. As 
discussed above, however, inflammation can also play a causative role in the 
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aetiology of depression. This raises the possibility of a bi-directional relationship. 
Taking the example of obesity – obese individuals are at higher risk of developing 
depression; but equally, depressed individuals have a higher likelihood of becoming 
obese after their diagnosis (Luppino et al. 2010). Obesity is a cause of systemic 
inflammation, and this inflammation has been shown to partially mediate the 
relationship between obesity and depression (Moazzami et al. 2019). Thereby obesity 
may cause inflammation which results in depression, however, depression may lead 
to obesity which results in inflammation (Soczynska et al. 2011).  
 
Unarguably, depression and inflammation are intimately interlinked. This makes 
inflammation a promising target for the treatment of depression, as anti-
inflammatory drugs have been associated with the reduction of depressive symptoms 
in clinical trials (Köhler-Forsberg et al. 2019). Some anti-depressant drugs (including 
the most commonly used class – the selective serotonin re-uptake inhibitors) have 
also been shown to dampen inflammation, and this is thought to be one of the ways 
in which they are effective (Gałecki, Mossakowska-Wójcik, and Talarowska 2018; 
Kenis and Maes 2002). Research into the causes and effects of inflammation in 
depressive illness is, therefore, of considerable translational interest. 
 

1.3.3 Inflammation and other psychiatric illnesses 

Inflammatory biomarkers have been associated with many different psychiatric 
disorders beyond MDD. A systematic review of 43 meta-analyses revealed evidence 
for involvement of different cytokines and inflammatory factors in different 
psychiatric disorders (Yuan et al. 2019). While depression was associated with the 
broadest range of markers, at least one factor was associated with each of the 
disorders analysed: autism, PTSD, suicidality, sleep disorder, bipolar disorder, and 
schizophrenia (Yuan et al. 2019). In an unsupervised clustering analysis, schizophrenia 
and bipolar disorder were grouped together due to the similarity of the markers 
positively associated with both disorders – interestingly, this reflects the genetic 
similarity between the two disorders when comparing genotypes associated with five 
major psychiatric disorders (Cross-Disorder Group of the Psychiatric Genomics 
Consortium 2013). 
 
Schizophrenia is one of the psychiatric disorders most robustly linked with the 
immune system – the first suggestion that inflammation might mediate psychosis was 
in 1876 (Khandaker et al. 2015). After the influenza epidemics in Japan in 1957, 
women who contracted the virus during the fifth month of gestation were  more 
likely to give birth to daughters who went on to develop schizophrenia (Izumoto, 
Inoue, and Yasuda 1999). Modern research has supported these findings, associating 
prenatal viral and bacterial infections with heightened schizophrenia risk in offspring 
(Khandaker et al. 2013); similarly, childhood viral infections – especially those 
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involving the nervous system – are associated with schizophrenia risk in adulthood 
(Khandaker et al. 2012). Animal models of schizophrenia and psychosis now 
frequently employ pre- or post-natal inflammatory challenges to model the disorder 
(Deslauriers et al. 2014; Yee et al. 2011). These reports suggest a role for 
inflammatory processes in skewing brain development in such a way that predisposes 
the adult towards psychotic illness. Adult schizophrenia is associated with raised 
circulating proinflammatory cytokine levels, including IL-6 (Akiyama 1999); 
furthermore, within schizophrenic patients higher levels of these factors have been 
related to the severity and duration of symptoms (Dahan et al. 2018; Akiyama 1999). 
This indicates an ongoing role for inflammation in the disorder.  
Delirium is another disorder that can be closely related to systemic inflammation – 
indeed it can be characterised as an extreme sickness behaviour response 
(Cunningham and MacLullich 2013). Delirium is a severe psychiatric disturbance that 
can be caused by acute illness, and is associated with poorer outcomes in patients 
(Witlox et al. 2010). It is now understood to be related to an excessive 
neuroinflammatory response to a relatively mild systemic inflammation, which is 
more likely in patients with underlying neurological disorders (Cunningham and 
MacLullich 2013). 
 
It is apparent that systemic inflammation can induce psychiatric disturbances of many 
different kinds, with both acute and long-term modes of action. While inflammatory 
responses are an adaptive and essential feature of the immune system, aberrant or 
unrestrained inflammation is capable of interfering with brain development and 
function in a way that produces psychiatric symptoms. 
 

1.3.4 Modelling systemic inflammation 

Given the involvement of inflammation in so many pathological processes, 
immunologists have been working with animal models for a long time. Many of these 
models have been developed to specifically reflect inflammatory aspects of human 
diseases – such as multiple sclerosis, or rheumatoid arthritis (Webb 2014). This thesis 
focuses on less specific models of systemic inflammation, which have often grown out 
of research into sepsis (Webb 2014; Arsenault et al. 2014). Due to tractability and 
cost, rodents have often been the preferred species for animal models in general, and 
inflammation research is no exception – although pigs are an excellent model 
organism due to their more similar physiology, practical and ethical issues as well as 
cost make them a more challenging model organism, and not suitable for this thesis. 
 

1.3.4.1 Inducing a systemic immune response 

There are multiple rodent models for inducing a general systemic immune response, 
which produce slightly different results in terms of the nature and magnitude of the 
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inflammatory reaction produced (Seemann, Zohles, and Lupp 2017). Peritoneal 
contamination and infection (PCI) and caecal ligation and puncture (CLP) are two 
models which involve the introduction of faecal matter into the peritoneum to 
generate genuine polymicrobial sepsis. PCI involves injecting a standardised and 
diluted dose of human faeces intraperitoneally (i.p.), while CLP involves opening up 
the abdominal cavity and puncturing the caecum with a needle to allow leakage of 
the animal’s own intestinal contents into the peritoneum (Seemann, Zohles, and 
Lupp 2017). While PCI gives more control over the ‘dose’ of contaminating material, 
CLP has the advantage of using the animal own microbiome to induce the immune 
response rather than a foreign range of microbes; however, the amount of leakage 
induced in the CLP model is more difficult to control (Seemann, Zohles, and Lupp 
2017).  
 
A ‘cleaner’ means of inducing a systemic immune response via similar processes is 
the use of an injectable endotoxin – inactive fragments of gram-negative bacterial 
cell walls, which have been shown to produce a rapid response with a broad range 
of pro-inflammatory cytokines released (Somann et al. 2019). The Escherichia coli (E. 
coli) endotoxin is the most commonly used, and is called lipopolysaccharide (LPS) 
(Raetz and Whitfield 2002). The LPS model produces a more rapid and stronger 
cytokine response than is typical to naturally occurring sepsis in humans, and is not 
considered a good sepsis model. It is, however, safe and controllable due to the lack 
of live bacteria introduced, the control over dosage, and highly reproducible nature 
of the inflammatory response, which makes it a good method for inducing a general 
systemic inflammation (Somann et al. 2019).  
 
As well as a bacterial mimetic such as LPS, a viral mimetic has been used in animal 
models to induce inflammatory responses. Polyriboinosinic-polyribocytidilic acid 
(Poly (I:C)) is a synthetic double-stranded RNA which mimics viral genetic material 
(van den Boorn, Barchet, and Hartmann 2012). Poly (I:C) is capable of stimulating 
toll-like receptor 3 – a highly conserved pathogen-associated receptor which 
stimulates a pro-inflammatory response by inducing expression of cytokines 
including IL-1β, IL-6, and TNF-α (Meyer and Feldon 2012). Similar to LPS, while this 
model is effective at producing an inflammatory response it is not capable of 
mimicking the full immune reaction to a viral infection, but is useful as a general 
pro-inflammatory stimulant. It is commonly used in pre-natal inflammation models 
for studying schizophrenic-like behaviour (Meyer and Feldon 2012). 
 
Rather than using a bacterial or viral mimetic to provoke an inflammatory response, 
the administration of pro-inflammatory cytokines can be used to similar ends. 
Interleukin-1β (IL-1β) is a potent pro-inflammatory cytokine naturally produced by 
macrophages in response to an immune challenge, and administration of this 
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cytokine can be used to generate a model inflammatory response (Anisman, Gibb, 
and Hayley 2008; Song et al. 2003). One advantage of both the LPS and IL-1β models 
is that they can be safely delivered through various routes – e.g. intraperitoneally or 
intracerebrally – to model inflammation in different organs, but i.p. injection is 
useful for producing a systemic immune response (Song, Horrobin, and Leonard 
2006; Somann et al. 2019). An advantage of the LPS model over the IL-1β model is 
the more naturalistic nature of LPS – which stimulates an inflammatory response as 
if to a bacterial infection – rather than the administration of a single endogenously 
produced cytokine to induce a response in the IL-1β model.  
 
Another rodent model for producing a systemic inflammatory response is the use of 
the live Bacille Calmette-Guérin (BCG) inoculation, a single dose of which has been 
shown to induce a chronic inflammatory response in mice lasting for up to three 
weeks (Moreau et al. 2005; O'Connor, Lawson, André, Briley, et al. 2009). This model 
does involve the introduction of live Mycobacterium bacteria into the animal, but an 
attenuated form that has been extensively tested for safety in human clinical 
situations (Milstien and Gibson 1990). There are issues with inducing chronic 
inflammation using LPS as tolerance develops with repeated endotoxin 
administration (Ziegler-Heitbrock 1995), as it does with IL-1β administration 
(Anisman, Gibb, and Hayley 2008). While chronicity of the BCG-induced 
inflammatory response may be beneficial in some experimental models, the lack of 
control over the duration of the immune response when compared to other models 
would be a disadvantage in certain settings. 
 

1.3.4.2 Effects of systemic inflammation in animal models 

1.3.4.2.1 Acute effects 

The administration of LPS intraperitoneally has been shown to cause a broad and 
rapid cytokine response. The temporal profiles of the response of each cytokine 
vary, with anti-inflammatory interleukin-10 (IL-10) and pro-inflammatory tumour 
necrosis factor-α (TNF-α) showing the fastest responses, and pro-inflammatory 
interleukin-6 (IL-6) showing the largest magnitude response but occurring later 
(figure 1.4)(Somann et al. 2019). The PCI and CLP models produce immune 
responses on a slightly slower timescale (Seemann, Zohles, and Lupp 2017). Peak 
levels of pro-inflammatory cytokines correspond with hypothermia (Blanqué et al. 
1996). While the dose of LPS delivered affects the magnitude of the cytokine 
responses, it does not appear to affect the time-course too much (Hansen et al. 
2000). Alongside the cytokine responses to i.p. LPS, a robust stress response is 
seen, with plasma levels of corticosterone rising within 1h of administration in rats 
(Hansen et al. 2000; Biesmans et al. 2016). These blood-based markers of the LPS 
response mostly resolve by 24h post-injection (Biesmans et al. 2016). 
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As well as circulating levels of cytokines, i.p. LPS administration induces the release 
of cytokines in the brain which occurs rapidly, and appears to persist for longer 
than the elevation in plasma cytokines (Bay-Richter et al. 2011; Bossù et al. 2012). 
Cytokines are capable of crossing the blood-brain barrier through specialist 
transporters, and provide the means by which systemic inflammation is able to 
spread to the brain (Sankowski, Mader, and Valdés-Ferrer 2015; Yarlagadda, 
Alfson, and Clayton 2009). The cytokine signal from the peripheral immune system 
is capable of activating microglia in the brain, thus propagating the inflammatory 
response into the neuroimmune system (Hanisch 2002). Peripheral LPS 
administration reduces neurogenesis in the hippocampus, even within 5 hours 
(Fujioka and Akema 2010; Musaelyan et al. 2018), demonstrating one pathway 
through which even a single LPS dose might have lasting functional consequences.  

 

 
As well as elevations in biomarkers of inflammation and stress, LPS causes 
profound sickness behaviour in rodent models. This can be seen in reduced 
grooming, locomotion, and food consumption, as well as diarrhoea, weight loss, 
and increased unconditioned stillness within hours of injection (Bay-Richter et al. 
2011; Bluthé et al. 2008). Within 24 hours of a single, low dose of LPS depressive- 
and anxiety-like behaviours develop; this is mediated by inflammatory processes as 
it can be blocked by anti-inflammatory administration (O'Connor, Lawson, André, 

 
 
Figure 1.4: Approximate temporal dynamics of the release of cytokines IL-10, IL-1β, 
TNF-α, and IL-6 into blood after intraperitoneal injection of lipopolysaccharide. 
Adapted from (Somann et al. 2019) and (Hansen et al. 2000). 
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Moreau, et al. 2009; Salazar et al. 2012; Jangra et al. 2014). IL-1β and BCG models 
of inflammation have also been used to study depressive-like behaviour (Song and 
Wang 2011; Planchez, Surget, and Belzung 2019). While repeated LPS doses 
produce tolerance to the sickness behaviour response, depressive-like symptoms 
persist after 5 days of daily low-dose LPS injections (Biesmans et al. 2016).  
 
These data demonstrate the immediate physiological and behavioural responses to 
systemic inflammation. Given the links between inflammation and both somatic 
and psychiatric illnesses, however, the question of whether experience of an 
immune challenge is capable of producing longer-term alterations in brain function 
is of translational interest. 
 

1.3.4.2.2 Long-term effects 

There are fewer studies that assess the long-term outcomes of systemic 
inflammatory events in animal models. One study demonstrated elevated levels of 
TNF-α and interleukin-18 in some brain regions 10 months after a single high dose 
of LPS in adult rats (Bossù et al. 2012), while in the shorter term, evidence for 
activation of glial cells consistent with ongoing neuroinflammation was found in 
mice 1 month after a high LPS dose (Blum et al. 2017). Behaviourally, adult LPS 
administration has been shown to induce long-term memory deficits after 1 month 
(Sorrenti et al. 2018; Zhu et al. 2017), as well as reduced pain threshold (Blum et al. 
2017), and some evidence of depressive-like behaviour (Zhu et al. 2017). After 10 
months, no change in anxiety-like behaviour was seen in LPS-exposed rats, but 
some evidence of reduced locomotor activity and novelty preferences were 
exhibited, indicating some long-term functional change (Bossù et al. 2012). Chronic 
depressive-like behaviour has been induced in a model where 5 days of escalating 
LPS doses were administered once a month over 4 months, with raised plasma 
corticosterone and a depressive-like phenotype persisting for several weeks after 
the last dose (Kubera et al. 2013). 
 
Therefore, while further work is needed in this area, there are suggestions that a 
systemic inflammatory event can influence some aspects of long term immune and 
behavioural function in rodent models. 
 

1.3.5 Critical periods and the risk of adolescent illness 

The development of the immune system begins prenatally and continues throughout 
childhood and into adolescence. In utero and in infancy, the primary defence against 
pathogens is governed by the innate immune system – this is an evolutionary 
conserved system, which has the ability to recognise and respond to pathogen-
associated molecular patterns (PAMPs). PAMPs are highly conserved molecular 



26 
 

motifs, which identify certain classes of pathogen with which we have co-evolved 
(Janeway and Medzhitov 2002) (PAMPs include lipopolysaccharides found on the cell 
walls of gram-negative bacteria, explaining the immune response to experimentally 
administered LPS). Although the recognition of these PAMPs on common pathogens 
is hard-wired in the infant immune system, the ability to respond to pathogens 
effectively is still under-developed and does not reach maturity until later in 
childhood (Dowling and Levy 2014). This makes the pre- and post-natal periods 
sensitive to disruption of the immune system, and the individual vulnerable to illness 
even from common pathogens.  
 
The adaptive immune system is the part of the immune response that is capable of 
‘learning’ about specific pathogens and adapting the body’s defences to improve the 
response to previously encountered pathogens (Marshall et al. 2018). This enables 
the immune system to adapt to the environment to which the individual is exposed, 
and the responses generated by the adaptive immune system are highly specific and 
effective compared to the innate immune response. The adaptive immune system 
develops throughout childhood, and development continues into adolescence 
(Brenhouse and Schwarz 2016; Dowling and Levy 2014).  
 
During adolescence, the immune system is still being shaped. The sex-specific 
hormonal changes that occur around puberty onset have the capacity to greatly affect 
the developing immune system (Shames 2002). Testosterone is capable of 
suppressing inflammatory activity in a dose-dependent manner, making markers of 
inflammation generally higher in women and lower-testosterone producing men 
(Shames 2002). The sex-dependent nature of the immune system after puberty is 
related to the sex-bias in prevalence of serious autoimmune conditions such as lupus, 
asthma, and multiple sclerosis (Brenhouse and Schwarz 2016). In addition, the 
immune influence over brain development in adolescence is considerable – for 
instance, adolescent binge-drinking can affect the innate immune system causing 
neuroinflammation which contributes to long-lasting behavioural and cognitive 
changes (Pascual, Montesinos, and Guerri 2018). The peri-pubertal period is, 
therefore, another sensitive window in which a challenge to the immune system can 
derail development with long-term consequences (Brenhouse and Schwarz 2016; 
Kane and Ismail 2017).  
 

1.4 Cross-talk between the stress and immune systems 

The work described in the sections above illustrate the influences of stress and 
inflammation over psychiatric risk separately. There are several similarities between 
the two – the existence of sensitive windows in which perturbations to these systems 
have particular influence over brain development, and the role of individual experience 
in governing their dynamics among them. The stress and immune systems also interact 
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at a number of levels, and this cross-talk between the two systems could represent a 
dual vulnerability to psychiatric outcomes. For instance, if both stress and inflammation 
during development raise the risk for psychiatric disorders in adulthood, and stress also 
heightens susceptibility to illnesses, early stressful experiences may prime the system 
to experience greater levels of inflammatory insults and thus the cumulative risk of 
psychiatric illness is heightened. 
 
A further reason for studying the issues of childhood adversity and inflammation in 
combination is the likelihood of co-occurrence (Lacey, Bartley, et al. 2020) due to the 
contexts in which both may occur in early life. As demonstrated in the LBN model of 
early life stress in rodents, the imposition of adverse conditions on the dam is sufficient 
to produce aberrant maternal behaviour which has long-term consequences for pups. 
The same can be true of humans – poverty and household dysfunction impose adverse 
living conditions in which people fail to thrive, and ACEs are more likely to occur under 
the parental stress that these adverse circumstances provoke (Imran, Cross, and Das 
2019). This should not be interpreted as an assignation of blame towards the parents, 
is it a discussion of the possible developmental consequences of the difficult 
environmental circumstances in which many families subsist. Simultaneously, under 
conditions of poverty, living conditions and nutrition are also likely to be poorer 
(Jensen, Berens, and Nelson 2017) due to the financial cost of providing housing and 
food to children. Additionally, the mental resources required to plan and provide 
housing, nutritious meals, and nurturing care may already be overstretched as a result 
of the high burden of stress (Schulz et al. 2012). Poorer living conditions and poorer 
nutrition raise the risk of inflammation in children (Jensen, Berens, and Nelson 2017; 
Muscatell, Brosso, and Humphreys 2020), and raised systemic inflammatory markers 
have been found in children from lower socioeconomic status backgrounds. Therefore, 
household poverty represents one situation in which ACEs and inflammation may co-
occur; another proposed pathway is directly via physical abuse. Injury caused by 
physical abuse will provoke an inflammatory response in children, especially if open 
wounds are caused which may become infected (Danese and Lewis 2017). 
Furthermore, on a physiological level stress and inflammation frequently co-occur; the 
biological stress response (as might be caused by ACEs) is sufficient to produce an 
inflammatory response, and an inflammatory response (as might be caused by 
childhood illness) is sufficient to provoke a hormonal stress response, as will be 
discussed in the following sections. 
 

1.4.1 The stress response to inflammation 

It is clear that inflammation indicates the presence of a threat, in the form of injury or 
infection, to homeostasis. As discussed above, the HPA axis is sensitive to deviations 
from homeostasis, so it is not surprising that inflammation should trigger the 
physiological stress response. In studies characterising the physiological response to 
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LPS in rodents, acute elevation of corticosterone is used as an outcome measure to 
indicate the stressful nature of the stimulus (Hansen et al. 2000; Biesmans et al. 
2016). In addition to this acute relationship, adult rats exposed to neonatal LPS 
showed elevated basal CORT and exaggerated CORT responses to a noise stressor 
(Shanks et al. 2000), suggesting that an inflammatory event is capable of mediating 
long-term dysregulation of the HPA axis. Higher serum cortisol levels are associated 
with mortality and illness severity in intensive care unit patients (Jurney et al. 1987), 
indicating the stressful nature of illness. 
 

1.4.2 The inflammatory response to stress 

 

 

 
 
Figure 1.5: Diagram showing the interactions between the stress and immune systems. 
Stress responses activate damage-associated molecular patterns (DAMPs) which are highly 
conserved receptors involved in the initiation of an inflammatory response. Stress can also 
heighten susceptibility to illness and infection; infection leads to the activation of pathogen-
associated molecular patterns (PAMPs), which act similarly to DAMPs but respond to 
external cues, and are also capable of initiating an inflammatory response. Inflammation, 
and the release of pro-inflammatory cytokines, is detected in the brain and processed as a 
physiological stressor. This leads to the initiation of a stress response. In this way both the 
stress and inflammatory responses are capable of interacting with the other. 
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Stimulation of the immune system in response to stress has been observed over acute 
and chronic timescales. Acute psychosocial stress has been associated with the 
release of pro-inflammatory cytokines, with circulating levels of IL-6 and IL-1β 
specifically reaching significance in a meta-analysis of studies across human patients 
with inflammatory conditions and healthy individuals (Steptoe, Hamer, and Chida 
2007). In rodent models, too, acute stress has been associated with activation of 
several populations of immune cells (Esposito et al. 2001; Wohleb et al. 2011; Frank 
et al. 2012), and release of pro-inflammatory cytokines in both the blood and brain 
(Himmerich et al. 2013; Nguyen et al. 1998). Stressors have also been shown to prime 
the immune system, with greater inflammatory responses to an LPS challenge in rats 
previously exposed to tail-shock stress (Johnson et al. 2002). This is thought to be an 
adaptive feature of the response to acute stress – preparing the body to respond to 
illness or injury that may result from the stressful situation (Fleshner 2013).  
 
Chronic stress is also associated with immune activity. A met-analysis found that 
levels of IL-6, TNF-α, and CRP were elevated across 25 studies in adults reporting a 
history of childhood trauma (Baumeister et al. 2016). Early life stress was also 
associated with increased levels of IL-6, IL-1β, and TNF-α in brain tissue, in a meta-
analysis of 30 rodent studies (Lumertz et al. 2022). There is also evidence that the 
inflammatory response to chronic stress mediates some of the functional outcomes, 
as anti-inflammatory drug treatment of rats exposed to ELS was sufficient to rescue 
cognitive performance deficits in late adolescence (Brenhouse and Andersen 2011). 
An animal model of chronic stress in adulthood – repeated social defeat – showed 
increased levels of neutrophils and monocytes (both pro-inflammatory cell types 
involved in the innate immune system) in mice (Ishikawa et al. 2021). The release of 
monocytes in response to repeated social defeat stress has been shown to depend on 
corticosterone production, indicating a critical role of CORT in inducing stress-related 
inflammation (Niraula et al. 2018).  
 
While the data above indicate that stress can induce an inflammatory response, 
glucocorticoids (GCs) have been used therapeutically to tackle inflammatory disorders 
for many years (Cruz-Topete and Cidlowski 2015). Activation of the glucocorticoid 
receptor has been shown to down-regulate the expression of pro-inflammatory genes 
in immune cells (Cruz-Topete and Cidlowski 2015). This anti-inflammatory effect of 
stress hormones is contradictory in light of the evidence discussed that links 
experiences of stress to the promotion of inflammation systemically. It has been 
suggested that GCs must be able to exert bi-directional effects on the immune 
system, in a complex system rather than as a binary signal (Dhabhar 2002; Shimba, 
Ejima, and Ikuta 2021). It has also been proposed that under chronic physiological 
(rather than pharmacological) stress conditions, GR resistance may develop, in which 
immune cells become less sensitive to glucocorticoids, attenuating their 
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immunosuppressive effects and resulting in un-restrained inflammatory responses 
(Cohen et al. 2012). It is important to understand that chronic stress may in some 
contexts have an immunosuppressive effect, predisposing stressed individuals to 
higher risk of infection and illness (Pedersen, Zachariae, and Bovbjerg 2010).  
 
The existence of inflammatory responses to stress in the absence of any pathogen or 
injury is an example of sterile inflammation. While pathogen-associated inflammation 
is stimulated by PAMPs, sterile inflammation can be induced by a range of 
physiological signals (including release of heat-shock proteins, glucose, and uric acid) 
collectively referred to as damage-associated molecular patterns (DAMPs) (Fleshner 
2013). DAMPs are capable of activating immune responses in the same way as PAMPs 
– through the innate immune system, where highly-conserved receptors detect the 
‘danger’ signal and trigger inflammation (Fleshner 2013; Busillo, Azzam, and Cidlowski 
2011)(figure 1.5). 
 

1.5 Stress and inflammation in double-hit models 

The diathesis-stress or ‘double-hit’ theory of psychiatric illness states that the 
introduction of a challenge or ‘stress’ in a system predisposed towards poorer 
outcomes (the ‘diathesis’) – whether genetically or experientially – triggers the onset of 
psychiatric symptoms (Monroe and Simons 1991). This has led to considerable interest 
in double-hit models, especially in the contexts of schizophrenia and depression. 
 
Due to the evidence that schizophrenia is more strongly linked to genetics than some 
other psychiatric disorders (Pettersson et al. 2019), several double-hit models have 
used genetic liability as the first of two hits (Khan and Powell 2018). The strong 
evidence for immune dysregulation in the aetiology of schizophrenia (Strous and 
Shoenfeld 2006) has, however, encouraged the development of several double-hit 
models which use an inflammatory event as the first hit, coupled with juvenile or 
adolescent stress to induce psychosis-like traits (Deslauriers et al. 2014; Yee et al. 
2011). In rodents, for instance, simulation of a maternal viral infection by injection of 
poly(I:C) during gestation has been followed with juvenile social isolation (single 
housing for 4 weeks) (Deslauriers et al. 2016), juvenile variable stress over 3 days (Yee 
et al. 2011), adolescent unpredictable stress over 10 days (Giovanoli et al. 2016; 
Giovanoli et al. 2013), and adolescent restraint stress over 3 days (Deslauriers et al. 
2014), to name a few. Neonatal infection has also been simulated with poly(I:C), and 
followed by adolescent unpredictable stress to produce a psychosis-like phenotype 
(Monte et al. 2017). Offspring exposed to these double-hits show depression-like 
behaviour (Deslauriers et al. 2016), impaired pre-pulse inhibition (Deslauriers et al. 
2014; Giovanoli et al. 2016; Monte et al. 2017), social interaction deficits (Deslauriers 
et al. 2016; Monte et al. 2017), aggression (Deslauriers et al. 2016), dopaminergic 
abnormalities (Deslauriers et al. 2014; Giovanoli et al. 2013), and neuroimmune 
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changes (Giovanoli et al. 2016; Giovanoli et al. 2013) among other traits relevant to 
schizophrenia. 
 
Double-hit models aiming to study traits of depression and anxiety rely less rigidly on 
the timeline common to the schizophrenia studies described above, in which early 
inflammation is followed by later stress. While there are models which utilise both 
stress and inflammatory challenges in producing a double-hit, others rely on dual 
stress-related challenges instead.  
 
In rats exposed to a neonatal LPS challenge, anxiety-like behaviour and blunted HPA 
axis responses were observed during repeated restraint stress in adulthood (Walker et 
al. 2009). In the longer term, high-dose adult LPS exposure (to mimic sepsis) followed 
by 21 days of unpredictable stress, produced exacerbated anxiety-like and depressive 
like behaviour and impaired cognitive performance after a week (Mao et al. 2019). In 
addition, juvenile malaria infection in mice produced anxiety-like behaviour and 
increased neuroinflammation after 14 days of unpredictable stress in adulthood, but 
not in unstressed controls (Guha et al. 2020). There is, therefore, some evidence that 
combined inflammatory and stress challenges can produce anxiety- and depressive-like 
behaviours indicative of mood disorders as well as schizophrenia. 
 
Double-hit models that do not include an inflammatory hit have shown mixed results in 
inducing behaviours relevant to depression in rodent models. The Wistar-Kyoto rat 
model of depression vulnerability shows worsened depressive-like behaviour in the 
aftermath of a second hit by adolescent restraint (D'Souza and Sadananda 2019). After 
ELS induced by maternal separation, adult (Cotella, Durando, and Suárez 2014) or 
adolescent (Toth et al. 2008) chronic variable stress and adolescent social isolation 
(Jaric et al. 2019) have been used as second hits. In one study, the double-hit produced 
a more anxious-like behavioural phenotype than in the controls or single-hits (Cotella, 
Durando, and Suárez 2014), but in the other two anxiety-like behaviour was unaffected 
by the second stressor (Toth et al. 2008; Jaric et al. 2019). In another double-hit 
example, a juvenile variable stress paradigm over 5 days was paired with an adult 
immobilisation stress, resulting in anxiety-like behaviour compared to controls and 
single-hits when tested on the EPM a week later (Fuentes et al. 2014).  
 
It is evident from the studies described above that the timing and sequence of 
challenges used in double-hit models has considerable influence over the functional 
outcomes. While the early immune and later stress models used to study psychosis-like 
traits seem to produce fairly consistent results, it is evident that the wider variety of 
double-hit rodent models used to examine depressive-like pathology are less reliable. 
There is evidence from dual-stress double-hit models that experience of one stress 
paradigm in rodents primes the system and can improve rather than sensitise the 
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response to a second, similar stressor (Van Camp et al. 2018). The use of heterotypic 
hits in a double-hit model may, therefore, produce more consistent results. 
 

1.5.1 The direction of further work 

The diathesis-stress model is frequently used to explain depression vulnerability 
(Monroe and Simons 1991). In addition, the relative lack of influence that genetics 
have over depression risk (Pettersson et al. 2019) heightens the appeal of using 
experiential models to study the disorder, rather than relying on transgenic animals 
which bear less relation to the human disease. Given the recent focus on 
inflammatory mechanisms in depressive illness, and the known interactions between 
early life stress and both depressive symptoms and ill health, combined ELS and 
inflammatory challenges seem a promising avenue of future work. Given the early life 
window of stress sensitivity, and the common nature of childhood adversity, animal 
models of early life stress give insight into the mechanisms underlying the well-known 
associations with depression in adulthood. In addition, individuals exposed to 
childhood adversity are at greater risk for a range of illnesses and infections, which 
makes a secondary inflammatory insult more likely. This thesis describes a novel 
double-hit model examining neonatal stress followed by an adolescent immune 
challenge, to assess the separate and shared contributions of the two insults to adult 
outcomes. In addition, this thesis presents a novel analysis of the epidemiology and 
neurostructural sequelae of childhood trauma in two large human cohort samples, to 
provide a basis for translational comparison of the double-hit animal model with the 
population of interest. 
 

1.6 Summary and aims 

Childhood adversity is a strong risk factor for depression, and there is evidence that this 
relationship may be partly mediated by inflammatory processes. Both the stress and 
immune systems are vulnerable to the impact of developmental insults, which can 
cause long-lasting dysfunction and structural brain change, with psychiatric 
consequences.  
 
Thus, the overarching aims of this thesis are: 

 To develop and optimise a novel double-hit animal model of a stressor and an 
immune challenge within sensitive developmental windows 

 To assess the long-term outcomes of the double-hit model on both stress and 
immune systems 

 To assess the impact of the double-hit model on brain structure 
 To examine the epidemiology and neurostructural sequelae of childhood 

trauma in large-scale population cohorts 
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Chapter 2: General Methods 

This chapter provides information on the common materials and techniques used in this 
work, including details of the animal experiments conducted and the laboratory 
techniques used. Further detail on methods which are specific to each results chapter 
will be detailed in the appropriate chapter. 
 
All data analysis reported in this thesis was performed in R (version 4.1.0), using p<0.05 
as the accepted level of statistical significance. Where statistical trends were identified 
(p<0.075) they are cautiously reported as such due to the now-accepted arbitrariness of 
the 0.05 p-value threshold (Wasserstein, Schirm, and Lazar 2019). 
 

2.1 Animals 

Animal experiments were carried out at the Edinburgh University Bioresearch & 
Veterinary Services Facility at the Hugh Robson Building. All experiments were 
approved by the Institute’s Animal Welfare and Ethical Review Body, and performed in 
accordance with the UK Animals (Scientific Procedures) Act 1986 and the European 
Directive (2010/63/EU).  
 

2.1.1 General care 

Sprague Dawley (SD) rats were used for all experiments. Three cohorts of animal were 
used for the work presented in this thesis. In cohort 1 sixteen dams gave rise to 167 
offspring; in cohort 2 twenty-three dams gave rise to 275 offspring; and in mini-
cohort 3 eight dams gave rise to 64 offspring. Both sexes of offspring were used for all 
experiments, excepting the post-mortem MRI which was performed only in males. 
 

2.1.1.1 Acquisition 

Female SD rats weighing ~225-250g on arrival were purchased from Charles River 
(Margate, Kent, UK), and acclimatised to the facility for one week before any 
husbandry procedures began. 
 

2.1.1.2 Housing 

Rats were initially group housed (max. 6 adults, max. 8 juveniles) in open-top cages 
(measuring 38x56cm, with a depth of 20cm). Rats were maintained on a 14:10h 
light:dark cycle (lights on at 7am, off at 9pm), under controlled temperature (20-
21°C) and humidity (55% ± 10%) conditions. Standard RM1 chow (Special Diets 
Service, Essex, UK) and filtered tap water were freely available to rats. The pregnant 
and lactating dams’ diet was supplemented with RM3 breeding diet (Special Diets 
Service, Essex, UK). One cardboard play tunnel (8.5x15cm) and one wooden chew 
block (2x2x10cm) were provided in each group cage. 
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2.1.1.3 Breeding 

For mating, one female was housed overnight in a breeding cage with a wire mesh 
floor, alongside one male. Mating was confirmed by the presence of a semen plug 
on the tray beneath the breeding cage the following morning, and this was denoted 
gestational day 1. If mating was unsuccessful, rats were returned to their home cage 
during the day and returned to breeding cages the following evening. This continued 
until a plug was found. After plugs were found, females were returned to group 
housing until gestational day 18-20. 
 

2.1.1.4 Littering  

At gestational day 18-20, approximately 3 days before the litter was due, dams were 
moved into single cages (individually ventilated cage not connected to ventilation 
system; measuring 30x30x19cm, with a plastic lid 3cm deep) to acclimatise prior to 
parturition. These cages had a thick layer of wood shavings and a generous handful 
of shredded tissue for nesting materials. No enrichment materials were provided 
during littering. In cohort 1, these cages were situated in the animal facility’s stock 
room, whereas in cohort 2 these cages were placed in a smaller, otherwise 
unoccupied room. After moving to single housing, animals were checked daily at 
8am for the presence of a complete litter. The day on which a litter was found was 
denoted postnatal day (PND) 1. In order to qualify as a complete litter during the 
morning check, the dam had to have finished birthing the pups, which were to be 
cleaned and collected together in a nest. If a dam was discovered while still littering, 
or if bloody residue or birth products were still present on and around the pups, the 
litter was not recorded as complete until the following morning. 
 
Litters were checked on PND2 to reduce stress-induced infanticide, when dams 
were removed to a clean holding cage while pups were counted, weighed, and 
sexed. Litters were culled to a maximum of 12 pups per dam, aiming for a 50:50 sex 
ratio. Some limited cross-fostering was conducted between dams with litters larger 
than 12 pups and those with smaller litters or a considerably unbalanced sex ratio. 
Thereafter experimental or control cage conditions for the LBN paradigm were 
imposed. Experimental conditions were removed on PND10, and all animals were 
transferred to clean cages with a thick layer of wood shavings and a generous 
handful of shredded tissue bedding. At this stage, dams were also given one wooden 
chew block for enrichment. 
 

2.1.1.5 Weaning 

Litters were weaned on PND23. During weaning pups were counted, weighed, and 
separated and group housed by sex. They were randomised into open-top group 
cages (measuring 38x56x20cm) according the LBN condition, with no more than 2 
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siblings present in each cage. A maximum of 8 pups were housed together at 
weaning, and at 6 weeks postnatally, male cages were split into two cages with 3-4 
rats per cage to account for their growing size. Rats were never individually housed. 
 

2.1.2 Early life stress – the limited bedding and nesting paradigm 

The limited bedding and nesting (LBN) paradigm is an established paradigm for 
inducing chronic early-life stress in rats (Walker et al. 2017). The paradigm involves 
depriving the dam of nest-building materials during the early postnatal days, which 
has been demonstrated to disrupt maternal caregiving and induce long-term stress in 
the pups (Walker et al. 2017). Here, the paradigm was optimised for use in the 
Edinburgh University Bioresearch & Veterinary Services Facility at the Hugh Robson 
Building for the first time.  
 
On PND2 – after morning observations were complete and litters had been weighed, 
sexed, counted, and culled down to n=12 – experimental or control cage conditions 
were imposed at random. For LBN litters, a metal grid (measuring 29x29.5cm with 
5.5x0.7cm grid, raised 1.4cm off the cage floor) was placed in the cage, and pups 
were returned to the cage collected together on a single tissue (Kimberly-Clark Ltd., 
Tadworth, UK; measuring 22x18cm, 2-ply). All other bedding material was removed 
from the cage, with the exception of an approximate 0.25cm depth of clean wood 
shavings to cover the floor of the cage, beneath the grid floor. For control dams’ 
cages, fresh bedding was put in the cages with the normal generous layer of wood 
shavings (approximately 2.5cm deep), and a handful of shredded tissue bedding. Pups 
were returned to the cage collected together on a single tissue, as with the LBN 
cages. Dams were then returned to their cages.  
 
Litters were left undisturbed until PND10, with daily checks and maternal behaviour 
observations (detailed chapter 3.2.1). Food and water levels were monitored and 
topped up only if required. On PND10 after morning behaviour observations were 
complete (see chapter 3.2.1), dams were removed to a clean holding cage and pups 
were weighed, counted, sexed, and individually checked. A fresh cage was prepared 
for all litters, with a ~2.5cm layer of wood shavings and handful of shredded tissue 
bedding, plus one wooden chew block for enrichment. Pups were moved to the new 
cage together, then the dam was returned to the cage. The old cage lid and food 
hopper were kept, retaining a familiar scent. Litters remained in these cages until 
weaning at PND23, with one change of bedding in the interim period as well as the 
addition of food and water as required. 

 
 
 
  



36 
 

2.1.3 Peri-pubertal immune challenge – lipo-polysaccharide injections 

A novel adolescent immune challenge paradigm was developed and delivered around 
postnatal week 5.5 in order to coincide with puberty onset. A low dose of 
lipopolysaccharide (LPS) was chosen, in accordance with previous studies examining 
the inflammatory response to low-dose LPS (Hansen et al. 2000), and was 
administered over 5 consecutive days. Puberty is a period of sensitive brain 
development (Kane and Ismail 2017), so the model was designed to occur during the 
peripubertal window. Due to sex differences in the precise age of puberty onset in 
rats (Keeley, Trow, and McDonald 2015; Lewis et al. 2002), the immune challenge 
began on PND36-38 for females and PND39-41 for males. 
 
Rats were administered either Escherichia coli endotoxin lipopolysaccharide (LPS; 
50μg/kg; Sigma-Aldrich, Missouri, USA), or vehicle (2ml/kg sterile 0.9% saline) via the 
intraperitoneal (i.p.) route, daily for five consecutive days during the peri-pubertal 
period. Animals were randomised to receive LPS or vehicle injections. This resulted in 
a total of eight experimental groups of animals (table 2.1). 
 

Sex Stress condition LPS condition Acronym 
Male Control Vehicle MCV 

LPS MCL 
LBN Vehicle MSV 

LPS MSL 

Female Control Vehicle FCV 
LPS FCL 

LBN Vehicle FSV 
LPS FSL 

 
Table 2.1: The experimental conditions and acronyms used for the 
groups of animals. 

Animals were weighed daily before the injection to determine the precise dose to be 
administered, and to examine weight change as evidence of a sickness reaction to the 
immune challenge. No unexpected adverse events were observed. 
 
Weight data during the period of the LPS challenge were analysed for males and 
females separately, using three-way ANOVA with repeated measures with post-hoc 
testing performed using the EMM method as before. 

 

2.1.4 Culling and tissue acquisition 

Culling and tissue collection procedures varied depending on the anticipated use of 
the collected tissue. 
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2.1.4.1 Saline perfusion 

Cohort 2 animals previously exposed to the EPM (n=80, 10 per experimental group) 
were transcardially perfused with heparinised saline to yield tissue for RNA 
extraction. 
 

2.1.4.1.1 Solutions 
0.9% (w/v) sodium chloride solution (VWR, Pennsylvania, USA) was prepared in 
ddH2O. Heparin sodium salt (Sigma-Aldrich, Missouri, USA) was added at 129mg/L 
and stirred on a magnetic stirrer until dissolved. 
 

2.1.4.1.2 Anaesthesia 
Prior to transcardial perfusion, anaesthesia was induced by transferring rats to an 
isoflurane chamber (measuring 26x15x19cm; 2-3% Isofane [Henry Schein, New 
York, USA] in 1200mL/min O2; anaesthesia confirmed by absence of eye-blink 
reflex). They were then adminstered 200mg/kg pentobarbitone (Euthatal, Merial 
Animal Health Ltd., Essex, UK) via i.p. injection, and left until anaesthesia had fully 
taken effect (confirmed by absence of paw withdrawal reflex).  
 

2.1.4.1.3 Transcardial perfusion 
Anaesthetised animals were laid supine on a grid over a dissecting tray. A ventral 
incision was made below the diaphragm, revealing the sternum. The sternum was 
secured with forceps and lifted to expose the diaphragm which was opened. The 
ribs on both sides of the ribcage were swiftly cut to allow the sternum to be pulled 
back revealing the heart. While the heart was still beating, a slightly blunted 23-
gauge needle attached via polythene tubing (internal diameter 3mm) to a 
peristaltic pump was inserted into the left ventricle and the pump started, drawing 
heparinised 0.9% saline up and into the circulatory system at a rate of 11mL/min. A 
small cut was made in the right ventricle to allow blood and saline to flow out of 
the circulatory system. Approximately 100mL heparinised saline was used to fully 
perfuse each animal. Perfusion was confirmed by pallor of the liver and clear saline 
running out of the right ventricle incision. 
 

2.1.4.1.4 Tissue collection and processing 
Perfused animals were decapitated, and the dorsal skull exposed and removed by 
chipping away the bone using rongeurs, starting at the foramen magnum and 
moving forward towards the orbits. With the brain exposed, meninges were 
carefully removed and the olfactory bulbs severed using a small spatula. The 
brainstem and cerebellum were removed by cutting along the transverse fissure. 
The brain was then carefully lifted out of the skull cavity using a spatula, cutting 
the optic and trigeminal nerves with scissors once they had been carefully 
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exposed. The brain was placed on clean aluminium foil, and the prefrontal cortices 
removed (figure 2.1 A). The corpus callosum was carefully cut and the neocortex 
peeled away, revealing the hippocampi (figure 2.1 B&C). These were gently rolled 
out of the surrounding tissue using a small spatula and flash frozen together on dry 
ice. The neocortex was then returned to its original position and placed on its 
dorsal surface, revealing the ventral structures. The brain was cut transversely at 
the optic chiasm, and again behind the hypothalamus (figure 2.1 D). This slice was 
positioned coronally with the more anterior surface facing up, and blocks of tissue 
containing the hypothalamus and bilateral amygdalae dissected off (figure 2.1 E). 
The hypothalamus and both amygdalae were flash frozen on dry ice. 
 

 
 
Figure 2.1: Schematic showing the dissection process used to remove 
hippocampi, amygdalae, and hypothalamic region from saline-perfused brain 
tissue. 

 

2.1.4.2 Perfusion fixation 

Cohort 2 animals (n=80, 10 per experimental group) were transcardially perfused 
and fixed with paraformaldehyde, for post-mortem MRI scanning and paraffin-
embedding. 
 

2.1.4.2.1 Solutions 

Heparinised saline was made as before.  
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Paraformaldehyde (4% PFA) was made by diluting sterile 1M Phosphate Buffer (PB; 
pH 7.3-7.4) in ddH2O to make 900mL 0.1M PB. This was heated on a magnetic 
stirrer (not exceeding 50°c). 40g paraformaldehyde (Sigma-Aldrich, Missouri, USA) 
was added slowly and pellets of sodium hydroxide (NaOH; Fisher Scientific, 
Leicestershire, UK) added one by one to alkalinise the solution and facilitate the 
dissolution of the PFA. Once the solution cleared, it was topped up to 1L with 
ddH2O then cooled on ice. The cooled solution was tested using a pH meter 
(Mettler Toledo, VWR, Pennsylvania, USA) and brought to pH7.3-7.4 by adding 37% 
hydrochloric acid dropwise until the correct pH was achieved. 
For male animals, 1.163mM Gadolinium (Gd) was added to all solutions required 
for transcardial perfusion and fixation, to act as a contrast agent for subsequent 
post-mortem MRI scanning. 2.33mL Gd (Dotarem, Paris, France) was added to each 
litre of heparinised saline and 4% PFA used to perfuse and fix male animals, and to 
PBS used to store perfused tissue. 
 

2.1.4.2.2 Transcardial perfusion and fixation 

Animals were anaesthetised as before, and saline perfused to the point where liver 
pallor was observed. The needle was then removed from the left ventricle, and 
replaced with a second blunted needle attached to the peristaltic pump drawing 
4% PFA solution into the circulatory system at a rate of 11mL/min. Approximately 
250mL 4% PFA was used per animal to achieve good tissue fixation, which was 
confirmed by the cessation of limb spasm and palpable stiffness of the leg muscles 
and liver. 
 

2.1.4.2.3 Tissue collection and processing 

Perfused and fixed animals were decapitated as described before.  
For the rats to be used for MRI scanning (40 males from cohort 2), animals’ skulls 
were stripped of skin and excess muscle, and placed whole into 4% PFA containing 
1.163mM Gd, then stored at 4°c. PFA with Gd was refreshed after 24h. 48h after 
perfusion, the skulls were moved to sterile 0.1M PBS containing 1.163mM Gd, and 
stored at 4°c until MRI scans were conducted (see Ch 5.2.1.3 for detailed 
methods). After MRI scanning, skulls were placed in 70% EtOH to dehydrate the 
tissue, and brains removed from the skulls as before. 
Female animals’ dorsal skulls were exposed and removed, and the forebrain 
(excluding the cerebellum, brainstem, and olfactory blubs) removed as before. The 
tissue was stored (intact) in 4% PFA for 24h. It was then transferred to 70% EtOH 
to dehydrate the tissue.  
 
All perfused fixed tissue was processed for paraffin embedding and tissue 
sectioning at the SURF Research Facility (University of Edinburgh). Brains were 
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placed in a matrix and cut into 4 sections with three cuts made with clean razor 
blades. One cut was made 6mm behind the frontal pole, then additional cuts were 
made 2mm and 4mm caudal to this (figure 2.2 A&B). The resulting two x 2mm-
thick tissue blocks were placed into an embedding cassette, with the more anterior 
section at the top of the cassette and the more posterior section below (figure 2.2 
C). This was done carefully to ensure that the anterior face of each block was 
facing up. The frontal and caudal remnants of tissue were placed cut-side down in 
a second embedding cassette. Cassettes were placed in serial baths of EtOH (70%, 
95%, 100%) to dehydrate tissue, and immersed in xylene prior to embedding in 
paraffin wax at 56°c for 1h.  
 

 
 
Figure 2.2: Preparation of perfused and fixed brain tissue for paraffin embedding. 
A – a cut is made 6mm behind the frontal pole. B – two further cuts are made 
2mm and 4mm behind the first cut. C – The sections are placed, anterior side up, 
in an embedding cassette. 

 
Paraffin blocks were stored at RT. Ten 8μm sections were taken from each block 
and mounted on SuperFrost (VWR, Pennsylvania, USA) glass slides. Slides were 
placed into dark slide boxes and stored at RT until required. 

 

2.2 Immunohistochemistry 

Fluorescent immunohistochemistry is a technique in which antigens of a target protein 
can be located and detected in tissue sections. Antigens are bound by specific 
antibodies raised against that antigen in a foreign species. A secondary, fluorochrome-
tagged antibody (raised against the species of the primary antibody) is then used to 
bind the primary antibody-antigen complex, and thus the location of proteins within 
prepared tissue can be visualised with fluorescent microscopy.  
 
When working with fixed, paraffin-embedded tissue it is necessary to de-wax and 
rehydrate the tissue sections, and then perform antigen retrieval to break the 
methylene bridges formed between proteins during paraformaldehyde tissue fixation. 
Only then are the target antigens available for binding by primary antibodies. Sections 
are then blocked with serum from the species in which the secondary antibody was 
raised, which allows non-specific antibodies from the secondary antibody’s origin 
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species to bind to any recognised sites on the tissue, preventing off-target staining 
from the secondary antibody. Nuclear counterstains can also be applied after the 
antibodies have been washed off to visualise the nuclear structures within the tissue. 
4’,6-diamidino-2-phenylindole (DAPI) is one such, which binds non-specifically to nuclei 
acids and therefore makes all cell nuclei within the sample visible. 
 

2.2.1 Process 

Paraffin-embedded, slide-mounted tissue sections from perfused-fixed brain tissue 
were selected to maximise visibility of the hippocampus. These were rehydrated with 
2 x 10 min submersions in xylene baths, then 5 min submersions in a succession of 
ethanol baths (100%, 90%, 80%, 70%), before rinsing in ddH2O.  
 
Antigen retrieval was performed by microwaving sections for 10 min in 10mM tri-
sodium citrate solution with 0.05% tween (pH 6), topping up as required to prevent 
drying. Slides were allowed to cool in this solution, then washed in ddH2O. 
Sections were drawn around using a hydrophobic pen (Daido Sangyo Co. Ltd., Tokyo, 
Japan), then washed in 1X PBS. Slides were then incubated for 1hr at RT in PBS with 
10% normal donkey serum (NDS).  
 
Autofluorescence was quenched using TrueBlack (Biotium, California, USA), diluted to 
working concentration in 70% EtOH (1:20) and applied to sections for 30s. 3 x 5 min 
PBS washes followed this. 
 
Primary (1°) antibody (see table 2.2) was diluted in the appropriate volume of PBS 
with 5% NDS. This was applied to sections and left to incubate overnight (~16-18h) at 
4°c. 
 

Sections were brought back to RT in 3 x 5 min PBS washes. Secondary (2°) antibody 
was diluted in the appropriate volume of PBS, and applied to slides for 1h at RT. Slides 
were protected from light from this stage onwards. After 3 x 5 min PBS washes, 
sections were counterstained with 0.5μM DAPI solution for 5 min at RT, then washed 
again (3 x 5 min PBS).  

Type Target  Species Dilution used Manufacturer Catalogue No. 
1° α-Iba1 Rabbit 1:1000 Wako 019-19741 
1° α-Map2 Rabbit 1:1000 Abcam ab32454 

2° 
α-Rabbit  
(Alexa Fluor 488) 

Donkey 1:500 Abcam ab150073 

 
Table 2.2: Primary and secondary antibodies and the concentrations 
at which they were used in immunohistochemistry experiments. 
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Sections were allowed to air dry before mounting coverslips using ProLong Gold anti-
fade mounting medium (ThermoFisher, Massachusetts, USA). Slides were stored in 
the dark at 4°C. 
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3 Chapter 3: Acute effects of the double-hit model 

3.1 Introduction 

This thesis details the optimisation of a new double-hit rat model of an early-life 
stressor combined with an adolescent immune challenge. It was, therefore, 
fundamentally important that the acute effects at both stages of this model were 
characterised.  
 

Previous work using the LBN paradigm has demonstrated alterations to maternal 
behaviour that impact pup development. The key finding has been the fragmentation 
of maternal care in dams under LBN conditions, compared to control dams (Molet, 
Heins, et al. 2016; Davis et al. 2017). While previous work has found mixed results as 
regards the overall reduction of maternal care (Ivy et al. 2008; Shupe and Clinton 2021; 
Gallo et al. 2019; Braw et al. 2009), studies have confirmed a more fragmented pattern 
of maternal behaviour (Ivy et al. 2008; Molet, Heins, et al. 2016). This fragmentation 
presents as a higher chance that LBN dams would change behaviour between 
consecutive point-observations (Ivy et al. 2008), and when this was conceptualised in a 
mathematical algorithm it was shown that LBN dams show unpredictable sequences of 
which behaviour would follow or preceded another compared to control dams, which 
was further described as higher behavioural entropy (Molet, Heins, et al. 2016). This 
fragmentation or unpredictability of maternal care has been linked to poorer cognitive 
performance in both rats and in human children (Davis et al. 2017), and to signs of 
anhedonia in rat offspring (Molet, Heins, et al. 2016). In addition, the LBN model has 
been shown to induce maternal anxiety (Ivy et al. 2008), and maternal anxiety has been 
associated with changes to maternal care including increased nursing, as well as 
increased pup anxiety (Kessler et al. 2011).  
 

A thorough examination of maternal behaviour was, therefore, crucial to 
demonstrating the success of the LBN model as employed here. By comparing LBN to 
control dams on aspects of maternal behaviour considered particularly beneficial to 
pup development, it is possible to build a picture of the quality of maternal care. For 
instance, licking and grooming of pups is essential in the early neonatal period to 
stimulate urination and defecation, without which pups do not survive; it is considered 
a highly beneficial maternal behaviour (Caldji, Diorio, and Meaney 2000), with offspring 
of dams who spend more time grooming their pups showing improved memory 
performance and reduced corticosterone responses to an acute stressor in adulthood 
than pups of low-grooming dams (Champagne et al. 2003; Barha, Pawluski, and Galea 
2007; Liu et al. 1997). Arched-back nursing, as opposed to more passive nursing 
postures – is also considered highly beneficial and correlates strongly to the degree of 
pup grooming performed by a dam (Caldji, Diorio, and Meaney 2000; Liu et al. 1997). 
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The proportion of time spent nursing in the arched-back position by a dam is used as an 
indicator of the quality of her maternal care (Bosch 2011; Klampfl and Bosch 2019) 
 
Similarly, extensive data exists on the acute effects of i.p. LPS administration (Somann 
et al. 2019), including data on similar doses to that employed here (Biesmans et al. 
2016; Taylor, Tio, and Romeo 2005; Hansen et al. 2000), but there is no published 
example of the acute effects of five consecutive days of this LPS dose given during 
adolescence. It was important to confirm that the LPS dose and administration 
schedule used in the double-hit model was inducing a physiological sickness response, 
and provoking a measurable systemic inflammatory response. Of particular interest 
was the concept of endotoxin tolerance (West and Heagy 2002), and whether this 
would develop using the chosen dosing schedule, as previous work has chiefly 
employed an exposure phase with a gap before the test dose of LPS when examining 
this phenomenon. It was therefore important that we examine the gross effects at both 
a physiological and at a blood biomarker level in order to verify the extent and nature 
of the response to the LPS challenge, and any evidence of tolerance developing. 
 

3.1.1 Summary and aims 

This chapter describes maternal behaviour during the ELS paradigm, biometrics of 
offspring during both of the ‘hits’, and blood biomarker data derived during the 
adolescent LPS challenge. The aims of this chapter are to: 

 Assess the impact of 9 days under LBN conditions on maternal behaviour. 
 Assess the impact of LBN on pup weight gain. 
 Assess the impact of adolescent LPS challenge on body weight in offspring from 

both LBN and control dams. 
 Assess the impact of adolescent LPS challenge on stress and inflammatory 

biomarkers in offspring from both LBN and control dams. 
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3.2 Materials and methods 

Detail on dam acquisition and breeding, and on the features of the LBN and control 
housing conditions, is detailed in Chapter 2 – specifically in section 2.1. On postnatal 
day 2, 24h after a complete litter was found, pups were briefly separated from dams 
for weighing and sexing before the imposition of LBN or control conditions. All pups of 
each sex were weighed together and mean weight calculated by dividing this figure by 
the number of pups. This was repeated on the morning of PND10, before all cages 
were returned to normal bedding, and again on PND23 when pups were weaned. 
 

3.2.1 Maternal behaviour observations 

During the LBN paradigm (PND2-10), daily observations of maternal behaviour were 
made in cohorts 1 and 2. In cohort 1, observations were made twice daily, with a 
morning observation period starting around 9am and an afternoon period starting 
around 3pm. In cohort 2, only morning observations were made. 
 

Thirty point-observations were made for each cage over a period of one hour: in each 
two-minute window, each cage was briefly observed and the predominant 
behaviour(s) demonstrated by the dam in that instant were recorded 
(present/absent) against a predefined ethogram (table 2.1). Some novel behaviours 
were observed that did not conform to the list, and these were added and recorded 
in kind. 
 

The presence of a behaviour was counted as ‘1’, and therefore the proportion of the 
30 timepoints devoted to each activity could be calculated. A simple behavioural 
consistency (BC) score was also calculated, in accordance with (Ivy et al. 2008), 
whereby a ‘1’ was assigned to timepoints during which the dam’s predominant 
behaviour changed. For example, when the dam moved from nursing pups to 
grooming pups. This was then summed into a total BC score for each observation 
period. A higher BC score, therefore, indicates greater fragmentation in maternal 
behaviour. 
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groups of behaviours from those represented by the scoring ethogram (table 3.1) 
were selected for analysis. These were total nursing time, arched back nursing time as 
a proportion of total nursing time, pup grooming time, time away from the pups, and 
nest-directed behaviours.  
 

Total nursing time as a proportion of the observation period was calculated by 
summing the number of epochs in which any of the three nursing behaviours (arched 
back, blanket, or passive nursing) were demonstrated and dividing that number by 30 
(total number of epochs). This was then converted in a percentage figure. The 
percentage of total nursing time spent in the arched back (ABN) posture was also 
calculated by dividing ABN epochs by total nursing epochs and multiplying by 100 to 
give a percentage figure. Total time spent grooming pups was recorded according to 
the behavioural ethogram (figure 3.1), and converted to a percentage of total 
observation epochs in the same way. The total proportion of time dams spent away 
from pups was calculated by summing the number of epochs in which no pup-contact 
behaviours (nursing, grooming, or pup retrieval) were recorded, and converted to a 
percentage of total epochs. A composite measure of the proportion of time engaged 
in nest-directed behaviours was calculated by summing nest-related items including 
those defined as novel behaviours above (nest building, pup retrieval, pup carrying, 
tail biting) and converting them to a percentage of the total observation time. 
These maternal behaviours were analysed between the afternoon of PND2 – after 
stress conditions had been imposed – to the morning of PND10 – before they were 
removed. Data from within this period were analysed by two-way repeated measures 
ANOVA, with significant effects analysed using the Estimated Marginal Means (EMM) 
method, with tukey’s p-value adjustment for multiple testing.  
 

Behaviour on the morning of PND2 and PND14 were analysed between groups using 
student’s t-tests, to verify that no group differences existed prior to the LBN condition 
being imposed, and to assess whether maternal behaviour returned to control levels 
afterwards. Pup weight data at the PND2, PND10, and PND23 weaning checks were 
also analysed by two-way repeated measures ANOVA and post-hoc testing using the 
EMM method. 
 

3.2.3 Repeated blood sampling during peri-pubertal LPS challenge 

The details of the adolescent LPS challenge are found in Chapter 2 – specifically 
section 2.1.3. Briefly, offspring raised under LBN or control conditions were assigned 
to receive either a low-dose LPS or saline vehicle injection intraperitoneally each day 
for five days, during the peri-pubertal period. 
 

In order to quantify the response of HPA axis and inflammatory markers to the 
adolescent LPS challenge, a third mini-cohort (n=64, 2 male & 2 female per litter/per 
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treatment) of animals, derived and raised as before, were used for blood sample 
collections after the first (day 1) and final (day 5) day of the i.p. injections. Plasma 
separated from this blood was used for ELISA assays to determine interleukin-6 and 
corticosterone concentrations. 
 

In mini-cohort 3, blood sampling was conducted on day 1 and day 5 of the LPS 
challenge to allow for assays to determine the nature of the physiological response to 
the dosing regimen.  This required the animals to be handled 90 min after the LPS 
injection during the rising phase of the inflammatory response (Hansen et al. 2000), 
allowing an opportunity for qualitative observation of sickness behaviour in the LPS 
condition animals compared to the vehicle condition. 90 min after the administration 
of the LPS/vehicle injection on each day, animals were placed in a heat box for a few 
minutes prior to making a small nick in the lateral tail vein with a sterile scalpel. Blood 
was collected in EDTA-coated microvettes (Sarstedt, Nümbrecht, Germany) to 
prevent clotting. Approximately 300μL of blood was collected on day 1 and up to 
600μL on day 5. Animals were culled shortly after the day 5 blood sample was taken. 
One LPS-treated rat was found dead the morning after the day 1 blood sample. 
 

After collection, blood samples were stored on ice before centrifuging at 13,000rpm 
to separate the plasma. Plasma was pipetted off into sterile tubes and stored at -20°C 
until required. 

 
3.2.4 Enzyme-linked immunosorbent assays  

3.2.4.1 Interleukin-6 ELISA 

ELISA was used to determine the concentration of the cytokine interleukin-6 (IL-6) in 
plasma derived from blood samples taken from mini-cohort 3 animals on days 1 and 
5 of the LPS injection schedule. The Rat IL-6 SimpleStep ELISA Kit (ab234570; Abcam, 
Cambridge, UK) was used, containing plates coated with anti-tag antibodies with 
affinity for the capture antibody added later in the process.  
 

Plasma samples were thawed, and kit standards prepared according to the 
manufacturer’s guidance. Thawed plasma samples were centrifuged at 10,000rpm 
and diluted by 50% with sample diluent. Duplicate wells were used for each sample, 
with 50μL diluted plasma pipetted into each well according to a predefined plate 
layout spanning three plates (127 samples in duplicate), including standards. An 
antibody cocktail was prepared comprising an α-IL-6 capture antibody and a 
horseradish peroxidase-conjugated detector antibody in kit antibody diluent. 50μL 
antibody cocktail was added to each well before sealing the plates and incubating at 
RT on a plate shaker for 1hr. Well contents were then aspirated, and wells washed 
three times with wash buffer. A TMB-based (3,3’,5,5’-tetramethylbenzidine) 
development solution was then added to each well and incubated for 10mins to 
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allow the chromogenic reaction to occur. After 10mins, 100μL stop solution was 
added to halt the reaction, and the plate read on a plate reader (BioTek PowerWave 
XS, Vermont, USA) at 450nm. 
 

3.2.4.1.1 Data extraction and analysis 

Mean optical density for blank wells were not subtracted from sample or standard 
OD values due to high reading for the blank wells. The standard curve was plotted 
in GraphPad Prism (v.9.1.0) with OD values for the kit standards plotted against the 
target protein concentration for that standard sample. A linear curve was 
calculated based on these values, as it was judged to provide the best curve fit (as 
per kit instructions.  
 

Average OD values were calculated for each sample from the duplicate wells, 
discarding samples with a coefficient of variation between wells >20%.  
Protein concentrations were interpolated for each sample using the standard 
curve in GraphPad Prism. Data were standardised to z-scores prior to analysis using 
an inverse-normal transformation, to account for the highly skewed nature of the 
IL-6 data (Yang et al. 2012). 
 

Group mean protein concentration values for day 1 and day 5 of the LPS injection 
protocol were compared for males and females separately, using a three-way 
ANOVA with repeated measures. Dose day, stress condition, and LPS condition 
were the independent variables.  

 
3.2.4.2 Corticosterone ELISA 

ELISA was used to determine the concentration of corticosterone (CORT) in plasma 
samples derived from mini-cohort 3 on days 1 and 5 of the LPS injection schedule. 
The Corticosterone ELISA Kit (ADI-900-097; Enzo, Exeter, UK) was used, which 
contained plates pre-coated with α-sheep IgG antibodies to bind sheep α-CORT 
antibodies added later in the process.  
 

Plasma samples were thawed, and 10μL added to a microfuge tube along with 10μL 
kit steroid displacement reagent (0.2μL per sample in ddH2O) and incubated at RT 
for >5mins. The steroid displacement reagent was used in order to free bound 
corticosterone from steroid binding proteins found in plasma. Treated samples were 
then diluted in 380μL kit assay buffer. Kit standards were prepared as directed and 
pipetted into ELISA plate wells. 100μL diluted sample was pipetted in duplicate into 
plate wells. 50μL each of a blue alkaline-phosphatase enzyme conjugate and a sheep 
α-CORT antibody were pipetted into each well, and the plate sealed and incubated 
at RT for 2h. Wells were then aspirated and washed three times with kit wash 
solution. A pNPP-based (para-nitrophenyl phosphate) development substrate was 
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added to each well and incubated at RT for 1hr. After this incubation, 50μL kit Stop 
solution was added to each well to halt the reaction and the plate read on a plate 
reader at 405nm. 
 

3.2.4.2.1 Data extraction and analysis 

The average OD of blank wells was calculated and subtracted from all standard and 
sample wells to give the net OD. The average net OD of the standards was 
calculated as a percentage of the lowest standard to give the ‘percentage bound’, 
which was then plotted against the target concentration of CORT on the standards, 
through which a logarithmic curve was plotted as it provided the closest fit to the 
data. The average net OD of each sample was interpolated against this curve, and 
the exponent of that number calculated to give the concentration of CORT in each 
sample. Data were standardised to z-scores prior to analysis using an inverse-
normal transformation, to account for the highly skewed nature of the CORT data 
(Yang et al. 2012). 
 

Group means for samples from day 1 and day 5 of the LPS injection protocol were 
compared separately for males and females, using a three-way ANOVA with 
repeated measures. Dose day, stress condition, and LPS condition were the 
independent variables.  
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Figure 3.1: Line graphs showing the percentage of observation time spent nursing (mean 
+/- SEM) in control (cohort, 1 n=8; cohort 2, n=11) and LBN (cohort 1, n=8; cohort 2, n=12) 
dams during the experimental period PND2-10. Data are shown for cohort 1 (both AM and 
PM), and cohort 2 (AM only).  
Significance statement: For cohort 1 AM observations, a significant main effect was 
observed between control and LBN dams’ total nursing behaviour, regardless of postnatal 
day. 
* = stress condition differs significantly on the indicated PND. 
† = significant difference from PND3 (regardless of stress condi on). 

 
The percentage of nursing time spent in the arched back posture was analysed next. 
In cohort 1 there were no significant effects during morning observations, but for 
afternoon observations there was a significant interaction effect of stress x PND 
(table 3.3; figure 3.2). Post-hoc tests revealed that LBN dams performed significantly 
less arched back nursing than control dams on PND5 (p=0.031) and PND8 (p=0.042; 
figure 3.2). 
 

For cohort 2, a significant main effect of postnatal day was observed (table 3.3; 
figure 3.2). Post-hoc tests revealed that overall arched back nursing time was 
reduced on PND8 compared to PNDs 4 and 6 (p=0.005, p<0.001 respectively), and 
reduced on PND10 compared to PNDs 4, 5, 6, and 7 (p<0.001, p=0.022, p<0.001, 
p=0.014 respectively; figure 3.2). A trend towards an interaction effect was also 
observed (table 3.3; figure 3.2). 
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Figure 3.3: Line graphs showing the proportion of the total observation time spent 
licking and grooming pups (mean +/- SEM) in control (cohort, 1 n=8; cohort 2, n=11) 
and LBN (cohort 1, n=8; cohort 2, n=12) dams during the experimental period PND2-10. 
Data are shown for cohort 1 (both AM and PM), and cohort 2 (AM only).  
Significance statement: For cohort 1 PM observations and cohort 2 observations, 
significant main effects were observed between control and LBN condition dams’ 
grooming behaviour, regardless of postnatal day. 
* = stress condition differs significantly on the indicated PND. 

 
3.3.1.3 Time spent away from pups 

There was a significant main effect of stress on the time dams spent away from pups 
in morning observations for cohort 1 (table 3.5; figure 3.4), with LBN dams spending 
less time away from their pups. For afternoon observations, there was a significant 
interaction effect of postnatal day x stress (table 3.5; figure 3.4). Post-hoc tests 
revealed that on PND8 (p=0.013) and PND9 (p=0.016) LBN dams spent significantly 
less time away from their pups than control dams (figure 3.4).  
 

In cohort 2, there was no effect of stress condition. There was a significant main 
effect of postnatal day on time all dams spent away from their pups (table 3.5; 
figure 3.4), with significantly more time spent away from pups on PND7 (p<0.001) 
and PND10 (p=0.0042) than on PND3 as revealed by post-hoc tests (figure 3.4).  
 
No significant differences were observed between groups in the time spent away 
from their pups on PND2 in either cohort 1 (t=-1.20, p=0.26) or cohort 2 (t=-0.40, 
p=0.69; DNS). On PND14, 3 days after LBN conditions had been removed, no 
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Figure 3.5: Line graphs showing the behavioural consistency score (mean +/- SEM) in 
control (cohort, 1 n=8; cohort 2, n=11) and LBN (cohort 1, n=8; cohort 2, n=12) dams 
during the experimental period PND2-10. Data are shown for cohort 1 (both AM and 
PM), and cohort 2 (AM only). A higher behavioural consistency score indicates less 
consistent maternal behaviour. 
Significance statement: For cohort 2, a significant main effect was observed between 
LBN and control dams’ behavioural consistency scores, regardless of postnatal day. 
† = significant difference between PNDs (regardless of stress condi on). 

 
3.3.1.5 Additional maternal behaviour observations 

In addition to the quantitative ANOVA data presented above, some qualitative 
observations were made during the early postnatal period that are worthy of 
mention.  
 

Firstly, two ‘novel’ behaviours were observed in LBN dams that appeared very 
seldom if at all in control dams. These are denoted ‘novel behaviours’ in the 
ethogram (table 3.1). One striking behaviour was dubbed ‘tail biting’ in which the 
dam would seize her tail (or in one case, forelimb) in her mouth and would then run 
rapidly in circles. Sometimes the dam would attempt to lay the tail/limb over or 
around pups as though trying to use the tail as nesting material. This was observed 
most frequently during the afternoon observations of cohort 1 on PND3 (extended 
periods in 2 LBN dams vs. none in control dams), and PND4 (observed in 5 LBN dams 
vs. 1 control dam). In cohort 2, tail biting occurred most frequently on PND4 
(observed in 5 LBN dams vs. 1 control dam). Some LBN dams did not show this 
behaviour at all during observation periods, but others showed it repeatedly.  
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The other novel behaviour observed in LBN dams was dubbed ‘pup carrying’. While 
similar to pup retrieval, it was judged to be a separate behaviour, as pup retrieval 
typically entails the dam gathering pups and returning them to the nest, whereas 
the LBN dams were sometimes observed moving pups around the cage without 
appearing to decide on a singular nest (observed in 6 of 8 LBN dams in cohort 1, and 
5 of 12 in cohort 2). This appeared most frequently in the first 2 days under LBN 
conditions, suggesting it may have been related to the novelty of the environment. 
Sometimes this movement appeared quite rough, with pups being ‘thrown’ from 
one place to another. In the absence of a defined nest, this behaviour could be seen 
as an unsuccessful attempt to locate a better nest site. 
 

Additionally, on PND10 when cages were changed back to normal housing 
conditions and the LBN condition ceased, pups were removed briefly from the dams 
for weighing and checking. During these checks some pups – only ever those 
belonging to LBN dams – were observed to have small scars on their bodies as 
demonstrated in figure 3.6. This may have resulted from rough pup carrying 
behaviour demonstrated by some LBN dams, or from dams stepping on pups. 
 

 
 
Figure 3.6: Photograph of LBN pup at PND10, with scarring evident on the pup’s 
neck. 

 
3.3.1.6 Nest-directed behaviours 

In cohort 1, there were no significant effects of stress or postnatal day on nest-
directed behaviour in the morning observations, but a significant main effect of 
postnatal day (table 3.7; figure 3.7) was detected in afternoon observations. Post-
hoc tests revealed a significant decline in nest-directed behaviour between PND2 
and PNDs 6, 7, and 8 (p=0.018, p<0.001, p=0.0019 respectively; figure 3.7). In 
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Figure 3.8: Line graphs showing average pup weight for male and females pups in cohorts 
1 and 2. Data are shown for PND2 (prior to condition onset), PND10 (at removal of stress 
condition), and at weaning on PND23. Group numbers on PND23: cohort 1 – male control 
n=46, female control n=41, male LBN n=44, female LBN n=36; cohort 2 – male control 
n=71, female control n=60, male LBN n=69, female LBN n=75. 
† = significant difference versus PND2 (regardless of stress condi on). 

 

3.4 Results – acute effects of the peri-pubertal LPS challenge 

3.4.1 Adolescent body weight data 

In cohort 1, male animals showed a significant interaction effect between treatment 
day and LPS treatment in a 3-way repeated measures ANOVA (F(df=4,344)=12.23, 
p<0.001; figure 3.9), with no effect of prior stress exposure. The female animals in 
cohort 1 showed the same LPS x treatment day interaction effect (F(df=4,288)=2.74, 
p=0.029; figure 3.9). Post-hoc tests revealed a significant increase in body weight 
each day (dose), except between doses 1 and 2 in the LPS-treated animals, reflecting 
the brief plateau in weight gain visible in figure 3.9. 
 

In cohort 2, male animals showed the same LPS x treatment day interaction effect 
(F(df=4,405)=3.16, p=0.014; figure 3.9) with similar post-hoc findings, but the interaction 
effect was absent in females which showed only a main effect of treatment day 
(F(df=4,453)=48.42, p>0.001; figure 3.9).  
 

In mini-cohort 3, a main effect of treatment day was significant in both males 
(F(df=4,108)=149.67, p>0.001) and females (F(df=4,112)=26.00, p<0.001; figure 3.9), but 
there was no effect of LPS treatment in either sex. 
 



64 
 

 
Figure 3.9: Line graphs showing body weight change during the five-day LPS challenge 
in male and female juveniles from all three cohorts (mean +/- SEM).  
Key: M = male, F = female. C = control rearing conditions, S = LBN rearing conditions. V 
= vehicle administration, L = LPS treatment.  
MCV – cohort 1, n=115; cohort 2, n=135; cohort 3, n=40. MCL – c1, n=115; c2, n=130; 
c3, n=35. MSV – c1, n=110; c2, n=130; c3, n=40. MSL – c1, n=110; c2, n=130; c3, n=40. 
FCV – c1, n=100; c2, n=140; c3, n=40. FCL – c1, n=100; c2, n=140; c3, n=40. FSV – c1, 
n=90; c2, n=155; c3, n=40. FSL – c1, n=90; c2, n=150; c3, n=40. 
#= significant difference versus treatment day 1 in rats receiving vehicle injections. 
+= significant difference versus treatment day 1 in rats receiving LPS injections. 
† = significant difference versus treatment day 1 in all experimental groups. 

 
3.4.1.1 Qualitative observations 

LPS-treated animals were observed to exhibit some mild diarrhoea and piloerection, 
consistent with mild sickness behaviour. It was also noted that on the whole they 
bled less freely from the lateral tail vein incisions made to collect blood samples, 
suggesting a possibility of peripheral vasoconstriction due to fever.  
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Figure 3.10: Line graphs showing plasma corticosterone concentrations (mean +/- 
SEM) 90 mins after LPS or vehicle injections on days 1 and 5, in males and females 
from mini-cohort 3. N=8 per group. Data shown here represent actual 
concentration, while ANOVAs were performed on inverse-normal transformed data 
to meet the assumption of normality. 
Significance statement: In females, a significant difference existed between stressed 
females treated with vehicle versus those treated with LPS, regardless of treatment 
day.  
+= significant effect of LPS treatment on the given day. 
†= significant effect of LPS treatment in control condition rats on the given day. 

 

3.4.3 Plasma interleukin-6 concentrations 

In males, there was a significant two-way interaction between LPS treatment x 
treatment day (table 3.10), which post-hoc tests revealed to be due to a significantly 
greater IL-6 concentrations in rats administered LPS than those administered vehicle 
on day 1 on only (p=0.0012; figure 3.11). There was also a trend towards a significant 
stress x LPS interaction in males (table 3.10). Figure 3.11 shows a somewhat confused 
picture, although it is evident that in males both LPS groups exhibited higher IL-6 
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Figure 3.11: Line graphs showing plasma IL-6 concentrations (mean +/- SEM) 90 
mins after vehicle or LPS injections on days 1 and 5, in males and females from mini-
cohort 3. N=8 per group. Data shown here represent actual concentration values, 
while ANOVAs were performed on inverse-normal transformed data to meet the 
assumption of normality. 
+ = significant effect of LPS treatment on the given day. 
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3.5 Discussion 

3.5.1 Maternal behaviour under limited bedding and nesting material conditions 

The LBN paradigm has been repeatedly shown to induce perturbations of maternal 
behaviour which induce chronic stress in offspring, with long-lasting consequences. In 
particular, alterations to the quality and patterns of maternal behaviours are thought 
to be influential. It was, therefore, important to measure maternal behaviours and 
compare the results of behavioural observations to previously published data, in 
order to verify the success of the LBN paradigm used in this study. 
 

3.5.1.1 Fragmentation of maternal care 

The original paper describing the effects of the LBN paradigm on dam behaviour 
used a similar methodology for behavioural observations as that employed here – 
recording point-observations for 25 consecutive epochs over 75mins, with two sets 
of light-phase observations and one during the dark-phase per day (Ivy et al. 2008). 
The behavioural consistency score reported here was derived based on their 
published methodology, and it is this that provided the first description of 
fragmented maternal care in the LBN model. They describe increased behavioural 
consistency scores in LBN dams during dark-phase observations only, indicating 
more fragmented patterns of maternal care, with no evidence of an effect during 
the light-phase (Ivy et al. 2008). The behaviour consistency score derived here was 
significantly higher in LBN dams than controls in in cohort 2, regardless of postnatal 
day. In cohort 1, however, no effect of stress was seen during either the morning or 
afternoon observations, although no dark-phase observations were made for either 
cohort of dams. Rats are more active during the dark phase, which may explain the 
results reported by Ivy et al., however this study reports a light-phase effect. 
Increased fragmentation scores (analogous to the behavioural consistency score 
used here) during light-phase observations have been reported previously, with 
increased scores in LBN dams on PNDs 3 and 5 (Shupe and Clinton 2021).  
 

Fragmented maternal care under LBN conditions can also be measured by the mean 
duration of bouts of a particular behaviour – especially arched back nursing and pup 
licking and grooming behaviour, which have been shown to constitute markers of 
effective nurturing (Caldji, Diorio, and Meaney 2000). Ivy et al. (Ivy et al. 2008) 
reported a reduction in the duration of arched-back nursing bouts during the light-
phase on PND4 in LBN dams, and reduced duration of grooming bouts is also 
reported (Molet, Heins, et al. 2016). Duration of bouts of behaviour was not 
analysed here so analogous data cannot be described. A more recent advance in the 
measurement of behavioural fragmentation has been the calculation of entropy 
rates of dams, based on more complex probabilistic analysis of behavioural 
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transitions from epoch-to-epoch, with higher behavioural entropy demonstrated by 
LBN dams (Molet, Heins, et al. 2016; Davis et al. 2017).  
 

Based on the simple behavioural consistency score, the results presented here 
indicate that the LBN model successfully induced fragmented maternal behaviour in 
cohort 2 dams. In cohort 1 dams, this effect was not observed, although unobserved 
fragmentation may have occurred during the dark phase. 
 

3.5.1.2 Nurturing maternal behaviour 

In this study, we saw a significant increase in the total nursing time displayed by LBN 
dams in cohort 1 during morning observations, but during the afternoon 
observations the proportion of time spent nursing in the arched back posture was 
significantly lower in LBN dams on PNDs 5 and 8. These data suggest that overall the 
LBN dams were performing equal or increased nursing across the two cohorts, but 
that arched back nursing – considered the most nurturing form of nursing (Caldji, 
Diorio, and Meaney 2000; Liu et al. 1997) – was reduced. In the literature, some 
reports find no evidence of altered total or arched back nursing time in LBN dams 
(Molet, Heins, et al. 2016; Braw et al. 2009; Davis et al. 2017), whereas others find 
time spent nursing is increased (Shupe and Clinton 2021) or decreased in LBN dams 
(Roth et al. 2009; Raineki, Moriceau, and Sullivan 2010). The data from this study, 
however, when taken alongside the data suggesting that LBN dams spent less time 
away from the nest in cohort 1, could be taken to indicate that while LBN dams 
spent more time in contact with their pups, this contact may not have been 
providing optimal maternal care.  
 

Increased pup contact time may reflect a need for the dam to maintain pup body 
temperature in the absence of a nest, indeed previous studies have found that the 
LBN cage environment constitutes a thermoregulatory challenge to pups (Lapp, 
Mueller, and Moore 2020), providing a possible explanation for increased contact 
time between LBN dams and their pups. Incidences of LBN dams spending more 
time on the nest, or in ‘non-nutritive’ contact with pups, have been reported in the 
literature (Gallo et al. 2019; Braw et al. 2009; Dalle Molle et al. 2012), although 
again other reports contradict this finding (Ivy et al. 2008; Raineki, Moriceau, and 
Sullivan 2010). The inconsistencies in the literature may be due in part to differences 
in the LBN cage setup between labs, different strains of rats used, and/or different 
methods of behavioural assessment (Walker et al. 2017). It is also important to 
consider that in a more enriched cage environment, control condition dams may 
have had more ‘options’ available to them in terms of behaviour – for instance, to 
engage in nest maintenance (although no significant difference in nest-directed 
behaviour was shown), or to engage in self-care such as self-grooming while pups 
were safely gathered in a nest.  
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The most consistent maternal behavioural pattern observed across the two cohorts 
was the finding of increased time spent engaged in pup licking and grooming by LBN 
dams compared to controls. Pup grooming is essential in rodents as it serves to 
stimulate pups urination and defecation in early life, and helps to keep pups clean 
and regulate body temperature (Champagne et al. 2007). It is considered a nurturing 
behaviour that promotes healthy stress responsivity in the offspring (Caldji, Diorio, 
and Meaney 2000; Liu et al. 1997), so its increase here is indicative of good maternal 
behaviour. Reports in the literature are, again, mixed regarding pup grooming 
behaviour, with some finding it unaffected in LBN dams (Molet, Heins, et al. 2016; 
Braw et al. 2009), and others finding it reduced (Ivy et al. 2008; Shupe and Clinton 
2021). One report highlights the duration of individual bouts of grooming, finding 
them to be reduced in LBN dams despite no overall difference in time spent 
grooming pups (Molet, Heins, et al. 2016). Bout duration of grooming and other 
behaviours were not analysed here. 
 

3.5.1.3 Adverse maternal behaviour 

The maladaptive behaviours described qualitatively here have parallels with reports 
of adverse maternal behaviour from other publications using the LBN paradigm. 
Observations such as dams stepping on pups, transporting pups unnecessarily or 
roughly, pushing pups away, and kicking pups have been reported in both rat and 
mouse LBN models (Gallo et al. 2019; Rincón-Cortés and Grace 2022). The rough 
carrying of pups reported here, and the evidence of scarring seen on some LBN pups 
(figure 3.6) provides evidence for this negative behaviour. ‘Abuse-like’ behaviour has 
previously been described as affecting a subset of dams (Gallo et al. 2019), which 
may explain the relatively low prevalence of these behaviours seen in this study, 
that made quantification of the behaviour difficult. 
 

There have also been reports of behaviours analogous to tail-biting in LBN dams – 
one study combined the LBN paradigm with a western diet to induce metabolic 
disturbances in pups, and found significantly more ‘tail-chasing’ in dams under these 
conditions (Strzelewicz et al. 2019). They cite older work that has described tail-
chasing as a ‘surrogate social response’ in individually housed rats (Hurst et al. 
1997), which may reflect a lack of sensory enrichment under impoverished LBN 
conditions (Strzelewicz et al. 2019). During observations, the behaviour denoted 
‘tail-biting’ in this study appeared closer to a nest-building attempt, as the rats were 
observed attempting to drag or lay the tail over pups after bouts of tail chasing. It 
could be that in this instance, rather than perceiving the tail as a mobile object in 
the environment which can be used as a ‘cage-mate surrogate’ (Baenninger 1967), 
the rats perceived the tail as an object which could be used as a ‘bedding material 
surrogate’ instead.  
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The presence of some maladaptive maternal behaviours in the observations made 
under LBN conditions provides some qualitative evidence of disruption to the dams’ 
behaviour, seemingly induced by the impoverished environment. Previous reports of 
abusive-like behaviour such as maternal kicking under LBN conditions describe these 
behaviours as occurring in a subset of dams, and extending beyond the 24h 
following the imposition of LBN conditions suggesting it is not a transient response 
to the novel cage environment (Gallo et al. 2019). Kicked pups were shown to 
exhibit behaviour in the light/dark box suggestive of heightened risk-taking 
compared to non-kicked LBN-exposed pups, indicating a lasting impact of abusive-
like care on offspring function (Gallo et al. 2019). Furthermore, another report of 
abusive-like maternal behaviour under limited bedding conditions found that pups 
emit distress vocalisations when in non-harmful contact with their dam, suggestive 
of a lasting fear response towards the mother (Perry et al. 2019). It is evident, 
therefore, that these indications of negative maternal behaviours in LBN-exposed 
dams may add considerably to the burden of stress placed on the pups under their 
care. 
 

3.5.1.4 Methodological considerations 

Extending maternal behaviour observations into the dark phase may have produced 
more consistent evidence for disrupted maternal behaviour disruption in LBN dams 
across the two cohorts. The lack of consistency between cohorts 1 and 2 is of some 
concern, but may possibly be explained by the fact that while cohort 1 dams littered 
and raised their pups in a busier stock room in the animal facility, the cohort 2 dams 
were housed in a quieter private room and may thus have been exposed to less 
environmental noise, which is known to be a stressor for laboratory rats 
(Castelhano-Carlos and Baumans 2009). The stock room was a busy room, in which 
many racks of cages were kept, and animal facility staff were required to clean, 
change cages and bottles, and perform minor procedures (e.g. ear-notching). The 
small room in which the cohort 2 dams littered was exclusively occupied by animals 
for this study, and was only regularly accessed by one experimenter to perform 
behavioural checks. Cage changes (as described in section 2.1.2) did occur in this 
room, but only on the days specified above and on a much smaller scale than in the 
stock room, resulting in considerably less noise and disruption. It is likely that cohort 
2 dams were exposed to fewer sources of environmental stress than cohort 1 dams 
as a result of these differences in housing. 
 
Prior to the onset of LBN conditions in cohort 1, 7 of 23 litters were neglected by 
dams (pups not properly cleaned, gathered into a nest, or fed after parturition) to 
the point that the pups died, even if cross-fostered to other dams. A further 2 litters 
were partially neglected leading to a higher-than-normal loss of pups in the early 
postnatal days. This indicates that there may have been an unexplained stressor in 
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the environment of cohort 1 dams that caused aberrations of maternal behaviour 
before LBN conditions had been imposed, and which may have resulted in higher 
variability in dam behaviour during the LBN period. 
 

A further methodological consideration is that the exact parameters of the LBN 
condition vary between publications, and there is evidence that differences in the 
cage setup may influence maternal behaviour (Walker et al. 2017). Walker et al.’s 
review article delineates between rat LBN paradigms which employ a mesh grid on 
the cage floor, and those which use no grid (hereafter termed the ‘scarcity model’). 
The LBN paradigms typically use a mesh grid which is raised 2-2.5cm off the cage 
floor (Ivy et al. 2008; Molet, Heins, et al. 2016; Braw et al. 2009), while the scarcity 
models use a very thin layer of bedding material placed directly on the cage floor 
(Rincón-Cortés and Grace 2022; Shupe and Clinton 2021; Moriceau et al. 2009; 
Raineki, Moriceau, and Sullivan 2010). In the scarcity model, reports of rough 
handling of pups by the dam are more common than in the classic LBN paradigm 
(Walker et al. 2017). In the LBN cage setup used in this study, metal grids were 
placed on the cage floor, but were raised 1.4cm off the cage floor rather than 2-
2.5cm. This resulted in a gradual accumulation of faecal waste and shredded tissue 
that may have more closely mimicked the scarcity model, as the floor of the cage 
became relatively compacted. This could explain the rough handling of pups seen by 
a handful of LBN condition dams, as they may have been responding to their 
environment more like dams under scarcity than LBN conditions. 
 

3.5.2 Offspring biometrics 

3.5.2.1 Pup weights under LBN conditions 

Despite evidence for increased total nursing time in LBN litters, there was no 
significant difference between the control and stress groups in the mean weight of 
pups, either immediately before or after the LBN condition period, nor at weaning 
on PND23 (figure 3.8). This is consistent with previous reports of unaffected pup 
weight in some LBN studies (Raineki, Moriceau, and Sullivan 2010; Molet, Heins, et 
al. 2016), although other studies employing LBN report reduced pup weight both 
before and after weaning (Shupe and Clinton 2021; Lapp, Mueller, and Moore 
2020). There has, however, also been research conducted specifically into the 
metabolic effects of the paradigm, finding reduced body temperatures in pups 
under LBN conditions (Shupe and Clinton 2021), as well as increased brown fat 
metabolism and resultant cardiac hypertrophy (Lapp, Mueller, and Moore 2020). 
The absence of a warm nest is thought to constitute a thermal challenge to pups 
(Lapp, Mueller, and Moore 2020), and may affect aspects of their physical 
development beyond simple weight measurement. One possible explanation for 
increased pup-contact time in LBN dams found in this study is that it is an attempt to 
keep pups warm. 
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3.5.2.2 Body weight during the LPS challenge 

During the five days of the LPS challenge, overall weight change was similar between 
experimental groups. The main difference observed between groups was an 
apparent slowing of the normal adolescent growth between days 1 and 2 of the LPS 
administration in the animals receiving LPS compared to those receiving the saline 
vehicle injections (figure 3.9). Adolescence is a time of rapid body weight gain in rats 
(Pahl 1969), and a slowing of this weight gain represents evidence of an acute 
sickness response. A small number of previous studies have used chronic LPS 
administration in the adolescent rat, and the pattern of initial weight deficiency (On 
Wah et al. 2019) without a lasting difference in body weight (Ariza Traslaviña, de 
Oliveira, and Franci 2014) appears consistent. No effect of prior early life stress 
exposure (LBN) on LPS-induced weight change was observed. Prior stress has been 
shown to ‘prime’ the immune system, and predispose rats to larger cytokine 
responses to LPS administration (Johnson et al. 2002). In addition, the LBN model 
has previously been found to increase visceral pain in offspring (Guo et al. 2015). 
Findings from these studies may be expected to correlate with a stronger sickness 
response, but in this study there was no weight-related indication of enhanced 
sickness behaviour in LBN-exposed animals. 
 

3.5.3 Blood biomarkers during a peri-pubertal immune challenge 

Previous work in rats using the same dose of LPS administered via the 
intraperitoneal route has shown that the endotoxin can be detected in the 
circulation within 15 min of administration, and remains for at least 2h in adult male 
rats (Hansen et al. 2000). Cytokine responses can be detected in the blood after i.p. 
LPS administration between 50-62μg/kg, with interleukin-6, TNF-α, and interleukin-
1β peaking around 90 to 120 min after injection (Biesmans et al. 2016; Hansen et al. 
2000), while interleukin-10 peaks sooner, at around 60 min (Biesmans et al. 2016). A 
study using a much higher LPS dose (5mg/kg i.p.) in mice identified a peak in TNF-α 
levels in the brain 1h post-injection, coinciding with the TNF-α peak in the blood 
(Qin et al. 2007), indicating that inflammatory factors are released in the brain 
within a comparable timescale to blood measurements. The 90 min timepoint for 
blood sampling was therefore chosen to coincide with the peak in IL-6. 
Corticosterone responses to similar doses of i.p. LPS have also been reported, with 
serum corticosterone concentrations reliably raised by 90 min post-injection 
(Hansen et al. 2000; Biesmans et al. 2016), although perhaps not peaking until 2-6h 
post-injection (Biesmans et al. 2016; Taylor, Tio, and Romeo 2005). 
 

It is important to note that the ELISA data discussed below is derived from mini-
cohort 3, which do not display the same pattern of weight change during the LPS 
challenge as cohorts 1 and 2 (figure 3.9). This may be due to the additional stress 
caused by the blood sampling procedure itself, but it is possible that the 
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physiological reactions to the LPS challenge itself were qualitatively different in this 
group. 
 

3.5.3.1 Corticosterone secretory response to the LPS challenge 

In this study, plasma corticosterone concentrations were significantly higher in both 
LPS-treated male groups compared with vehicle-treated groups on day 1 of the 
challenge. In all cases, this response was attenuated on day 5 (fig 3.10). This 
provides good evidence for a corticosterone response to the chosen LPS dose, and 
some evidence of tolerance developing over time.  In the females, plasma 
corticosterone concentrations were significantly greater in both the LPS-treated 
groups, compared with the stress-exposed vehicle-treated group. Unexpectedly, 
however, they were also greater in the control vehicle group on day 1 of the LPS 
challenge. In the literature, vehicle i.p. injections have also been shown to provoke a 
corticosterone response – albeit briefer and milder than the comparable LPS groups 
(Hansen et al. 2000). Moreover, the HPA axis in females is more responsive to stress 
than in males (Sze and Brunton 2020), including, it seems, to i.p. vehicle injections 
(Taylor, Tio, and Romeo 2005), which may explain the elevated CORT seen in the 
FCV group on day 1 and the lack of a CORT response in the vehicle-treated males. If 
this were the case, however, one may also expect to observe higher corticosterone 
levels in the FSV group. It may be that females are showing a blunted stress 
response to the mild stressor which the vehicle i.p. injection represents. Attenuated 
corticosterone responses to a mild stressor after chronic stress have been reported 
previously (Ariza Traslaviña, de Oliveira, and Franci 2014; Walker et al. 2009). It is 
possible that a clearer delineation between the impact of LPS versus vehicle 
injections on corticosterone would have been possible if blood sampling had been 
performed slightly later, as the corticosterone secretory response to vehicle 
injections appears to resolve by 2hr post-injection (Hansen et al. 2000).  
 

In both male and female rats, interactions between LPS treatment and early life 
stress exposure were observed in the ANOVA analysis. In males, the corticosterone 
response to LPS in the stress-exposed group appeared to have resolved by day 5, 
such that it did not differ from the vehicle-treated stressed males; whereas, the 
corticosterone response (albeit apparently attenuated) persisted in LPS-treated 
control males, remaining significantly elevated above than the vehicle-treated 
control males on day 5. This suggestion of enhanced endotoxin tolerance in the 
stress-exposed males could be taken as evidence of an adaptive effect of prior stress 
exposure; previous work finds reduced anxiety-like responses to a stressor in stress-
primed rats compared to stress-naïve controls (Molet, Maras, et al. 2016), which 
seems to parallel this finding. In females, the corticosterone response was 
significantly different between stressed vehicle-exposed and LPS-exposed animals, 
while in the control groups a corticosterone response was demonstrated regardless 
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of LPS treatment condition. This provides some evidence for LBN-induced influence 
over the CORT response to an immune challenge.  
 

3.5.3.2 Interleukin-6 response to the LPS challenge 

The results of the ELISA assay examining plasma IL-6 concentrations 90min after the 
LPS challenge on days 1 and 5 are quite variable between males and females. In the 
males, increased plasma IL-6 levels were observed on day 1 of the course of LPS 
injections, but not on day 5. This indicates an inflammatory response to the immune 
challenge, as expected, which is abrogated by day 5 indicating that endotoxin 
tolerance may have built up during the challenge. A study comparing blood and 
brain cytokines during an LPS dosing regimen designed to produce endotoxin 
tolerance discovered that tolerance is demonstrated more completely in blood than 
brain inflammatory markers, with brain levels of TNF-α and IL-1β conserved in 
endotoxin-tolerant rats, and IL-6 levels reduced but not to baseline levels, even 
where blood cytokines were comparable to baseline (Chen et al. 2005). This 
suggests that although endotoxin tolerance (as measured by blood markers) may 
have developed over the 5-day course of low-dose LPS injections in this study, the 
neuroinflammatory response may have been preserved. 
 

In the females, the IL-6 ELISA data is not as expected. The FSV group displays raised 
IL-6 on day 1, and the FCV group on day 5, but neither LPS condition group shows 
evidence of an IL-6 response to the LPS injections. This may be due to 
methodological difficulties in the IL-6 ELISA, described in section 3.2.4.1. There are 
other possible explanations though. The febrile response to a comparable i.p. LPS 
dose has been shown to be inconsistent until 180min post-injection (Taylor, Tio, and 
Romeo 2005), although generally IL-6 levels peak before then, but it is possible that 
the inflammatory response was insufficiently resolved in the female animals at the 
blood sampling time-point. Additionally, studies on the time-course of IL-6 
responses to similar i.p. LPS injections are primarily based in males, so our 
experimental design may not fully have accounted for the effects in females (Hansen 
et al. 2000; Biesmans et al. 2016).  
 

3.5.4 Conclusions 

Ultimately, both the early life stress manipulation using the LBN model and the 
adolescent immune challenge using the 5-day LPS challenge both show evidence of 
having provoked behavioural and physiological responses, respectively, consistent 
with the expected effects based on the previous literature relevant to each challenge. 
Additionally, there is some evidence that the stress condition under which male rats 
were reared may have affected corticosterone responses to the LPS challenge, 
indicating a sex-specific interaction between the two ‘hits’ comprising the double hit 
model in the animals’ proximal responses. The data described in subsequent chapters 
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investigates the distal consequences of the double-hit model, examining behavioural 
outcomes in adulthood as well as the expression of stress- and inflammation- related 
factors in the brain, and neurostructural outcomes after an early life stressor 
combined with an adolescent immune challenge. 

 

 

  



78 
 

4 Chapter 4: Adult outcomes of the double-hit model 

4.1 Introduction 

In animal models, early life stressors have been shown to lead to perturbations of 
behaviour persisting into adulthood (Molet, Heins, et al. 2016) – with parallels drawn to 
adverse childhood experiences in humans leading to a heightened risk of psychiatric 
illness across the lifespan (Felitti et al. 2019; Maniam et al. 2016). It is important and 
customary for ELS models to be validated by the observation of depression- and 
anxiety-like behavioural traits in adult animals. The LBN paradigm has been shown to 
induce anxiety-like behaviour on the elevated plus maze (Dalle Molle et al. 2012; 
Maniam et al. 2016), and depression-like behaviour in the forced swim test (Rincón-
Cortés and Sullivan 2016) – although these are not consistently observed (Walker et al. 
2017). It is, therefore, an important outcome measure to collect for this thesis.  
 

There is an existing literature examining the crosstalk between immune challenges and 
stress models in animals, and although this is chiefly concerned with pre- or peri-natal 
immune challenges followed by a later stressor, there is evidence that behavioural 
effects can result. For instance, in rats exposed to two 50µg/kg LPS injections in early 
postnatal life followed by three days of variable stress in adulthood, anxiety-like 
behaviour was observed in male double-hit animals on the open field and elevated plus 
maze tests, but not in animals exposed to LPS or stress alone (Walker et al. 2009). In 
addition, both acute and chronic LPS administration in neonatal or pre-pubertal life is 
sufficient to induce anxiety-like behaviour in adulthood (Bossù et al. 2012; Sominsky et 
al. 2012; Ariza Traslaviña, de Oliveira, and Franci 2014). The precise timing and severity 
of immune challenge used in the double-hit model is novel, and data on the distal 
effects of inflammatory perturbations during adolescence are lacking. It is, therefore, 
crucial to characterise any long-term behavioural and inflammatory outcomes of the 
adolescent LPS challenge. Although in humans poor psychiatric outcomes are a 
consistent and measurable sequelae of ACEs (Felitti et al. 2019), in animals models the 
behavioural tests used to assess psychiatric-like traits are often criticised for their lack 
of efficacy (Carvalho et al. 2021; Leite-Almeida, Castelhano-Carlos, and Sousa 2022). 
While tests of anxiety- and depressive-like behaviours are still standard in the field for 
assessing outcomes after stress models (Belovicova et al. 2017), they are not sufficient 
alone. When seeking to characterise chronic dysregulation of the HPA axis following 
the double-hit model, it is therefore important to look at a molecular level as well as at 
the level of behaviour. For instance, in a model of psychosocial stress during the pre-
natal stress-susceptible period, adult male offspring of stressed mothers display 
anxiety-like behaviour on the elevated plus maze and light/dark box, as well as 
exaggerated corticosterone responses to an acute stressor, and this was associated 
with reduced dendrite length in the hippocampus and amygdala (Scott et al. 2020; Sze 
and Brunton 2021). The prenatal social defeat stress rat model also produces 



79 
 

alterations in central gene expression in offspring, with reduced hippocampal 
mineralocorticoid receptor expression and increased amygdalar CRH-R1 expression 
(Brunton and Russell 2010). In adolescent males exposed to the LBN model of early life 
stress, excessive amygdalar release of corticotropin-releasing hormone is also 
observed, and associated with anhedonia and decreased interest in pleasurable social 
play (Bolton, Molet, et al. 2018). These examples demonstrate the benefit of examining 
brain-based markers of HPA axis activity alongside behavioural testing, to gain deeper 
insight into the biological processes underpinning stress-related changes in behaviour. 
 

Early life stress has been found to result in chronic dysregulation of the HPA axis. This is 
thought to be one mechanism underlying the observations of heightened anxiety-like 
behaviour in adult rats exposed to neonatal LBN is one source of evidence for this 
(Dalle Molle et al. 2012; Raineki et al. 2012; Maniam et al. 2016). In addition, ELS 
paradigms are associated with elevated baseline plasma corticosterone (Moussaoui et 
al. 2016), as well as dysregulated corticosterone responses to subsequent stressors 
(Majcher-Maślanka et al. 2018) in adult animals, indicating ongoing effects on the 
activity of the HPA axis. Dysregulation of the HPA axis is associated with long-term 
alterations in the central expression of key genes including the glucocorticoid and 
mineralocorticoid receptors, and corticotropin releasing hormone and its receptors 1 
and 2.  
 

The mineralocorticoid receptor (MR) is central to glucocorticoid-mediated negative 
feedback to the HPA axis under normal conditions. Antagonism of MR in the rat 
hippocampus is sufficient to increase basal circulating corticosterone (van Haarst, Oitzl, 
and de Kloet 1997) and CORT responses to a mild stressor (Pace and Spencer 2005), 
while overexpression of MRs in the rodent forebrain and amygdala leads to attenuated 
corticosterone responses to restraint stress and reduced anxiety-like behaviour 
(Rozeboom, Akil, and Seasholtz 2007; Mitra, Ferguson, and Sapolsky 2009). The level of 
MR in stress-sensitive regions of the brain (such as the hippocampus and limbic 
forebrain regions), therefore, can modulate the circulating levels of stress hormones. 
The glucocorticoid receptor (GR) has lower affinity for CORT, and is generally 
unoccupied under basal conditions (Spencer and Deak 2017). During periods of stress, 
however, GRs in the hippocampus and hypothalamus are rapidly bound and are crucial 
for the termination of stress response, and the return of HPA axis activity to baseline 
(Sapolsky, Romero, and Munck 2000; Weidenfeld et al. 2002). Depletion of GR in the 
PVN of the mouse hypothalamus leads to exaggerated corticosterone release in 
response to an acute stressor (Solomon et al. 2015), and genetic knockout of forebrain 
GR leads to elevated basal and reactive levels of corticosterone in mice (Kolber and 
Muglia 2009). It is clear, therefore, that reduced GR levels in the brain also associate 
with excessive HPA axis activity. Studies in depressed populations of human patients 
find evidence of reduced GR function, implicating hyperactivity of the HPA axis as a 
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feature of depression, and this functional deficit in GR can be partially resolved with 
successful antidepressant treatment (Pariante and Miller 2001). This places GR and its 
role in regulating the acute stress response in an important position for translational 
depression research. 
 

Corticotropin-releasing hormone (CRH) is predominantly released from the PVN of the 
hypothalamus, although there are also CRH-secretory neurones in the amygdala (Sheng 
et al. 2020). Acting via its widely-expressed receptor CRH-R1, CRH stimulates release of 
adrenocorticotropic hormone (ACTH) from the anterior pituitary gland, which in turn 
stimulates adrenal corticosterone release during periods of stress. A second receptor, 
CRH-R2, has lower affinity for CRH and is less widely distributed in the brain (Sheng et 
al. 2020). Genetic mouse models show that CRH-R1 deficiency is associated with 
reductions in anxiety-like behaviour and increased CRH mRNA expression in the PVN, 
while CRH-R2 deficiency is associated with increased anxiety-like behaviour and 
increased CRH mRNA expression in the amygdala (Bale, Lee, and Vale 2002). Thus, the 
balance between CRH receptors 1 and 2 is thought to play a critical role in regulating 
anxiety-like behavioural phenotypes, with CRH-R2 acting to moderate the anxiogenic 
actions or CRH-R1 (Bale, Lee, and Vale 2002). The ratio of CRH-R1:CRH-R2 mRNA 
expression was found to be increased in male but not female offspring of a prenatal 
social stress rat model, mirroring the anxiety-like behavioural phenotype which was 
present in prenatally stress-exposed males but not females (Brunton, Donadio, and 
Russell 2011). Over-activity of CRH-R1 without sufficient counter-effects of CRH-R2, 
therefore, may underlie the anxiogenic effects of chronic HPA axis dysregulation. 
 

Deviations in the expression of the CORT and CRH receptors induced by experiences of 
early life stress, therefore, can contribute to ongoing hyper- or hypo- sensitivity of the 
biological stress response – one of the mechanisms by which early life stress continues 
to impact on mood and behaviour into adulthood.  
 

Experimental models of systemic inflammation have found evidence for producing 
long-term effects, measurable as deviations in expression of inflammatory markers 
(Bossù et al. 2012). Microglia – being the immune cells of the brain – are central to the 
neuroinflammatory response (Shabab et al. 2017). Pro-inflammatory microglial activity 
is acutely increased after stressors such as restraint or social defeat stress in rodents 
(Calcia et al. 2016), as well as during systemic inflammation (Buttini, Limonta, and 
Boddeke 1996). Changes to the expression of inflammatory markers such as cytokines 
in the brain are effected by microglial cells (Hanisch 2002), and these can be 
upregulated many months after inflammation in rodent models (Bossù et al. 2012). It 
is, therefore, important to examine the expression of microglial genes when seeking to 
characterise the long-term effects of the double-hit model. The gene Aif1 is expressed 
on microglia and it and its protein product Iba1 are commonly used as microglial 
markers (Schwab et al. 2001; Korzhevskii and Kirik 2016). Meanwhile, the genes P2ry12 



81 
 

and Cx3cr1 are both considered markers of microglial homeostasis, with alterations to 
expression levels of these genes indicating deviations from homeostatic function in 
microglial cells. P2ry12 is expressed on the ramified processes of resting-state 
microglia, and its expression is down-regulated when the activated cells adopt their 
amoeboid morphology as well as in the course of normal ageing as microglia become 
pro-inflammatory (Gómez Morillas, Besson, and Lerouet 2021; Walker et al. 2020). 
Cx3cr1 produces a chemokine receptor expressed on microglial cells, in knockout 
models of Cx3cr1 microglia become pro-inflammatory, as the receptor is involved in 
maintaining homeostasis (Wolf et al. 2013). Therefore, stable expression of both the 
P2ry12 and Cx3cr1 genes indicates microglial homeostasis, and downregulation of both 
genes can be used to measure pro-inflammatory microglial activity. 
 

As the double-hit model characterised in this thesis includes both a stressor and an 
immune challenge, and both HPA axis and inflammatory activity have been associated 
with the aetiology of depression and other psychiatric disorders in humans, assessment 
of behavioural and biological markers of both systems is an important step in 
characterising the long-term impact of this model. 
 

4.1.1 Summary and aims 

By considering the effects of the double-hit model on adult behaviour as well as the 
expression of stress- and inflammation- relevant genes in multiple regions-of-interest 
in the brain, this chapter aims to elucidate the long-term impacts of the two hits, and 
their separate and shared contributions to the adult phenotype. 
 
The aims of this chapter are: 

 To establish whether early life stress (LBN) induces an anxiety-like and/or 
depressive-like phenotype in the adult offspring. 

 To establish whether a peri-pubertal immune challenge induces an anxiety-like 
or depressive-like phenotype in the adult offspring. 

 To determine whether the double-hit has a cumulative impact on anxiety-like 
and/or depressive-like behaviour in the adult offspring. 

 To quantify the expression of HPA-axis related genes in the brains of 
experimental animals. 

 To quantify the expression of neuroinflammation-related genes in the brains 
of experimental animals. 

 To assess microglial cell numbers in the hippocampi of a subgroup of 
experimental animals. 
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4.2 Materials and methods 

4.2.1 Animals 

Male and female control and LBN-exposed rats, with and without peri-pubertal LPS 
treatment were generated as described in chapter 2, section 2.1.2-2.1.3. Rats were 
group housed by sex and ELS treatment condition, under conditions described in 
chapter 2, section 2.1.1.5. 
 

4.2.2 Adult behavioural testing 

Established behavioural experiments were performed once the rats reached 
adulthood (8-12 wks of age) in both males and females from the 4 experimental 
treatment groups. In cohort 1, a battery of validated tests was performed to assess 
anxiety- and depression-like behaviours. In cohort 2 animals, only the elevated plus 
maze (EPM) was performed for comparison of anxiety-like behavioural outcomes with 
those of cohort 2.  
 
For the elevated plus maze, Noldus EthoVision software (Wageningen, Netherlands) 
was used to record the experimental trials and analyse the videos. Behavioural 
equipment, was set up in a room separate from the animal holding rooms in the 
facility. The experimenter monitored the animal from a desk in the corner of the 
room, sitting still and quiet for the duration of the behavioural test period. For all 
behavioural tests, equipment was cleaned thoroughly in between each trial with 70% 
EToH; males and females were always tested on separate days, and the equipment 
cleaned at the end of each day with Hypochlorous acid (ProChlor; Contec, Sth. 
Caroline, USA) to eliminate odours which might influence behaviour. 
 

4.2.2.1 The elevated plus maze 

The elevated plus maze (EPM) is a behavioural test validated for examining anxiety-
related behaviour in rats (Carobrez and Bertoglio 2005). It is a maze with two 
‘closed’ arms (length 60cm, width 10cm), boxed in with walls (height 35cm) on three 
sides, and two ‘open’ arms (length 60cm, width 10cm) exposed on all sides, standing 
76cm above the floor. Rats are known to be motivated to explore new 
environments, but are also more comfortable in dark, enclosed spaces. An animal 
which spends less time in the open arms is judged to be showing more anxiety-
related behaviour than another.  
 
Cohort 1 rats (n=96) aged 9 wks, and cohort 2 rats (n=128) aged 9 wks were used for 
this test. 
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EPM testing was performed between 09.00-13.00h. Experimental animals were 
taken one-by-one from the stock room in which their home cages were house, and 
carried to the experimental room (across the corridor) in a holding cage. Each rat 
was taken from the holding cage and placed in the centre of the maze facing a 
closed arm. The recording software was programmed to begin recording the trial 
10s after an animal was detected on the maze, and ceased recording precisely 10 
min after that point. The animal was then returned to the holding cage and carried 
back to its home cage in the stock room. In between animals, the maze was cleaned 
thoroughly with 70% EtOH which was allowed to dry before the next animal was 
placed on the maze. 
 
The EthoVision software was pre-programmed with each animal’s sex, and stress 
and LPS condition. It was also programmed with the different zones of the maze as 
indicated in figure 2.1. Data was automatically extracted from the videos using the 
position of the centre-point of the animals (mid-way between the rat’s nose and the 
base of its tail) throughout the behavioural test period, giving data on the total 
amount of time each rat spent in each of the four arms of the maze. This was 
summed to give the total duration spent in either open arm and either closed arm 
separately. The total number of entries made by animals to any arm on the maze 
was extracted, and the percentage of these entries accounted for by entries to the 
open arms calculated and named the ‘frequency’ of open arm entries. In addition, 
total distance moved by rats during the test period (in cm) was generated by the 
software as an indicator of overall locomotion. 
 

 
 
Figure 4.1: Image showing the elevated plus maze in situ with the different zones 
of the maze labelled. 
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4.2.2.2 The sucrose preference test 

The sucrose preference test (SPT) is used in rats to assess anhedonia – a core trait of 
depression in humans (Liu et al. 2018). Cohort 1 rats (n=96) aged 10 wk were singly 
housed in open-top cages in a private room away from other rat cages, and given 
two water bottles – one containing 750mL 2% (w/v) sucrose and the other 
containing 750mL normal filtered tap water. Bottles were weighed and weights 
recorded before the test commenced. Initially, the sucrose bottle was placed on the 
right-hand side of the cage, and the bottles were re-weighed then sides switched 
after 24h to account for any side preference displayed by animals. After a further 
24h, bottles were weighed a final time and rats returned to their original home 
cages. 
 

The volume of sucrose solution and normal water consumed by each rat on each 
day was calculated from the bottle weight data, as well as total volumes of sucrose 
water and normal water consumed over the whole 48hr period. Numbers were 
manually checked and a side preference was discounted prior to analysis. 
 

4.2.2.3 The forced swim test 

The forced swim test (FST; also called the Porsolt test) is used in rats to assess 
learned helplessness or behavioural despair – another core trait of depression in 
humans (Porsolt et al. 2001). Cohort 1 rats (n=96) aged 11 wks were used for this 
test. A glass cylinder (24cm diameter, 49cm height) was filled to a depth of 
approximately 30cm with water maintained at 21-23°C, which was cleared of debris 
and faeces between each animal and the water refreshed when it became too dirty 
(approximately every 4-6 swims). In the afternoon of day 1, experimental animals 
were placed in the water for a 10 min habituation swim. The following morning, a 5 
min test swim was conducted under the same conditions and recorded by video 
camera. For the test swim, animals were placed in the water and the timer started 
after a couple of seconds. 
The FST videos were manually scored for four domains of swimming behaviour – 
swimming, climbing, diving, and floating (immobile) (table 2.3). This was done by 
dividing the 5 min videos into 60x five-second epochs, and recording the 
predominant behaviour occurring in each epoch. Only one behaviour could be 
recorded per epoch.  
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reaction, and during the qPCR reaction this cDNA is amplified through multiple cycles 
of melting at 95°c, then cooling to 60°c to allow single-stranded primers to attach to 
the target sequence in the cDNA. During the extension phase of the reaction the DNA 
polymerase enzyme amplifies the target sequence by incorporating freely available 
complementary nucleotides tagged with a fluorescent reporter (in this case SYBR 
Green). Thus, the intensity of fluorescence indicates the concentration of the target 
DNA in each reaction. By comparing which PCR cycle (Ct) at which each target 
sequence was amplified over a critical threshold, it is possible to quantify the relative 
amount of target RNA present in the original sample by comparison to a 
housekeeping gene that is stably expressed in target cells.  

 
4.2.3.1 RNA extraction from tissue 

RNA extraction was performed using Qiagen RNeasy Midi kits (Qiagen, Hilden, 
Germany). Dissected hippocampus, amygdala, and hypothalamus tissue blocks from 
saline-perfused rats were taken out of storage and kept on dry ice. Tissue blocks 
were weighed on scales prepared with 70% EtOH and RNaseZAP (Sigma-Aldrich, 
Missouri, USA), and the weight used to calculate the appropriate volume of kit RLT 
buffer for each sample. β-mercaptoethanol was added to RLT lysis buffer (10μL per 
1mL buffer, as per kit instructions), then tissue samples were disrupted in this 
solution using a pestle gun, then homogenised by passing ten times through a sterile 
21-gauge needle, then again through a sterile 26-gauge needle. 
 
RNA extraction proceeded according to kit instructions using on-column DNase 
digestion as recommended (Qiagen, Hilden, Germany), and RNA was eluted in 
2x150μL volumes of RNase-free water. RNA concentration was measured using a 
NanoDrop 1000 (ThermoFisher, Massachusetts, USA), with yields between 64.3-
383.7ng/μL for hippocampus samples; 100.8-223.5ng/μL for amygdala samples; and 
124.6-340.6ng/μL for hypothalamus samples. 
 
RNA extracts were flash-frozen on dry ice and stored at -80°C until required. 

 
4.2.3.2 cDNA synthesis 

For each RNA sample, 500ng of RNA was required for cDNA conversion. The 
required volume for each sample was calculated based on Nanodrop measurements 
(see above), and diluted to make each sample up to 11μL for Mix 1 in PCR strips 
(table 4.2). Mix 1 was heated in a thermocycler (Bio-Rad T100, California, USA) to 
65°c and held for 5 min, then cooled to 4°c for 1 min and kept on ice. 
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The qPCR reaction was run on a qTOWER 384 qPCR machine (Analytik Jena, Jena, 
Germany), and monitored through the qPCRsoft 384 programme (Analytik Jena, 
Jena, Germany). The qPCR reaction comprised 40 cycles of heating the samples to 
95°C, then cooling them to 60°C and recording fluorescence from the SYBR Green 
after each cycle. A melting curve was produced at the end by heating the samples 
from 60°C to 95°C, 1°C at a time and recording fluorescence at each stage. 

 
4.2.3.5 Data extraction and analysis 

Melting curves were assessed to ensure each primer only annealed at one specific 
temperature, and individual wells in which this was violated were excluded case-by-
case. In cases where more than one of the three wells for each sample/primer 
combination was excluded, the whole sample was excluded from the analysis to 
prevent bias introduced by a lack of technical replicates. 
 
Ct values were calculated using the qPCRsoft 384 software, and means and standard 
deviations for each technical triplicate of each sample/primer combination were 
manually assessed for outliers. A triplicate was considered to have an outlier if the 
standard deviation for the trio was greater than 0.25, and one measurement within 
the trio more than 0.5 higher or lower than both other values. Again, in cases where 
more than one of three wells for each sample/primer combination were excluded, 
the whole sample was excluded.  
 
After exclusions had been made, the mean Ct values for each sample/primer 
combination were calculated. The mean housekeeper gene Ct value was subtracted 
from each target gene Ct value to produce the delta-Ct (dCt) value for each sample 
(see table 4.4 for housekeeper gene information). The mean dCt of each target gene 
in control/vehicle animals was calculated for male and female sample groups 
separately, and this mean dCT value was subtracted from all samples’ dCt values to 
produce the delta-delta-Ct (ddCt). The ddCt was then squared to give the 2ddCt. 
Extreme outliers were excluded prior to analysis. Data points were taken to be 
extreme outliers if they were more than 1 2ddct (~3-5 standard deviations) away 
from any other data point in a given group. 
 
Group mean 2ddCt

 values were compared using two-way independent ANOVAs, with 
stress exposure and LPS treatment as independent variables. Post-hoc testing – 
where appropriate – was conducted using the estimated marginal means (EMM) 
method, with Tukey’s p-value adjustment for multiple tests. Ratios of the expression 
of MR:GR and CRH-R1:CRH-R2 were calculated by dividing the 2ddCt value for the first 
gene by the 2ddCt value for the second. Group means of these ratio values were 
compared in the same way. 
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hippocampal ROI was assessed for microglial cell number. The rater was blinded to 
condition during the microglial counting. 
 
Microglial cell counts were analysed in R using the ‘t.test’ function with LPS 
condition as the independent variable. Right and left hippocampal ROI cell counts 
were analysed separately. 
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Figure 4.3: Bar charts showing total distance travelled on the EPM across experimental 
groups (mean +/- SEM), in males (left column) and females (right column) from cohorts 1 
(top row) and 2 (bottom row). No significant differences were detected in any of the four 
separate analyses.  
Veh = vehicle treatment, LPS = LPS treatment. 
Cohort 1: all groups n= 12; cohort 2: all groups n= 12. 

 
The proportion of time spent in the different areas of the EPM during each animal’s 
10 min test period was examined. In cohort 1 males, significant main effects of 
stress and LPS treatment on the percentage of time spent in the open arms were 
found (table 4.7; figure 4.4), as well as a trend towards an interaction effect (table 
4.7). In cohort 2 males, a significant main effect of stress was reported (table 4.7; 
figure 4.4). In contrast, there were no significant effects of treatment, nor any 
interaction effects in the females from either cohort (table 4.7). 
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Figure 4.4: Bar charts showing the percentage of time spent in the open arms of the EPM 
across experimental groups (mean +/- SEM), in males and females from cohorts 1 and 2.  
* = significant main effect of stress condition. 
+ = significant main effect of LPS condition. 

 

 
 
Figure 4.5: Automated tracking plots generated in the EthoVision video tracking system, 
showing the average positioning of all male control and LBN animals from both cohorts 1 
and 2. This enables comparison of the two experimental groups across the cohorts, with the 
difference especially visible in the left open arm. It is evident that in cohort 1, the control 
groups spent more time in the open arms compared to LBN groups, while in cohort 2 the 
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Figure 4.6: Bar charts showing the frequency of open-arm entries during the EPM test across 
experimental groups (mean +/- SEM), in males and females from cohorts 1 and 2.  
* = significant main effect of stress condition. 

4.3.1.2 Anhedonic behaviour: sucrose preference test 

No significant treatment effects were detected in either males or females from 
cohort 1 on the sucrose preference test (SPT; table 4.9; figure 4.7). 
 
All groups demonstrated a marked sucrose preference over the 48 hour test period 
(figure 4.7). Two-thirds or more of each experimental group displayed a sucrose 
preference, in that over 60% of the fluid consumed over the 48h test period was 
made up of sucrose solution (table 4.10). 
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In the males, the significant main effect of stress condition was driven by 
significantly higher GR expression in LBN-exposed groups than groups reared under 
control conditions (figure 4.9). 
 
 

Figure 4.9 (overleaf): Bar charts showing the expression of GR mRNA relative to the 
housekeeping gene Gapdh (mean +/- SEM), in the hippocampus, hypothalamus, and amygdala. 
Analyses were performed on male (left) and female (right) samples separately. 
Hippocampus: MCV – n= 10, MCL – n= 9, MSV – n= 10, MSL – n= 10, FCV – n= 9, FCL – n= 10, FSV 
– n= 10, FSL – n= 9. 
Hypothalamus: MCV – n= 8, MCL – n= 8, MSV – n= 9, MSL – n= 9, FCV – n= 10, FCL – n= 10, FSV 
– n= 10, FSL – n= 9. 
Amygdala: MCV – n= 10, MCL – n= 10, MSV – n= 10, MSL – n= 9, FCV – n= 10, FCL – n= 10, FSV – 
n= 10, FSL – n= 9. 
 
* = significant effect of stress condition. 
+ = significant effect of LPS condition. 
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Corticotropin-releasing hormone (Crh) mRNA expression was quantified in the 
hypothalamus and amygdala. There were no significant effects in either region in 
either males or females, although there was a trend towards a main effect of LPS 
treatment in the hypothalamus of males (table 4.15). 
 

 
 
Figure 4.12: Bar charts showing the expression of Crh mRNA relative to the housekeeping gene 
Gapdh (mean +/- SEM), in the hypothalamus (top) and amygdala (bottom) of males (left) and 
females (right). Analyses were performed on male and female samples separately. None of the 
analyses revealed any significant treatment effects. 
Hypothalamus: MCV – n= 10, MCL – n= 10, MSV – n= 10, MSL – n= 9, FCV – n= 10, FCL – n= 10, 
FSV – n= 9, FSL – n= 8. 
Amygdala: MCV – n= 10, MCL – n= 10, MSV – n= 10, MSL – n= 8, FCV – n= 10, FCL – n= 10, FSV – 
n= 9, FSL – n= 10. 
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Figure 4.13: Bar charts showing the expression of Crh-R1 mRNA relative to the housekeeping 
gene Gapdh (mean +/- SEM), in hippocampus and amygdala samples. Analyses were performed 
on male and female samples separately.  
Hippocampus: MCV – n= 10, MCL – n= 10, MSV – n= 10, MSL – n= 9, FCV – n= 9, FCL – n= 9, FSV 
– n= 10, FSL – n= 9. 
Amygdala: MCV – n= 10, MCL – n= 10, MSV – n= 10, MSL – n= 9, FCV – n= 10, FCL – n= 9, FSV – 
n= 9, FSL – n= 8. 
* = significant effect of stress condition. 
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Figure 4.14: Bar charts showing the expression of Crh-R2 mRNA relative to the housekeeping 
gene Gapdh (mean +/- SEM), in hippocampus and amygdala samples. Analyses were performed 
on male and female samples separately. None of the four analyses demonstrated any significant 
effects. 
Hippocampus: MCV – n= 9, MCL – n= 9, MSV – n= 7, MSL – n= 8, FCV – n= 8, FCL – n= 9, FSV – n= 
7, FSL – n= 10. 
Amygdala: MCV – n= 9, MCL – n= 8, MSV – n= 8, MSL – n= 9, FCV – n= 9, FCL – n= 9, FSV – n= 8, 
FSL – n= 7. 
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Figure 4.15: Bar charts showing the ratio or Crh-R1 to Crh-R2 mRNA expression (mean +/- 
SEM), in hippocampus and amygdala samples. Analyses were performed on male and female 
samples separately. None of the four analyses demonstrated any significant effects. 

Hippocampus: MCV – n= 9, MCL – n= 9, MSV – n= 8, MSL – n= 8, FCV – n= 8, FCL – n= 9, FSV 
– n= 9, FSL – n= 9. 
Amygdala: MCV – n= 10, MCL – n= 9, MSV – n= 8, MSL – n= 9, FCV – n= 8, FCL – n= 10, FSV – 
n= 8, FSL – n= 8. 
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Figure 4.16: Bar charts showing the expression of Aif1 mRNA relative to the housekeeping 
gene Gapdh (mean +/- SEM), in hippocampus and hypothalamus samples. Analyses were 
performed on male and female samples separately.  
Hippocampus: MCV – n= 10, MCL – n= 10, MSV – n= 10, MSL – n= 10, FCV – n= 10, FCL – n= 
9, FSV – n= 9, FSL – n= 10. 
Hypothalamus: MCV – n= 10, MCL – n= 10, MSV – n= 9, MSL – n= 8, FCV – n= 10, FCL – n= 
10, FSV – n= 10, FSL – n= 9. 
+ = significant main effect of LPS condition. 

 
4.4.2 Cx3cr1 gene expression 

The expression of the C-X3-C motif chemokine receptor 1 (Cx3cr1) – a marker of 
microglial homeostasis – was calculated relative to Aif1 as a housekeeping gene, in 
both hippocampus and hypothalamus samples. There were no significant effects of 
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Figure 4.17: Bar charts showing the expression of Cx3cr1 mRNA relative to the housekeeping 
gene Aif1 (mean +/- SEM), in hippocampus and hypothalamus samples. Analyses were 
performed on male and female samples separately. None of the four analyses demonstrated 
any significant effects. 
Hippocampus: MCV – n= 9, MCL – n= 10, MSV – n= 10, MSL – n= 10, FCV – n= 7, FCL – n= 10, 
FSV – n= 9, FSL – n= 10. 
Hypothalamus: MCV – n= 10, MCL – n= 9, MSV – n= 10, MSL – n= 9, FCV – n= 10, FCL – n= 
10, FSV – n= 10, FSL – n= 9. 

 
 

4.4.3 P2ry12 expression 

The expression of the purinergic receptor P2Y12 (P2ry12) gene – another marker of 
microglial homeostasis – was calculated relative to Aif1 as a housekeeping gene, and 
analysed in the hippocampus and hypothalamus. There were no significant effects of 
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Figure 4.18: Bar charts showing the expression of P2ry12 mRNA relative to the housekeeping 
gene Aif1 (mean +/- SEM), in hippocampus and hypothalamus samples. Analyses were 
performed on male and female samples separately.  
Hippocampus: MCV – n= 9, MCL – n= 10, MSV – n= 9, MSL – n= 10, FCV – n= 10, FCL – n= 9, 
FSV – n= 10, FSL – n= 10. 
Hypothalamus: MCV – n= 10, MCL – n= 10, MSV – n= 9, MSL – n= 9, FCV – n= 10, FCL – n= 
10, FSV – n= 10, FSL – n= 9. 
+ = significant main effect of LPS condition.  

 

4.5 Microglial cell counts in the hippocampus 

Microglial cell counts were performed in the hippocampus of vehicle- and LPS-treated 
males to assess microglial abundance in situ. In the left hippocampus, a Student’s t-
test revealed a significant difference in microglial abundance between vehicle and 
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LPS-treated groups, with significantly lower microglial numbers in the latter 
(t(df=17.18)=-2.61, p=0.018). There was no significant difference between groups in the 
right hippocampus (t(df=18)=0.34, p=0.74). 
 
 

 
Figure 4.19: The results of microglial cell counts performed in the CA1 region of the left and 
the right hippocampi of male control animals exposed to peri-pubertal vehicle and LPS 
treatment (mean +/- SEM).  
MCV – n= 9, MCL – n= 9. 
+ = p=0.018 (Student’s t-test). 
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4.6 Discussion 

This chapter describes data from adult animals (aged 9-13 weeks), examining both 
behavioural and central gene expression data to assess the long-term (distal) 
consequences of the double-hit model in rats. 
 

4.6.1 Behavioural outcomes of the double-hit model 

Male animals from cohort 1 showed evidence of an anxiogenic phenotype on the 
elevated plus maze, irrespective of the nature (i.e. LBN or LPS) or the timing of the 
stress exposure (i.e. neonatal or peri-pubertal). Vehicle-treated control males spent 
significantly more time on the open arms of the EPM than males form any other 
experimental group, indicating that both the LBN and LPS conditions (and the double-
hit) led to heightened anxiety-like behaviour. The picture in cohort 2 was quite 
different, however, with both LBN groups exhibiting less anxiety-like behaviour than 
both of the male control groups, in a reversal of the expected outcome. Reports of 
anxiety-like behaviour on the EPM in rats exposed to the LBN model are similarly 
inconsistent, with some studies finding evidence for an anxiogenic effect of LBN 
(Maniam et al. 2016; Dalle Molle et al. 2012), and others finding no differences in 
performance on the EPM (Davis et al. 2020; Brunson et al. 2005). In addition, some 
researchers raise the possibility that the EPM can elicit risk-taking behaviour in rats 
(Estanislau and Morato 2006; Doremus, Varlinskaya, and Spear 2006), and indeed it 
has been used as a test for risk-taking behaviour in some cases (Tillmann and 
Wegener 2019). It is possible that the greater amount of time spent and entries to the 
open arms of the EPM in the cohort 2 LBN-exposed males might reflect increased risk-
taking behaviour. Reports of cocaine self-administration have found faster initial 
acquisition of cocaine after LBN, a behaviour associated with decreased risk 
avoidance (Bolton, Ruiz, et al. 2018). Furthermore, in a study using the scarcity 
variation of the LBN model, offspring of LBN dams which engaged in abusive-like 
kicking behaviour were found to display more risk-taking behaviour on the EPM than 
offspring of LBN dams which did not adopt this abusive-like behaviour (Gallo et al. 
2019).  
 
An alternative explanation for the disparate behaviours of cohort 1 and 2 males on 
the EPM could be that the males reared under control conditions are in fact 
demonstrating an anxious phenotype. In cohort 1, the control/vehicle group spent 
27.8% of the 10 min EPM test time in the open arms, whereas the same group in 
cohort 2 spent just 15.3% of the test time in the open arms. By contrast, the cohort 2 
LBN-exposed vehicle group spent 23.0% of their EPM time in the open arms, which is 
more comparable to the control/vehicle performance of cohort 1’s males. It is likely 
that the slight differences in rearing conditions between cohorts 1 and 2 could have 
adjusted baseline behaviour, though, so comparison between the two cohorts is 
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difficult. While exposure to vehicle injections has been shown to elicit a stress 
response, this is mild and short-lived (Taylor, Tio, and Romeo 2005). It would be 
surprising if the vehicle and LPS treatments in both of the control-reared groups 
produced the same scale of anxiogenic effect in the males, especially as there was no 
plasma corticosterone response detected in the vehicle-treated males in mini-cohort 
3 (chapter 3.4.2). 
 
The absence of any observable effects of experimental treatment on EPM 
performance in the female animals is unsurprising, given multiple reports that the 
standard laboratory tests of anxiety- and depression-like behaviours do not detect 
these traits in females exposed to early life stress models (Lehmann et al. 1999; 
Slotten et al. 2006), including pre-natal stress models (Brunton and Russell 2010). In 
the past, female offspring were often excluded from studies examining outcomes 
after ELS exposure, however new directives from funding agencies (e.g. the National 
Institute of Health (NIH)) mean both sexes should now be studied. That said, in 
studies where both sexes are included, males are frequently observed to be more 
vulnerable than females to the lasting impact of pre-natal and early life stress on 
future anxiety-like behaviour (Renard et al. 2005; Brunton and Russell 2010). This may 
reflect differential vulnerability to, or consequences of, stress in females compared to 
males – for instance, female offspring of a prenatal social stress model do not show 
anxiety-related increases in the amygdalar CRH-R1:CRH-R2 expression ratio, while 
male offspring do (Brunton, Donadio, and Russell 2011). It may also indicate that the 
behavioural tests on which we commonly rely to classify anxiety-like behaviour may 
not be sensitive to the female anxiety-like phenotype. The novelty-suppression of 
feeding test – where food-deprived animals are placed in an aversive, brightly lit 
chamber with food at its centre – unmasked anxiety-like phenotypes in females. In 
the same animals, the light/dark box (in which rats freely explore a brightly lit versus a 
dark space without a food motivator) did not elicit anxiety-like responses, despite its 
success in doing so in males under the same conditions (De Oliveira Sergio et al. 
2021). In summary, on a comparison of two anxiogenic tasks, chronically stressed 
female rats were found to display anxiety-like behaviour only under ethologically-
relevant conditions such as when acquiring food. The sex differences in anxiety-like 
behaviour and stress susceptibility in rodents, therefore, may be partially attributable 
to biological differences but may also be influenced by male-biased experimental 
techniques. 
 
There was no evidence of depression-like behaviour after the double-hit model, as 
tested by the FST and the SPT, examining behaviour analogous to the depressive 
symptoms of low motivation/behavioural despair and anhedonia respectively. Neither 
was there evidence of depression-like behaviour in the experimental groups 
experiencing the LBN paradigm alone. Some previous work has found evidence of 
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increased immobility in the FST in adult rats exposed to the LBN paradigm postnatally 
(Rincón-Cortés and Sullivan 2016; Raineki et al. 2012; Cui et al. 2006), indicative of 
depression-like behaviour. Not all reports of LBN in rats describe evidence of 
depression-like behaviour in the FST, however (Bolton, Molet, et al. 2018; Molet, 
Heins, et al. 2016). The evidence for anhedonia from the SPT is often derived from 
test run over 2 weeks, rather than 2 days, and find reduced sucrose preference in 
adolescent rats exposed to LBN (Molet, Heins, et al. 2016; Bolton, Molet, et al. 2018). 
A similar test – the preference for palatable food – has also been used to 
demonstrate anhedonia in rats exposed to LBN, this time in a 1hr test period (Bolton, 
Ruiz, et al. 2018). It is possible that our 2-day SPT paradigm was insufficient to capture 
an anhedonic phenotype. It is also important to note that current attitudes towards 
the efficacy of these behavioural tests for depression-like behaviours are relatively 
poor, as researchers now fear the outcomes of these tests are not truly analogous to 
depressive symptomatology (Carvalho et al. 2021; Leite-Almeida, Castelhano-Carlos, 
and Sousa 2022). Despite this waning conviction in the reliability of behavioural tests 
for psychiatric-like behaviours in rodents, the lack of a definitive set of biomarkers for 
depression in humans makes them an essential part of research in this field. While 
research continues to search for better behavioural or physiological tests with which 
to study preclinical models of depressive symptoms, these tests still currently 
constitute the best available source of evidence but should be interpreted cautiously 
in light of the scepticism about their efficacy. 
 
Overall, the literature reveals inconsistent results in the induction of depression- or 
anxiety- like phenotypes in rats after LBN, which are reflected in the rather mixed 
data demonstrated here. Some researchers find evidence for anhedonia but not 
anxiety and conclude that LBN leads to a deficiency in dopaminergic reward circuitry 
(Molet, Heins, et al. 2016); while others describe the paradigm as anxiogenic and 
implicate overactivity of the amygdala (Guadagno, Wong, and Walker 2018; Raineki et 
al. 2012); and still others find no behavioural perturbations on these measures (Davis 
et al. 2020). Small variations in the LBN paradigms, rat strain, age at testing, and 
conditions in different animal housing units may influence rat behaviour after LBN 
considerably. This may be due to differences in the stress level experienced by dams 
during the LBN paradigm itself, and thus differences in the behaviour they display 
towards the pups (which is also variable in the literature, see section 3.5.1.2); or due 
to differences in the experiences of offspring after weaning. It has been shown that 
diet and environmental enrichment in later life can modulate the effects of early life 
stress – for instance in rats reared under LBN conditions, high fat diet had an 
anxiolytic effect on EPM performance of males (Maniam et al. 2016), and exposure to 
an enriched cage environment after weaning rescued depressive-like behaviour in the 
forced swim test (Cui et al. 2006).  
 



123 
 

The double-hit model shows little evidence of having a differential influence on adult 
rat behaviour than the LBN paradigm alone. Cohort 1 males performed similarly on 
the EPM when exposed to either of early life stress or peri-pubertal immune 
challenge alone, and the double-hit animals did not show more anxiety-like 
tendencies than either single-hit group. Cohort 2 males showed an unexpected effect 
of LBN condition, with LBN animals demonstrating less anxiety-like behaviour on the 
EPM than control animals, with no significant effects of LPS treatment in either stress 
group. The data does not appear to support the hypothesis of a cumulative effect of 
the ELS and adolescent immune challenge on the offspring, at least with respect to 
anxiety- and depressive-like behaviour. 
 

4.6.2 Effects of the double-hit model on expression of stress-related genes 

Expression of glucocorticoid receptor mRNA was examined in the hippocampus, 
hypothalamus, and amygdala; and mineralocorticoid receptor was examined only in 
the hippocampus where abundance is high. There were no significant differences in 
the expression of GR mRNA in the hippocampus of either male or female rats, but the 
expression of the mineralocorticoid receptor was significantly reduced in LBN-
exposed males. A similar pattern has previously been shown in the offspring of 
prenatally stressed dams, where GR mRNA was only modestly reduced in CA2 of the 
hippocampus in female offspring, whereas MR mRNA was more noticeably reduced in 
all subregions of the hippocampus of both males and females (Brunton and Russell 
2010). Additionally, after chronic corticosterone administration in mice GR protein 
levels in the hippocampus were unaffected, while MR levels were reduced (Wu et al. 
2013). The mineralocorticoid receptor is less abundant than GR, but has a higher 
affinity for glucocorticoids, and is involved in determining the stress-sensitivity of the 
HPA axis as they can detect glucocorticoids at much lower levels (De Kloet and Meijer 
2019). Down-regulation of MR expression has been demonstrated after acute stress 
in rats (López et al. 1998), indicating short-term modification of gene expression as 
well as the more distal reduction found in our model. Decreased MR expression is 
thought to relate to increased stress susceptibility (ter Heegde, De Rijk, and Vinkers 
2015), and in mice with selective forebrain knockout of MR corticosterone responses 
to restraint stress were prolonged and exaggerated (ter Horst et al. 2012). The ratio 
of MR:GR was also found to be reduced in males exposed to LBN, this ratio is thought 
to be crucial for stress adaptation (Harris et al. 2013; Daskalakis, Meijer, and de Kloet 
2022) and reductions in this ratio have been associated with depression in humans 
(Qi et al. 2013; Von Werne Baes et al. 2012). These examples indicate that our 
findings of reduced MR expression and a reduced MR:GR ratio in the hippocampus of 
male rats could underlie heightened stress susceptibility after LBN-exposure. 
 
In the amygdala, LBN-exposed male animals showed higher GR mRNA expression than 
control males, but the effect was not observed in females. Reduced amygdalar GR has 
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been found in post-mortem brain tissue from childhood trauma-exposed adults who 
died by suicide (McGowan et al. 2009). Furthermore, in a prenatal stress model in 
rats, offspring of stressed dams have been found to express higher levels of GR mRNA 
in the amygdala than controls. This suggests that our findings of enhanced GR mRNA 
expression in the amygdala of LBN-exposed cohort 2 males may signify reduced stress 
responses, congruent with the absence of an anxiety phenotype in these groups.  
 
In the hypothalamus, LPS-exposed females showed lower GR expression than vehicle-
exposed females; meanwhile, in males hypothalamic expression of GR was 
significantly increased by LPS alone and by LBN alone, relative to the control/vehicle 
group, but not in the double-hit group (figure 4.9). These data indicate that exposure 
to a period of stress in neonatal or peri-pubertal life up-regulates hypothalamic GR 
expression in male rats, however this effect is abrogated when exposed to both 
challenges in combination. This finding is consistent with the predictive adaptive 
response hypothesis (Bateson, Gluckman, and Hanson 2014) – hereby, ELS could be 
seen as adapting the system to better cope with subsequent stressors, such that the 
second ‘hit’ of the LPS challenge used here was able to rescue altered GR expression 
back to control levels.  
 
Regional heterogeneity of GR expression after early life stress has been shown before 
(Raineki et al. 2019). Reduced expression of GR after acute stress is commonly 
reported, and is associated with exaggerated corticosterone responses due to 
impairment of GR-mediated negative-feedback control over the HPA axis (Raone et al. 
2007; Rosewicz et al. 1988). This could account for the reduced GR expression in 
female hypothalamic samples after LPS exposure (the more recent of the stressors), 
as a lingering indicator of the stress response induced by the inflammatory challenge. 
Increased long-term expression of GR after a stressor is less commonly reported. One 
study reports increased GR mRNA expression in the prefrontal cortex of adult rats 
exposed to an adolescent stress model, but reduced expression elsewhere (Raineki et 
al. 2019); another finds increased GR mRNA in the hippocampus 10 days after chronic 
stress exposure (Mizoguchi et al. 2003). Some studies in stress models find increased 
GR at the protein level – for instance, one shows increased GR protein in the 
hippocampus and prefrontal cortex of rats 6 weeks after a 42-day chronic stress 
paradigm in adulthood, although GR mRNA expression was reduced in the 
hypothalamus (Guidotti et al. 2013); another finds increased GR protein in the 
hippocampus of a stress-resilient mouse strain 4 wks after an adult social defeat 
stress (Han et al. 2017). Additionally, while GR levels were unaffected in adult rats 
exposed to the LBN paradigm, LBN-exposed rats fed a high-fat and -sugar diet showed 
increased GR protein expression in the hippocampus, correlating with reduced 
anxiety behaviour on the EPM (Maniam et al. 2016). This literature suggests that 
increased GR expression is likely to result in blunting of the HPA axis response, as the 
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inhibitory actions of the receptor would be heightened (assuming that increased gene 
expression is translated into increased receptor numbers). Blunted corticosterone 
responses have previously been demonstrated in a double-hit model of neonatal LPS 
treatment combined with a 3-day adult restraint and isolation stressor (Walker et al. 
2009).  
 
Gene expression for corticotropin-releasing hormone was quantified in the 
hypothalamus and amygdala, and its receptors – CRH-R1 and CRH-R2 – were 
quantified in the hippocampus and amygdala. There were no significant effects of 
experimental group on Crh or Crh-R2 expression in the brain regions examined, but 
Crh-R1 expression was significantly affected by early life stress exposure in the 
hippocampus of female rats. The effect was driven by increased Crh-R1 expression in 
the vehicle-treated LBN-exposed females. Interestingly, and as with hypothalamic GR 
expression in the males, this effect was abrogated in the double-hit animals. 
Increased Crh-R1 expression in the hippocampus has previously been observed after 
early life stress induced by the LBN paradigm (Ivy et al. 2010), and in a peripubertal 
stress model (Veenit, Riccio, and Sandi 2014); however, in both cases only male 
animals were used and the effects of perinatal stressors on CRH receptor expression 
is known to be sexually dimorphic (Brunton, Donadio, and Russell 2011). Increased 
CRH-R1 activity has been linked to depressive symptomology in humans, and 
treatment of depressed patients with a CRH-R1 antagonist was shown to have an 
antidepressant effect (Künzel et al. 2003; Klampfl and Bosch 2019). Although 
increased Crh-R1 expression did not associate with any evidence of depressive- or 
anxiety-like behaviour in this model, the ineffectiveness of these behavioural tests in 
female rats have been noted previously (De Oliveira Sergio et al. 2021) and this may 
have masked an effect. There were no other significant effects of experimental group 
on Crh-R1 expression in any brain region examined; notably the effect was absent in 
the amygdala. Intracranial administration of CRH is associated with anxiety-like 
behaviour in rats (Dunn and Berridge 1990), as is endogenous CRH release in the 
amygdala (Schulkin, Gold, and McEwen 1998). The absence of an effect of 
experimental condition on Crh or CRH receptor gene expression in the amygdala and 
hypothalamus may in part explain the lack of a typical anxious phenotype on the EPM 
in cohort 2 animals. The CRH type 1 receptor is attributed with stimulating the 
anxiogenic properties of CRH, while the CRH type 2 receptor is thought to reduce 
stress and anxiety (Bale and Vale 2004). The balance of CRH-R1:CRH-R2 is, therefore, 
a potentially useful indicator of the regulation of anxiety-like behavioural traits. No 
effects of experimental group were observed in the CRH-R1:CRH-R2 ratio, again 
supporting the lack of anxiety-like behaviour displayed on the EPM in cohort 2 
animals. It is possible that the brain dissection procedure might explain the lack of 
CRH-related findings in the qPCR analyses. The RNA for these analyses were extracted 
from tissue blocks containing whole anatomical regions – e.g. the whole amygdala 
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and the ‘hypothalamic area’. The PVN is a small part of the hypothalamus and this is 
where CRH is primarily expressed, but the small size of that subregion may mean that 
any effects were missed due to being ‘diluted’ by RNA from the rest of the 
hypothalamus and surrounding tissue. In-situ hybridisation would be a useful addition 
to the qPCR analysis, as it allows the detection of RNA in intact tissue, which may have 
allowed for detection of changes in smaller anatomical regions. 
 

4.6.3 Effects of the double hit model on expression of microglial genes 

Expression of microglial genes was examined in both the hippocampus and 
hypothalamus, as both regions have good density of microglia under normal 
conditions (Tan, Yuan, and Tian 2020). Microglial reactivity has previously been found 
in the hippocampus after chronic restraint stress in adult rats (Tynan et al. 2010), and 
hypothalamic microglial activity has been linked to the expression of depressive-like 
behaviour after LPS administration in rats (He et al. 2019). Both regions, therefore, 
seemed like promising sites in which to study microglial gene expression in this 
double-hit model. The expression of Aif1 was calculated using Gapdh as the 
housekeeping gene, in order to measure whether overall microglial abundance (as 
measured by Aif1 expression) differed between experimental groups. The results 
demonstrated lower expression of Aif1 in the hypothalamus of both sexes, and in the 
hippocampus of males, in groups exposed to LPS in adolescence. In all cases, this 
effect appeared most pronounced between the control/vehicle and control/LPS 
groups (figure 4.16). The effect was examined at the protein level, in a preliminary 
analysis of microglial cell counts in the hippocampus of male control animals. This 
analysis suggested that reduced abundance of microglial cells in the hippocampus is a 
possible explanation for the lower expression of the Aif1 microglial marker gene. In 
the acute phase of LPS exposure in rodent models, microglia become activated and 
Iba1 (the protein product of Aif1) is more strongly expressed at the protein level 
(Sominsky et al. 2012). Cytokines such as IL-6, IL-1β, and TNF-α are also expressed in 
brain regions including the hippocampus, hypothalamus, and cortex (Bossù et al. 
2012; Silverman et al. 2015; Layé et al. 1994), and have been demonstrated to persist 
at higher levels for at least ten months (Bossù et al. 2012; Qin et al. 2007) indicating 
ongoing inflammatory processes. It is therefore surprising to find evidence for 
reduced microglial markers after an LPS challenge, albeit at a much lower dose than 
the cited studies. Intraperitoneal LPS has been shown to produce tolerance in 
microglia, inducing a prolonged blunting of microglial responses to subsequent 
challenges (Schaafsma et al. 2015). This study does not report reduced number of 
microglia, though it is possible that the microglia have entered a hypo-responsive 
state which is reflected in lower levels of Aif1 which is expressed more strongly in 
activated microglia. Even in strongly activated microglia, Aif1 mRNA expression levels 
can be reduced in spite of upregulation of the IBA1 protein product, and this is 
thought to limit excessive activation (Silverman et al. 2015)). Examination of genes 
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indicating microglial homeostasis was undertaken next, to further elucidate the 
possible causes of the observed difference in Aif1 expression.  
 
The expression of microglial genes P2ry12 and Cx3cr1 were calculated using Aif1 as 
the housekeeping gene, in order to measure whether the levels of these proteins 
differed within the microglial population present. While no effects of experimental 
group were observed for Cx3cr1, a significant main effect of LPS treatment was found 
for P2ry12 in the hypothalamus from females. Higher levels of P2ry12 were measured 
in the hypothalamus of female animals exposed to LPS in adolescence than those 
given vehicle injections – with the effect particularly pronounced between FCV and 
FCL groups (figure 4.18). P2ry12 is expressed most strongly on homeostatic microglia 
– demonstrated in both rodent and human tissue (Kenkhuis et al. 2022; Haynes et al. 
2006). There are also, reports that ‘non-inflammatory’ M2-like microglia – activated 
microglia undertaking repair and anti-inflammatory roles – express high levels of 
P2ry12 (Gómez Morillas, Besson, and Lerouet 2021). The presence of increased 
P2ry12 expression in the hypothalamus of female, LPS-exposed rats could therefore 
indicate that in this group, microglia may be adopting an inflammation-resolution or 
reparative role. The effect does not, however, appear to be consistent across brain 
regions or across sexes, and should be examined in more depth in future work. Taking 
the Cx3cr1 and P2ry12 data as a whole, these experiments indicate that while 
microglial numbers may be reduced long-term after LPS exposure, the microglia are 
not in an active state suggestive of ongoing inflammation but appear to be 
homeostatic. Post-mortem brain tissue derived from depressed individuals sometimes 
show evidence of microglial activation (Steiner et al. 2008), but not always (Enache, 
Pariante, and Mondelli 2019). One study of gene expression in microglia isolated from 
brain tissue of people with depression found a distinct microglial phenotype in 
patients versus controls, but this was not an activated pro-inflammatory phenotype; 
instead, CX3CR1 and TMEM119 were up-regulated, both indicative of homeostatic 
microglial functions (Snijders et al. 2021). In the rat double-hit model, we found no 
evidence for alterations to Cx3cr1 expression which counters this evidence, and may 
be seen as congruent with the absence of a depressive phenotype. The small 
indication of an enhanced homeostatic microglial phenotype in the raised P2ry12 
expression in the female hypothalamus after LPS treatment might, however, be 
suggestive of a similar effect that requires deeper investigation.  
 

4.6.4 Conclusions 

Behavioural data collected in both male and female animals exposed to the limited 
bedding and nesting paradigm and an adolescent immune challenge resulted in mixed 
findings. In one cohort of animals, behavioural testing provided evidence of an 
anxiogenic effect of one or both of these ‘hits’ in males but not females, while in a 
second cohort exposed to the same manipulations (albeit under slightly different 
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housing conditions – section 2.1.1.4) the evidence pointed towards lower anxiety-like 
behaviour in LBN-exposed males than controls, with no effect of the LPS challenge 
evident. The data from the first cohort was more consistent with the literature, which 
does show evidence of an anxiety-like phenotype after the LBN model in some cases 
(Maniam et al. 2016; Dalle Molle et al. 2012).  
 
The second cohort of animals, in which no anxiety-like phenotype was observed, were 
also the source of brain RNA extracts upon which qPCR experiments were performed 
to examine the expression of stress- and inflammation- related genes in three regions 
of interest. The heightened expression of the GR gene, and the lack of upregulation of 
Crh or its type 1 receptor in the amygdala, both support the evidence of a non-
anxious phenotype in the male LBN condition animals. There was, however, some 
evidence to suggest HPA axis dysregulation in the downregulation of the MR gene and 
the low MR:GR ratio in the hippocampus of LBN-exposed males; but this was not 
directly tested and does not appear to have produced an anxiety-like phenotype.  
 
The LPS condition did not appear to influence the expression of stress-related genes 
greatly, aside from the association with hypothalamic GR expression, which was 
increased in LPS condition males, and decreased in LPS condition females. GR is 
expressed on microglia, where its activation has an immunosuppressive effect 
(Tanaka et al. 1997). The decreased expression of the microglial marker Aif1 is 
indicative of reduced microglial activity or numbers in the male hippocampus and the 
hypothalamus of LPS-exposed animals. These data taken together could indicate an 
overall immunosuppressed phenotype in the adult neuroimmune system after 
adolescent LPS exposure, although only in the hypothalamus.  
 
Overall, the experiments described in this chapter present some evidence for 
behavioural and transcriptional effects of the two ‘hits’ of the double-hit model 
separately, with limited evidence for crosstalk between the two challenges.  

 

  



129 
 

5 Chapter 5: Volumetric analysis of the brain following the double-
hit model 
 

5.1 Introduction 

Volumetric brain change after ELS has previously been demonstrated in rat models, 
with evidence for microstructural changes in the hippocampus of LBN-exposed adult 
rats, including loss of dorsal hippocampal volume and disrupted intra-hippocampal 
connectivity which both correlate to progressive deficits in hippocampal-dependent 
memory tasks (Molet, Maras, et al. 2016). Meanwhile, chronic restraint stress in adult 
male rats results in progressive loss of hippocampal volume (Lee et al. 2009). Other 
neurostructural phenotypes such as reduced grey and white matter volume in the 
prefrontal cortex (PFC) were demonstrated in adult rats exposed to a single 24h 
maternal separation in neonatal life (Sarabdjitsingh et al. 2017). These reports 
demonstrate the potential for stress exposure to modulate rodents’ regional brain 
volumes in a long-term manner. Volumetric brain changes in humans after ACEs (Frodl 
et al. 2010; Tozzi et al. 2020) – as well as other stress-related conditions such as post-
traumatic stress disorder (McEwen and Gianaros 2011) – are well-known, making this 
metric potentially useful for assessing the translatability of the animal model to 
humans. Evidence from human studies of adults exposed to traumatic childhood events 
report reductions in hippocampal volume compared to controls (Paquola, Bennett, and 
Lagopoulos 2016), as well as reduced volumes in a range of other regions (Frodl et al. 
2017; Tozzi et al. 2020). 
 

As both the LBN paradigm and the adolescent immune challenge (which comprise the 
double-hit model) were performed during periods of major brain development, any 
effects of these challenges on neurodevelopment may have resulted in measurable 
anomalies in gross neuroanatomy, especially in stress-susceptible regions such as the 
hippocampus (Kim, Pellman, and Kim 2015). To date, no studies have investigated 
neurostructural alterations following a 5-day adolescent immune challenge. Previous 
work, however, has demonstrated that peri-pubertal immune challenges can produce 
long-term deficits in cognitive function (Lukasz et al. 2013) as well as anxiety- and 
depressive-like behaviour (Ariza Traslaviña, de Oliveira, and Franci 2014), both of which 
could be linked to neurological changes (Yahfoufi, Matar, and Ismail 2020). In addition, 
painful gastrointestinal symptoms have been shown to associate with reduced grey 
matter volume in pain-related regions in adolescents but not pre-adolescents, 
indicating enhanced sensitivity of the brain to experiences of illness in the pubertal 
period (Pirwani et al. 2020). Further research into the enduring effects of pubertal 
inflammation could be of translational relevance given the common nature of 
moderate-severity illnesses such as fevers and respiratory viruses during human 
childhood and adolescence (Massin et al. 2006). In addition, children exposed to 
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traumatic life events experience more illnesses (Sherrod et al. 1984), and are at risk of 
adverse physical health as well as poor mental health (Felitti et al. 2019). 
 

Changes to gross and regional brain volumes can be explained by a variety of different 
processes during neurodevelopment, including (but not limited to) alterations to 
neuronal proliferation and apoptosis (Homem, Repic, and Knoblich 2015), and neuronal 
growth metrics such as dendritic length and branching (Kassem et al. 2013; Guadagno, 
Wong, and Walker 2018). Quantification of changes to active developmental processes 
such as proliferation or pruning must be performed during the period of 
neurodevelopment, making them unsuitable for quantification in adult samples. 
Dendritic length and branching are, however, possible to assess in later life. Previous 
work has suggested that loss of grey matter volume in stress-exposed rodents is 
primarily due to loss of dendrites (Kassem et al. 2013). Dendritic remodelling is seen in 
both rodents and in psychiatric patients, and could be central to depressive traits such 
as memory biases, cognitive impairment, and dissociation (Gorman and Docherty 2010; 
McEwen et al. 2012). Investigation of the processes potentially underlying structural 
brain changes after the double-hit model will allow better understanding of the causes 
and possible effects of these alterations in the context of depressive- and anxiety-like 
traits. 
 

5.1.1 Summary and aims 

This chapter presents data derived from post-mortem MRI imaging of male 
experimental animals, seeking to examine volumetric changes in the brain after the 
double-hit model at a global and a regional level. 
The aims of this chapter were to: 

 Investigate whether LBN in early life associates with regional volumes in the 
brains of adult male rats. 

 Investigate whether a peri-pubertal immune challenge associates with 
regional volumes in the brains of adult male rats. 

 Investigate the shared contribution of LBN in early life and peri-pubertal 
immune challenge on regional volumes in the brains of adult male rats. 

 Investigate the possible contribution of dendrite length to brain volumes after 
the double-hit model. 
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5.2 Materials and methods 

5.2.1 Post-mortem MRI scanning 

5.2.1.1 Animals 

40 rats from cohort 2 were transcardially perfused and fixed in paraformaldehyde, 
and their heads prepared for post-mortem MRI scanning. The rats were perfused at 
13 weeks postnatally. Due to the cost of MRI imaging, only a limited number of 
animals could be used for scanning, and due to the lack of a behavioural phenotype 
in females in either cohort 1 or 2 it was decided that in this instance scanning the 
males was the priority. Therefore, 40 male rats were used, 10 from each 
experimental group. 
 

5.2.1.2 Tissue handling 

Paraformaldehyde fixed rat heads (with extracranial tissue removed) were 
transported to the University of Edinburgh preclinical imaging facility immersed in 
sterile PBS with 1.163mM Gadolinium, as detailed (methods section 2.1.4.2.3). They 
were stored at 4°c prior to being inserted into 50mL polypropene tubes and 
immersed in MRI invisible perfluoropolyether oil (INLAND geminYe 25, SS Scientific, 
Eastbourne, UK). After scanning, heads were rinsed and immersed in 70% EtOH at 
4°c to begin dehydrating, until brains were dissected out and sectioned for IHC (see 
methods section 2.1.4.1.4). 

 
5.2.1.3 Scan protocol 

Post-mortem MRI scans were performed on a 9.4T horizontal bore Biospec AVANCE 
neo preclinical imaging system equipped with a 116mm bore gradient insert (Bruker 
BioSpin GmbH, Germany, maximum gradient strength 660 mT/m). An 86mm 
quadrature volume coil was used for transmission with signal reception by a two-
channel phased-array rat brain coil (Bruker BioSpin GmbH, Germany). 
In order to confirm correct positioning, scout images were taken. The magnetic field 
was optimised using automated 3D field mapping routine. 
 

During scanning, 95 coronal slices covering the entire brain were acquired using a 
Gradient Echo T2-weighted sequence with the following parameters: matrix size 256 
× 200, TR 1390ms, TE 4.2ms, Flip Angle 50°, number of signal averages 4. The field of 
view was 25.6 × 20.0mm and the slice thickness 0.3mm. The scan time was 18.5 
min. These structural scans were the only data used in the current study, although 
other sequences were also collected. 
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5.2.1.4 Image processing 

Structural MRI scan images were processed before use. After manual quality-control 
of the images, 3D Slicer (NIH) was used to correct images for bias field signal 
corruption (Juntu et al. 2005) in an automated manner using the ‘N4ITK MRI bias 
correction’ tool. Skulls and extracranial tissue were then manually stripped from 
scan images (performed by Dr. Catriona Wimberley; figure 5.1 B).  
 

 
 
Figure 5.1: Example images demonstrating the process of creating the regional atlas in 
PMOD. A – an example of a coronal slice from the original MRI images. B – the coronal 
slice after bias signal correction and manual skull-stripping. C – an image showing the 
process of tracing regions to create the custom atlas in process, with different coloured 
outlines representing different VOIs.  
Navy = periacqueductal grey, blue = neocortex, turquoise = basal forebrain, teal = 
hippocampus, purple = thalamus, magenta = striatum, pink = rhinal cortices, red = septal 
area, orange = subiculum, yellow = globus pallidus, pale yellow = superior colliculus, 
green = tectum, black – substantia nigra, white = white matter. 
 
The PMOD (Zürich, Switzerland) programme was used to generate a custom brain 
atlas (regional atlas) with which to extract regional and cerebral volumes from scan 
images. The atlas was based upon the Waxholm Space Rat Brain Atlas, but was 
manually generated (rater blinded to condition) because the in-built Waxholm atlas 
in the PMOD programme was optimised for scans of lower resolution (obtained on a 
lower-Tesla scanner), and did not perform well on the scan images. In brief, with 
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close reference to the Waxholm atlas, brain regions and white matter tracts were 
traced around (ventricles were excluded) on a single example scan using the 
‘volume of interest analysis’ panel in the PMOD programme (figure 5.1). This was 
performed slice-by-slice, moving from anterior to posterior and tracing all regions 
on a single coronal slice before moving on to the next (figure 5.1 C). The accuracy of 
tracing was manually checked at multiple stages. The manual atlas excluded the 
olfactory bulbs, the pineal gland, the optic tract, the brain-stem proper, and the 
cerebellum. 17 separate regions were traced, combining bilateral structures into 
one volume-of-interest (VOI), and white matter tracts were traced and were all 
combined into a single VOI. The Waxholm space atlas sub-divides the rhinal cortices 
into many sub-regions, but due to the lack of distinct anatomical features 
delineating them from each other, the decision was taken to combine all sub-
regions into a singular structure – the rhinal cortex. 
 

After all coronal slices had been traced and manually checked for accuracy, the VOIs 
were saved together into an atlas. Each scan image was then loaded into PMOD and, 
one-by-one, the atlas was overlaid and normalised to each image in order to extract 
volumes (in cubic centimetres) for the VOIs. 
 

 

Figure 5.2: An example image 
of the completed global atlas 
in PMOD, created for the 
purpose of calculating 
intracranial volume and 
global cerebral volume. 
Blue = cerebrum, turquoise = 
ventricles. 

 

In order to create an intracranial volume (ICV) variable against which to correct 
statistical models, a simpler atlas (global atlas) was drawn, in which only the outline 
of the cerebrum and the ventricles were extracted as VOIs (figure 5.2). The total 
volume of the cerebrum in cubic centimetres was taken from this tracing of the 
whole cerebral area; a global cerebral volume measure was also taken from this 
atlas by subtracting ventricle volume from the total cerebrum.  
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From the regional atlas, volumes derived from all grey matter regions were summed 
to create a global grey matter measure. This measure excluded the white matter 
VOI.  
 

5.2.1.5 Data analysis and statistics 

For MRI, extracted data were blinded, and all volumetric data were scaled to 
convert to z-scores prior to analysis. Analyses were performed using two-way 
ANCOVA on each region separately, including ICV as a covariate in order to control 
for differences in overall head size. Graphs were created using actual volume data 
prior to scaling. 

 
5.2.2 Apical dendrite segment measurement in Map2-stained tissue 

Detail on the tissue processing and immunohistochemistry process is found in chapter 
2 – specifically section 2.2. 
 

5.2.2.1 Slide imaging 

Slides stained with α-Map2 and DAPI were imaged on a slide-scanner (Hammamatsu 
NanoZoomer, Sizuoka, Japan). Briefly, slides were inserted into the slide-scanner 
cassette and DAPI and FITC fluorescence imaging channels were selected. Sections 
were identified using the slide-scanner software (Hammatsu, Sizuoka, Japan), and 
focal points were selected in the hippocampus, amygdala, and striatum of sections. 
Slides were then scanned at 40x magnification on an automated programme. 
 

5.2.2.2 Data extraction and analysis 

Two regions of interest (ROIs) in the CA1 region of the left hippocampus were 
selected for each animal (figure 5.3 A). Animals were discarded from analysis if the 
angle of tissue sectioning caused truncation of pyramidal cell dendrites before any 
visible branch point, or if image quality was too poor to visualise dendrites 
accurately. The initial segment of apical dendrites was measured – using the ImageJ 
segmented line tool to measure the length from the centre of the pyramidal cell 
nucleus to the first proximal lateral branching point (figure 5.3 B; (Jorgenson, 
Wobken, and Georgieff 2003)). This method was chosen given the limitations of 
measuring dendrite length in thin tissue sections. A minimum of 4 and a maximum 
of 6 dendrite segments were measured in each ROI (Christian et al. 2011). The rater 
was blinded to condition during dendrite measurement. 
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Figure 5.3: A - An example image 
showing the left hippocampus ROIs 
(outlined in white) used for dendrite 
segment length measurements taken in 
α-MAP2-stained tissue.  
B – an example of an initial segment of 
an apical dendrite with arrows showing 
the centre of the pyramidal cell nucleus 
the first proximal lateral branching 
point. 

 
For each animal, mean initial segment length was calculated for both CA1 ROIs 
combined. Group means were compared by three-way independent ANOVA with 
stress condition, LPS condition, and sex as the independent variables. 
 

  

B 

100μm 
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5.3 Results - global findings from post-mortem MRI 

5.3.1 Global volume 

Global cerebral volume was compared across experimental groups, revealing a 
significant main effect of stress when controlling for ICV (F(df=1,35)=5.37, p=0.026; 
figure 5.4). 
 

 
 
Figure 5.4: Bar chart showing global cerebral volume across experimental groups as 
measured from post-mortem structural MRI. Data shown here are raw volume 
values in cubic centimetres (group mean +/- SEM overlaid with data points from 
each rat), data were scaled before ANCOVA analysis. MCV – Male Control Vehicle; 
MCL – Male Control LPS; MSV – Male Stress Vehicle; MSL – Male Stress LPS; labels 
apply throughout. N=10 per group. 
* = significant main effect of stress condition. 

 
The significant main effect of stress was driven by lower global cerebral volume in 
LBN groups (mean = 1.396cm3) than in control groups (mean = 1.424cm3; figure 5.4). 
There was no additional effect of peri-pubertal immune challenge on global cerebral 
volume (F(df=1,35)=2.45, n.s).  



137 
 

5.3.2 Grey matter volume 

The global volume of grey matter in the cerebrum was also significantly affected by 
early life stress exposure (2-way ANCOVA, F(df=1,35)=5.31, p=0.027; figure 5.5). 
 

 
 
Figure 5.5: Bar chart showing global grey matter volume across male experimental 
groups as measured from post-mortem structural MRI. Data shown here are raw 
volume values in cubic centimetres (group mean +/- SEM overlaid with data points 
from each rat), data were scaled before ANCOVA analysis. N=10 per group. 
* = significant main effect of stress condition. 

 
The significant main effect of stress was driven by lower total grey matter volumes in 
LBN-exposed groups (mean = 1.124cm3) than control groups (mean = 1.134cm3; 
figure 5.5). There was no effect of peri-pubertal immune challenge on total grey 
matter volume (F(df=1,35)=0.55, n.s). 
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5.3.3 White matter volume 

There were no significant effects of either treatment on total volume of white matter 
tracts in the cerebrum (2-way ANCOVA, figure 5.6), though there was a trend towards 
an effect of early life stress (F(df=1,35)=3.50, p=0.070). 
 

 
 
Figure 5.6: Bar chart showing global white matter volume across male experimental 
groups as measured from post-mortem structural MRI. Data shown here are raw 
volume values in cubic centimetres (group means +/- SEM. Data were scaled before 
ANCOVA analysis. There were no significant effects of either treatment, and no 
interaction effects. 
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5.4 Results - regional findings from post-mortem MRI 

5.4.1 Neocortex 

There was a significant main effect of stress on the volume of the neocortex in a two-
way ANCOVA controlling for ICV (F(df=1,35)=4.64, p=0.038; figure 5.7). This effect was 
driven by a modest decrease in the volume of the neocortex in the LBN-exposed 
animals (mean = 0.566cm3) compared to the controls (mean = 0.567cm3). 
 

 
 
Figure 5.7: Bar chart showing volumes of the neocortex across male experimental 
groups as measured from post-mortem structural MRI. Data shown here are raw 
volume values in cubic centimetres (mean +/- SEM), data were scaled before 
ANCOVA analysis. 
* = significant main effect of stress condition. 
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5.4.2 Subiculum 

There was a significant main effect of stress on the volume of the subiculum – a 
subregion of the hippocampus (2-way ANCOVA, F(df=1,35)=5.52, p=0.025; figure 5.8). 
This effect was driven by a very small increase in the volume of the subiculum in the 
LBN-exposed animals (mean = 0.03114cm3), compared to the control animals (mean = 
0.03113cm3). 
 

 
 
Figure 5.8: Bar chart showing the volume of the subiculum – a subregion of the 
hippocampus – across male experimental groups as measured from post-mortem 
structural MRI. Data shown here are raw volume values in cubic centimetres (mean 
+/- SEM), data were scaled before ANCOVA analysis. 
* = significant main effect of stress condition. 
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5.4.3 Superior Colliculus 

There was a significant two-way interaction effect of stress exposure x LPS treatment 
on the volume of the superior colliculus (2-way ANCOVA, F(df=1,35)=4.69, p=0.037; 
figure 5.9). 
 

 
 
Figure 5.9: Bar chart showing the volume of the superior colliculus across 
experimental groups as measured from post-mortem structural MRI. Data shown 
here are raw volume values in cubic centimetres (mean +/- SEM), data were scaled 
before ANCOVA analysis. 
* = significant effect of stress condition. 
+ = significant effect of LPS condition. 

 
Post-hoc tests using the EMM method and Tukey’s p-value adjustment demonstrated 
a significant effect of stress between MCL (mean = 0.0199cm3) and MSL groups 
(p=0.038) with larger volume in the MSL group (mean = 0.0203cm3); and a significant 
effect of LPS treatment between MSV (mean = 0.0196cm3) and MSL groups (p=0.042), 
with larger volume in the MSL group (mean = 0.0203cm3; figure 5.9). 
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5.4.4 All other regions 

There were no significant differences in the volumes of any other regions examined, 
which were analysed using two-way ANCOVA models controlling for ICV. The regions 
analysed were the basal forebrain, cingulate cortex, septum, globus pallidus, 
thalamus, hypothalamic area, hippocampus proper, tectum, periaqueductal grey 
matter, rhinal cortices, substantia nigra, interpeduncular nucleus, and inferior 
colliculus (figure 5.11).  
 

 
Figure 5.10: Lollipop plot showing the -log10 of the p-values of all ANCOVA effects (in a 
model controlling for ICV) for analysed brain volumes – both global and regional. The grey 
dotted horizontal line represents the -log10 of the accepted value for trending significance: 
p<0.075, and the red dotted horizontal line represents the -log10 of the threshold for 
statistical significance (p<0.05). 
Abbreviations: CV = global cerebral volume; GMV = global grey matter volume; WMV = 
global white matter volume; Ncx – neocortex; BFr = basal forebrain; Cng = cingulate; GlP = 
globus pallidus; Hip = hippocampus proper; Hyp = hypothalamic area; InC = inferior 
colliculus; IpN = interpeduncular nucleus; PaG = periaqueductal grey; Rhn = rhinal cortices; 
Spt = septum; Str = striatum; Sbc = subiculum; SNg = substantia nigra; SpC = superior 
colliculus; Tct = tectum; Thl = thalamus. 
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5.5 Results – apical dendritic segment length in the hippocampus 

The apical segment length of dendrite in two ROIs in the CA1 area of the left 
hippocampus were compared across experimental groups in a three-way ANOVA, 
which revealed no significant main effects but a trend towards a main effect of stress 
condition (F(df=1,51)=3.80, p=0.057). 
 
 

 
 
Figure 5.11: Bar graph showing left hippocampus CA1 apical dendrite segment length 
(μm; mean +/- SEM) measured from MAP2-stained tissue sections. There were no 
significant results from this analysis.  

 
While no significant results were found, figure 5.12 shows evidence of a tendency 
towards shorter dendrite length in the LBN-exposed groups than in the control groups 
(especially in males), which may account for the trend towards an effect of stress 
condition in this analysis. 
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5.6 Discussion 

This chapter presents data from post-mortem MRI scanning of male animals from the 
four experimental groups derived from the double-hit model described in this thesis – 
MCV, MCL, MSV, and MSL. In addition, preliminary quantification of apical dendrite 
segment length from the left hippocampi of both male and female animals is 
presented. 
 

5.6.1 Global measures of brain volume 

The MRI analysis reported above found significant effects of early life stress on total 
cerebral volume and total grey matter volume in the cerebrum, and a trend towards 
an effect on total white matter volume. In all cases, the volumes of the LBN-exposed 
animals were lower than that of the control groups, with no interacting effect of LPS 
treatment statistically evident, although in figure 5.4 and 5.6 global cerebral volume 
and white matter volume reductions appear to be accentuated in the double-hit 
group. These findings indicate an overall effect of stressful rearing conditions during 
the early postnatal period – a period of rapid brain development (Calabrese et al. 
2013) and stress hypo-responsivity (Schmidt 2019) – on gross metrics of brain 
development. The effect is consistent with effects found in humans exposed to 
childhood adversity, where volume reductions in the brain are reported across the 
lifespan (Hidalgo et al. 2022; Frodl et al. 2017; Tozzi et al. 2020). The results are not, 
however, particularly consistent with prior animal model evidence, where previous 
reports of MRI in the maternal separation model of early life stress have not 
previously induced global volume changes (Molet, Maras, et al. 2016; Sarabdjitsingh 
et al. 2017). One study, however, did report significantly reduced total cerebral white 
matter particularly in the prefrontal cortex and striatum (Sarabdjitsingh et al. 2017); 
while white matter volume reductions measured here did not achieve statistical 
significance they were seen to trend in the same direction. These contrasts with the 
previous literature may be explained by the differences in methodology between the 
studies mentioned – they use different early life stress models, and different imaging 
and analysis protocols, and may therefore be uncovering different effects than those 
reported in this thesis. 
 

There are multiple streams of evidence supporting an effect of early life stress on grey 
matter microstructure in ways that lead to reduced volume (Aksić et al. 2013; Kassem 
et al. 2013; Sarabdjitsingh et al. 2017), and the following sections detailing the 
volumetric changes to distinct brain regions will contribute significantly to the global 
reduction in grey matter volume identified here. 
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5.6.2 Regional volumetric measures 

5.6.2.1 Neocortex 
 

The parcellation used in this study, which was based on a simplified version of the 
Waxholm Space Atlas (Papp et al. 2014), took the neocortex as a single volume from 
the frontal pole to the transverse fissure, excluding only the entorhinal and cingulate 
cortices (figure 5.7). The volume of the neocortex was significantly lower in LBN-
exposed group (MSL and MSV) than in control condition groups.  
 

There are multiple reports in the literature of reductions in volumes of subregions of 
the neocortex in stress models. The prefrontal cortex (PFC), and subregions within it, 
are most commonly examined as the PFC and especially the pre-limbic area are 
critically involved in modulating the HPA axis response to stress (Herman et al. 
2003). Adult animals exposed to the maternal separation model of ELS are observed 
to have reduced PFC volume (Sarabdjitsingh et al. 2017), and reduced thickness of 
the prefrontal, motor, and retrosplenial cortices (Aksic et al. 2014; Aksić et al. 2013) 
– all subregions of the neocortex. This may be due to reduced spine density and 
dendritic atrophy (Chocyk et al. 2013). In adult models of chronic stress, dendritic 
length and branching is found to be reduced after 21 days of restraint stress, 
underlying an overall reduction in PFC volume (Radley et al. 2004). Reduced cell 
proliferation in the cortex, especially in the pre-limbic area, has also been 
demonstrated in an adult rat chronic stress model, leading to overall reductions in 
volume in this region (Banasr et al. 2007). Additionally, there is evidence for rapid 
and dose-dependent remodelling of the cortex in a mouse model of brief 
unescapable stress, which particularly affects pre-limbic areas (Izquierdo, Wellman, 
and Holmes 2006), indicating that volumetric changes to the cortex can occur 
acutely. Therefore, the reduced volume of the neocortex in adult rats exposed to 
the LBN paradigm (regardless of LPS condition) indicates a lasting effect of stress on 
this region. In humans, cortical volume and gyrification are positively related to 
cognitive performance, so smaller volume of the neocortex would imply reduced 
cognitive function (Gautam et al. 2015). Many of the functions of the human cortex 
are retained in the rat (Kolb 1984), including social and affective behavioural 
domains as well as executive function. Loss of cortical volume, especially in the 
frontal regions, in the rat are associated with diminished cognitive function in a 
range of models including sepsis and social isolation models (Day-Wilson et al. 2006; 
Semmler et al. 2007). The reductions in neocortex volume observed here, therefore, 
may indicate loss of function in some subregions, or globally, which may reflect the 
impairments in cognitive performance observed in rodent early life stress models 
(Davis et al. 2017; Naninck et al. 2015). 
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5.6.2.2 Subiculum 
 

The volume of the subiculum – a region posterior to the hippocampus – was 
significantly larger in LBN-exposed than control animals in this study. The degree of 
the difference was very small, and yet achieved significance in this analysis. The 
subiculum is a region with high expression of both GR and MR (Herman 1993), and is 
involved in inhibition of the HPA axis response to stress (Herman et al. 2003). 
Lesions to the subiculum have been found to produce a prolonged glucocorticoid 
response to restraint stress (Herman et al. 1995). The region has been identified as 
providing input to the peri-paraventricular nucleus (peri-PVN) and the hypothalamus 
(Otake, Kin, and Nakamura 2002; Canteras and Swanson 1992), both of which are 
brain regions central in regulating the stress response. The discovery of a modest 
but significant LBN-mediated volumetric change in the subiculum – an area 
associated intimately with the stress response – indicates some lasting effect of the 
early life stress aspect of the double-hit model on HPA axis-related circuitry into 
adulthood. Whether changes in subiculum volume contribute to dysregulated HPA 
axis responses to stress reported in other studies (e.g. (Avishai-Eliner et al. 2001; 
Bonapersona et al. 2019; Walker et al. 2017)) is not known, although warrants 
further investigation. Many reports of reductions in hippocampal volume after ELS 
could reflect, at least partially, changes in subiculum volume as well since the two 
regions are often analysed together. This could implicate the subiculum in some of 
the functional deficits related to changes in hippocampal volume after ELS (Davis et 
al. 2017; Brunson et al. 2005).  
 

5.6.2.3 Superior Colliculus 
 

The superior colliculus (SpC) is a component of the visual system, involved in 
directing visual attention towards sensory stimuli (Baldwin and Bourne 2020). This 
includes orienting attention to threatening stimuli (Koller et al. 2019), and the 
superior colliculus is involved in processing threatening visual stimuli, underlying the 
innate fear reaction to a looming stimulus overhead (Wei et al. 2015). Additionally, 
electrical stimulation of the SpC in rats has been shown to elicit increased anxiety-
like behaviour on the elevated T-maze (de Almeida et al. 2006), interpreted as 
evidence of the involvement of this region in the adaptive response to stressful 
situations. In humans, the SpC has been related to hypervigilance symptoms in in 
patients with PTSD (Olivé et al. 2018), so the threat-detection role of the regions is 
evolutionarily conserved. The SpC expresses a low level of GR and a moderate level 
of MR (Herman 1993). Interestingly, the inferior colliculus is similarly involved with 
processing threatening auditory stimuli and appears to be more readily affected by 
chronic stress. Administration of corticosterone to adult male rats has previously 
been found to reduce dendritic branching in the inferior but not superior colliculus, 
associating with impaired auditory but not visual fear conditioning (Dagnino-
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Subiabre et al. 2005), despite the presence of corticosterone receptors in both 
regions. The reduced volume of the superior colliculus, therefore, may reflect 
impairments in visual threat perceptions and fear conditioning, but this question 
would require further study. 
 

The volume of the SpC showed an interaction effect with the stress and LPS 
conditions in the double hit model, with both single ‘hits’ appearing to lead to 
reduced SpC volume, with evidence of rescue in the double-hit animals (figure 5.9). 
A search of the literature did not reveal any information about the effects of 
systemic inflammation on the SpC, although there is a considerable literature on 
microglial activity in this region following injury or enucleation of the eye 
(Hernandes and Britto 2014). It is possible that the LPS effect seen here is mediated 
by the stress experienced during the LPS paradigm rather than the inflammatory 
nature of the stimulus itself. Indeed, during the LPS administration the handling and 
brief restraint of animals required to deliver the injection, paired with the 
unpleasant inflammatory effects of the drug, could have activated visual threat 
detection systems more so than the LBN challenge itself, which occurred in-cage 
with minimal experimenter interference. 

 

5.6.3 Other brain regions 

5.6.3.1 Hippocampus 

The hippocampus is a region commonly implicated in rodent models of chronic 
stress. There is a particularly high abundance of both GR and MR in the 
hippocampus, making this region stress-susceptible (Herman 1993). Maternal 
separation models of early life stress have previously reported reduced hippocampal 
volumes (Aksić et al. 2013), and specifically reduced volumes of the mid-dorsal 
hippocampus (Molet, Maras, et al. 2016) in adults. In adolescent or chronic stress 
models acute reductions to hippocampal volume are also observed (Lee et al. 2009; 
Kassem et al. 2013), and these are associated with reductions in dendrite length 
(Magariños and McEwen 1995) and in both the size and number of neurons (Aksić et 
al. 2013). In this study, however, there were no observed differences in the volume 
of the hippocampus proper across experimental groups (figure 5.11). Given the 
unaffected GR expression in the hippocampus revealed in Chapter 4.3.2.1 (figure 
4.9), it is possible that any stress effects of the two ‘hits’ on the hippocampus had 
resolved by the time tissue was collected for this study, as hippocampal volume in 
stress models can evidently be acutely modulated (Magariños and McEwen 1995), 
and so may not be long-lasting. 
 

5.6.3.2 Amygdala 

The volume of the amygdala is also modulated in rodent ELS models – increases in 
amygdalar volume are observed in male pre-weaning pups exposed to early life 
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stressors (Guadagno, Wong, and Walker 2018; Guadagno et al. 2018), associated 
with increased dendritic length, branching, and spine density (Guadagno, Wong, and 
Walker 2018). By adulthood, however, these stress-mediated increases in the 
volume of the amygdala appear to be attenuated (Guadagno et al. 2018), again 
pointing to the capacity of stress to affect regional brain volumes acutely. In the 
Waxholm Space atlas-based parcellation of regions in the MRI scans of experimental 
animals presented here, the amygdalae were contained within the region called the 
basal forebrain – which was unaffected by either of the ‘hits’ in the double-hit 
model (figure 5.11). The basal forebrain region was relatively nonspecific, due to the 
lack of clear anatomical boundaries to the amygdala, and this may have contributed 
to the lack of effect seen in this data. In future studies it would be advantageous to 
delineate the amygdala more accurately in order to establish whether volumetric 
changes can be identified in this highly stress-relevant region (Roozendaal, McEwen, 
and Chattarji 2009). 
 

5.6.3.3 Hypothalamus 

The hypothalamus and, in particular, the paraventricular nuclei (PVN) are considered 
central to regulation of the stress response. Neurons in these regions express high 
levels of both glucocorticoid and CRH receptors (Herman 1993), and are critically 
involved in transduction of stressful stimuli into physiological responses. In the 
parcellation of the MRI scans presented here, the hypothalamic area contained the 
structures of the hypothalamus but, again due to the lack of distinct anatomical 
boundaries on a T2 scan, the specific hypothalamic subregions were not individually 
delineated. The volume of the entire hypothalamic area was unaffected by the 
experimental condition of animals, indicating a lack of gross neurostructural change 
in this area, although again the lack of regional specificity may have contributed to 
the lack of an effect here.  
 

5.6.3.4 Thalamus 

The absence of a significant association between the experimental manipulations in 
the double-hit model and the volume of the thalamus is, again, somewhat surprising 
given that activity in the thalamus has been associated with responses to restraint 
stress and anxiety-like behaviour in rats (Li et al. 2010; Jaferi, Nowak, and Bhatnagar 
2003), and atrophy of the regions has been demonstrated after a severe prolonged 
stress model (Yoshii et al. 2017). Lesions in the posterior thalamus prevent 
habituation of the HPA axis response to a repeated stressor (Bhatnagar et al. 2002), 
implicating it in the normal function of the stress response. The thalamus is also 
related to childhood and adult trauma in humans (Shucard et al. 2012; Ancelin et al. 
2021). We did not, however, find any evidence of gross structural change to the 
region in this experiment. 
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5.6.3.5 Striatum 
 

Although the striatum was not significantly affected by the experimental treatments 
in this study, the striatum is associated with inflammation-induced anhedonic 
symptoms in humans related to the dopaminergic neurons found there. In a group 
of healthy participants, administration of a low-dose bacterial endotoxin led to 
reduced striatal activity on a reward-based task as well as self-reported depressed 
mood (Eisenberger et al. 2010), and is otherwise implicated in anhedonia or blunted 
reward seeking in depressed patients (Whitton, Treadway, and Pizzagalli 2015). In 
rats, repeated intraperitoneal LPS administration has been shown to cause damage 
to the dopaminergic neurons of the striatum (Noworyta-Sokołowska, Górska, and 
Gołembiowska 2013). The striatum appears to be a structure that is involved in the 
crossover between inflammation and sickness behaviour or depressive 
symptomology, so it is perhaps surprising that it is not implicated in this study. 

 

5.6.4 Mechanisms of volumetric changes in the brain 

The dendritic segment length data presented here shows a strong but non-significant 
trend towards reduced apical dendritic segment length in the left hippocampus after 
early-life stress exposure (figure 5.12), which points to a possible mechanism 
underlying the observed changes in regional volumes. Given the lack of any effect of 
the double-hit model on hippocampal volume in this study, it is possible that stronger 
effects would be observed in a different region where a stress-mediated effect on 
volume was observed, and further work should seek to quantify this. Reductions in 
dendrite length and branch number in the prefrontal cortex have previously been 
observed in models of chronic stress in rats (Radley et al. 2004; Izquierdo, Wellman, 
and Holmes 2006), and are thought to be significant drivers of regional volume loss 
(Kassem et al. 2013). Due to the reduced neocortex volume observed in this study, 
and these previous reports of dendritic changes in the cortex, this would be a 
promising area for further investigation. Dendritic retraction is mediated by the action 
of glucocorticoids on GRs (Conrad 2006), and can occur acutely during times of stress 
(Izquierdo, Wellman, and Holmes 2006). There are, however, other observed effects 
of stress on neurons which could also underlie volumetric changes. Chronic stress 
models have been shown to reduce cell proliferation (Banasr et al. 2007), as well as 
the size of neuronal cell bodies in both the hippocampus and neocortex (Aksić et al. 
2013; Aksic et al. 2014), and the loss of dendritic spines (Radley et al. 2005). All of 
these aspects of neuronal size have the potential to affect total volume at a regional 
or a global level; however, dendrite loss is believed to be a primary cause of 
reductions in grey matter volume (Kassem et al. 2013) 
 
It is important to consider that the LBN model may affect brain development via other 
routes, not solely through alterations to maternal care. The LBN model has been 
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shown to pose a thermoregulatory challenge – as the absence of a nest allows cool air 
to circulate around pups more readily, and also impairs the cohesiveness of the nest 
‘huddle’ reducing the passive transfer of heat between pups (Lapp, Mueller, and 
Moore 2020). Furthermore, the LBN paradigm can induce hyperalgesia – heightened 
pain sensitivity – in adulthood, and has been found to affect functional connectivity in 
somatosensory brain regions including the thalamus (Guo et al. 2015; Holschneider et 
al. 2016). It is possible, therefore, that the sensory experience of the LBN 
environment may affect brain development and thereby adult brain structure, and 
that the observed effects in this MRI analysis may be partially attributable to pup 
experience rather than maternal transmission of stress. 
 

5.6.5 Conclusions 

This chapter presents data revealing volume reductions in in the brains of LBN-
exposed animals, including regions known to be associated with stress processes such 
as the cortex and the ventral subiculum. These changes were detectable in tissue 
collected five weeks after the cessation of the adolescent immune challenge, 
indicating long-lasting rather than acute structural changes. No effects of stress 
condition on the volume of the hippocampus or amygdala were observed, despite an 
extensive literature implicating these regions in stress models. This may be because 
other models examine the effects of stress on these regions more acutely, whereas 
here the focus was on long-lasting effects of the double-hit model on brain structure. 
Preliminary analysis of dendritic metrics raises the possibility that these long-term 
reductions in regional brain volumes are driven by reductions in dendritic length, 
although other processes may contribute.  
 
While structural changes have been detected here, it is not apparent whether these 
associate with any functional phenotypes in the animals. Some previous work has 
been cited drawing links between loss of volume and, for instance, impaired fear 
conditioning (Dagnino-Subiabre et al. 2005) or cognitive performance (Brunson et al. 
2005). Future work would be required to hone in on any functional domains related 
to these volume changes, as the work reported here chiefly focused on anxiety- and 
depressive-like behaviour which would typically involve the hippocampus and 
amygdala (McHugh et al. 2004). In light of the changes detected in the volume of the 
superior colliculus, for instance, it would be interesting to assess animals’ responses 
to visual threat and visual fear conditioning paradigms. More fine-grained regional 
analysis would also be a useful complement to this data, as some structures 
highlighted such as the neocortex are functionally and regionally heterogeneous and 
more detailed information may reveal further promising pathways for investigation of 
the functional phenotype following the double-hit model. 
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The following chapter presents neuroimaging data derived from human population 
cohorts, and examines the associations between childhood trauma (a real-life 
example of ELS) and brain volumes in adulthood. 
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6 Chapter 6: Analysis of sequalae of childhood trauma in population 
cohorts. 
 

6.1 Publication statement 

A version of the work presented in this chapter has been accepted for publication with 
European Psychiatry. The title of that publication is “Structural brain correlates of 
childhood trauma with replication across two large, independent community-based 
samples” . The work presented in this chapter represents a somewhat expanded 
analysis including work which is relevant to this thesis, but was not deemed relevant in 
the context of a stand-alone article. 
 
The authors on that article are listed here: 
Rebecca A. Madden; Kimberley Atkinson; Xueyi Shen; Claire Green; Robert F. Hillary; 
Emma Hawkins; Anca-Larisa Sandu; Gordon Waiter; Christopher McNeil; Mathew 
Harris; Archie Campbell; David Porteous; Jennifer A. Macfarlane; Alison Murray; 
Douglas Steele; Liana Romaniuk; Stephen M. Lawrie; Andrew M. McIntosh; Heather C. 
Whalley. 

 

6.2 Introduction 
 
Adverse childhood experiences (ACEs) are reported to affect around 50% of the UK 
population (Bellis et al. 2016; Bellis et al. 2013), with similar proportions worldwide 
(Felitti et al. 1998). The classification of ACEs varies, but typically include abuse and 
neglect, witnessing domestic or neighbourhood violence, family substance misuse, and 
parental divorce. ACEs have been found to act in a dose-dependent manner to raise 
the risk of a broad range of adverse outcomes in adulthood, including poor psychiatric 
outcomes (Felitti et al. 2019). The childhood trauma questionnaire (CTQ) describes a 
narrower range of early life experiences, focussing specifically on abuse and neglect, 
mainly in the home environment (Bernstein et al. 2003). It has been repeatedly 
demonstrated that experiences that fall under this definition of ‘childhood trauma’ (CT) 
have stronger associations with poor psychiatric outcomes than other types of 
childhood adversity (CA). It has been shown, for instance, that interpersonal trauma 
(adolescent sexual or physical abuse) is more strongly associated with lifetime SCID 
diagnoses than traumatic bereavement during adolescence (Krupnick et al. 2004); and 
that physical neglect, emotional neglect, and sexual abuse show stronger associations 
with symptom severity among adult psychiatric inpatients than other ACEs such as peer 
bullying (Schalinski et al. 2016).  
The biological underpinnings of the relationship between CA and psychiatric disorders 
are likely to be multifaceted; including chronic dysregulation of the hypothalamic-
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pituitary-adrenal axis (Heim et al. 2008), disrupted attachment and emotional 
development (Cook et al. 2017), and deviations from typical brain development 
(Cassiers et al. 2018). The latter hypothesis posits that the experience of trauma during 
sensitive periods of neurodevelopment may lead to structural abnormalities which 
predispose the adult individual to pathological symptoms (Teicher et al. 2003). A great 
deal of previous work has focused on describing the neurostructural consequences of 
CA; the literature has, however, proven to be inconsistent where results fail to replicate 
study-to-study.   

The field to date has often taken a hypothesis led approach; while there can be a 
strong rationale for examining specific regions of interest (ROIs) in relation to CA, this a 
priori approach can also contribute to bias and inconsistencies, whereby meaningful 
effects in other regions may be missed. The hippocampus, for instance, has received a 
lot of attention due to evidence for smaller hippocampal volumes in depression 
(Videbech and Ravnkilde 2004), alongside findings from preclinical work indicating the 
hippocampus is  particularly vulnerable to early stressful life events (Sapolsky et al. 
1990). These ROI studies generally find reduced hippocampal grey matter (GM) volume 
(Malhi et al. 2019; Dannlowski et al. 2012; Calem et al. 2017; Colle et al. 2017; Chaney 
et al. 2014; Lawson et al. 2017; Frodl et al. 2010) in CA-exposed groups; however other 
studies report no association (Mielke et al. 2018; Saleh et al. 2017; Cohen et al. 2006; 
Rokita et al. 2020). A meta-analysis including 17 of these ROI studies looking specifically 
at the hippocampus did find evidence, however, for reduced volumes of the left, right, 
and total hippocampus (hedges g=-0.642, -0.616, -0.517 respectively), despite 
significant between-study heterogeneity, and publication bias in the latter (Egger’s 
t(df=33)=3.44, p=0.001)(Paquola, Bennett, and Lagopoulos 2016). 

The amygdala has been another focus of ROI analyses of the neurostructural effects of 
CA, given its role in emotion and fear processing (LeDoux 2003; Lawson et al. 2017; 
Rokita et al. 2020). Two meta-analyses of amygdala-specific ROI analyses are however 
contradictory, one reporting reductions in amygdala volume from meta-analysis of 19 
studies (Paquola, Bennett, and Lagopoulos 2016); the other finding no effect in a meta-
analysis of 15 studies (Calem et al. 2017). Other commonly used ROIs have included the 
caudate nucleus (Saleh et al. 2017; Cohen et al. 2006; Janiri et al. 2017), nucleus 
accumbens (Mielke et al. 2018; Saleh et al. 2017), orbitofrontal cortex (Chaney et al. 
2014; Saleh et al. 2017), and anterior cingulate cortex (Chaney et al. 2014; Saleh et al. 
2017; Cohen et al. 2006; Rokita et al. 2020), with mixed findings. 

Despite multiple strands of evidence that traumatic events can affect the structure and 
function of the thalamus, this region is rarely included as an ROI in a priori studies of 
CA. After traumatic events in adulthood, structural and functional changes have been 
observed in the thalamus (Bruno et al. 2021; Shucard et al. 2012; Nilsen et al. 2016). 
Thalamic structural deviations after CA have also been observed (Ancelin et al. 2021; 
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Kumari et al. 2013), and childhood trauma has been associated with functional 
hyperconnectivity of the thalamus in a transdiagnostic sample (Philip et al. 2016). In 
addition to these structural and functional imaging findings, endocrine work has 
repeatedly shown evidence of dysregulation in the hypothalamic-pituitary-adrenal 
(HPA) axis in CT-exposed adult populations (Fernando et al. 2012; Videlock et al. 2009; 
Schäfer et al. 2010; Kempke et al. 2015); implicating associated thalamic structures as 
well. The lack of inclusion of the thalamus and hypothalamus in a priori structural 
imaging studies of CA demonstrates the potential to miss interesting regions by taking 
an ROI-based approach. 

While brain-wide (a priori) analyses have been conducted, they are rarer and often lack 
robust sample sizes. One such study revealed an association between CTQ scores and 
right insular surface area, (Opel et al. 2019). Meta-analyses of voxel-based 
morphometry (VBM) approaches to brain-wide studies of CA report reduced GM 
volumes in the dorsolateral prefrontal cortex, right hippocampus, and right postcentral 
gyrus (across 19 studies with 1095 adult subjects (Paquola, Bennett, and Lagopoulos 
2016)); and GM volume reductions in temporal, frontal, and midbrain regions, and the 
left postcentral gyrus (across 12 studies with a total of 693 children, adolescents, and 
adults (Lim, Radua, and Rubia 2014)). The ENIGMA consortium (Thompson et al. 2014) 
has recently produced larger-sample, a priori analyses of the impact of CA on adult 
brain structure based on meta-analysed data from multiple cohort studies. In an 
analysis across 7 subcortical grey matter structures defined by the FreeSurfer image 
processing software, no significant main effects of childhood adversity were found 
(Frodl et al. 2017). A similar approach taken in cortical thickness and surface area 
measures found main effects of CA score in the thickness of the banks of the superior 
temporal sulcus and the supramarginal gyrus, and the surface area of the middle 
temporal gyrus (Tozzi et al. 2020). They also found various interaction effects with age, 
sex, and MDD diagnosis.  

It is evident that there is limited consistency in determining the relationships between 
childhood trauma and adult structural imaging findings from whole-brain analyses. 
These inconsistencies may result from between-study variability. In particular, 
differences in the detail and definition of childhood trauma/adversity; in the 
demographics; and in the use of healthy or psychiatric populations (with varying 
diagnoses and severities of clinical status). With the growing opportunities provided by 
neuro-imaged population cohorts, large sample sizes are available within a single study 
protocol, enabling the analysis of neurostructural sequalae of childhood trauma more 
homogenous samples. In this study, therefore, we describe psychiatric phenotyping, 
whole-brain analysis, and regional analysis of childhood trauma (CT) in a subsample of 
the Generation Scotland: Scottish Family Health Study (GS) cohort with neuroimaging 
data.  We based our initial analyses in this cohort due to its characteristically deep 
phenotyping, including the 28-item Childhood Trauma Questionnaire. We then sought 
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to replicate in the larger UK Biobank cohort, which utilised a much shorter 
questionnaire assessing CT. We also report imaging mega-analysis from the combined 
cohorts, with a total sample size of n=28,226. These large samples make the findings 
presented here well-powered, and more generalisable to the population than smaller 
clinically oriented samples. 

In addition to the mega-analysis study described above, this chapter presents some 
additional analyses in the smaller, more deeply phenotyped of the two cohorts. These 
analyses aim to provide further information on the inflammatory consequences of 
childhood trauma, and of the persistent effects of childhood trauma on stress reactivity 
in adulthood. 
 

6.2.1 Summary and aims 
This chapter presents details of a large, multi-cohort study examining the associations 
between retrospectively reported childhood trauma and adult psychiatric phenotypes 
alongside structural neuroimaging data.  
The chapter will: 

 Assess the prevalence of childhood trauma in two large, independent UK 
cohorts. 

 Examine the relationship between childhood trauma and lifetime depressive 
illness in those cohorts. 

 Examine the relationship between childhood trauma and brain structure at 
both a global and regional level, with replication between cohorts. 

 Examine other aspects of psychiatric morbidity and blood sampling data in 
relation to childhood trauma in the Generation Scotland cohort. 
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6.3 Materials and methods 

The analysis comprised two independent populations: a subsample from The 
Generation Scotland (GS; n=1,024) and the UK Biobank cohort (UKB; n=27,202), 
totalling a population of n=28,226. In both GS and UKB, freesurfer derived measures of 
cortical metrics and subcortical volumes were analysed. The analysis focussed initially 
on global cortical measures, lobar regions, and finally individual regional measures.  

The Generation Scotland cohort:  

Generation Scotland: Scottish Family Health Study (GS hereafter) is a population-based 
cohort of over 24,000 individuals with in-depth phenotyping recruited between 2006-
2011. A subsample of participants was re-contacted in 2015-2019 for neuroimaging 
and further data collection. This subsample was used as the basis for the current study, 
and is described in detail elsewhere (Habota et al. 2019; Navrady et al. 2017; Stolicyn et 
al. 2020; Green, Shen, et al. 2021). At the point of recontact, some cognitive 
assessments were delivered as well as medical history and lifestyle habits including 
alcohol consumption and smoking. Clinical questionnaires were also collected including 
the Brief Life Events Questionnaire (BLEQ; (Brugha and Cragg 1990)), collecting 
information about major events experienced in the past 6 months, and the Coping 
inventory for Stressful Situations (CISS-48), which assesses five coping styles – task-
based, emotion-oriented, avoidance, distraction, and social diversion. 

Respondents to the recontact were then invited to a clinic appointment during which 
further psychometric questionnaires and a SCID diagnostic interview were delivered, 
biometric data and blood samples were taken, and an MRI imaging scan was 
conducted. Among the psychometric questionnaires delivered were the Quick 
Inventory of Depressive Symptomatology (QIDS) (Rush et al. 2003) which was used as 
measure of current depressive symptom severity in the two weeks leading up to the 
time of the clinic visit; the Neuroticism subscale of the Eysenck Personality 
Questionnaire (Eysenck and Eysenck 1984); the Hospital Anxiety and Depression Scale – 
Anxiety Subscale (HADS-A) (Zigmond and Snaith 1983); and the 28-item Childhood 
Trauma Questionnaire (CTQ; (Bernstein et al. 2003)). 

The final subsample included n=1,153 participants with CTQ and depression 
phenotyping, and n=1,024 also had MRI imaging data. 

The 28-item CTQ is a questionnaire validated for self-report of abuse and neglect 
during childhood (Bernstein et al. 2003). The questionnaire is made up of five subscales 
– Emotional Abuse (EA), Emotional Neglect (EN), Physical Abuse (PA), Physical Neglect 
(PN), and Sexual Abuse (SA) – with five items for each subscale, scored on a five-point 
Likert scale rating frequency of each experience (1-5). Emotional and Physical Neglect 
items are reverse-scored. The minimisation and denial scale makes up the remaining 
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three items, a scale devised to help detect under-reporting of childhood trauma 
(Bernstein et al. 2003). The analyses reported here focused mainly on the summed 
score of the 25 subscale items of this questionnaire, scored on a scale 25-125, which 
provides an index of the cumulative traumatic experience of an individual, consistent 
with previous literature (e.g. (Pereira et al. 2012; Gerdner and Allgulander 2009)). The 
questionnaire can also be used to break scores down into severity categories of none-
low, low-moderate, moderate-severe, and severe-extreme, for both total CTQ score 
and each subscale (Schmidt et al. 2020; Paivio and Cramer 2004).  

All analyses were performed using scaled scores for the five childhood trauma 
subscales captured by the CTQ (and, in UKB, CTM) measures – emotional neglect, 
emotional abuse, physical neglect, physical abuse, and sexual abuse – as well as scaled 
composite ‘abuse’ and ‘neglect’ scores created by summing scores on the abuse and 
neglect items, respectively. 

Major Depressive Disorder (MDD) diagnoses were derived from the Structured Clinical 
Interview for DSM-IV (SCID; (Habota et al. 2019; First 2014)) taken at GS baseline 
recruitment; a binary variable describing presence/absence of a lifetime diagnosis 
encompasses single-episode, chronic, post-partum onset, and depression with 
manic/hypomanic features. Two individuals with manic/hypomanic episodes alone 
were excluded from further analyses. The Quick Inventory of Depressive 
Symptomatology (Rush et al. 2003) was used as measure of continuous (and current) 
depressive symptom severity at the time of the imaging clinic visit. 
All five CISS coping style scores were regressed against total CTQ scores in a model 
controlling for age, age2 (to account for non-linear effects of age), sex, QIDS current 
depressive symptom score, and BLEQ total score (to account for recent stress levels). 
The results of these analyses were the extracted and corrected for multiple testing 
using the false discovery rate (FDR) method. 
The actual cell counts (x107) of lymphocytes and total white blood cells (WBC), and the 
percentage of neutrophils, basophils, eosinophils, and monocytes within the WBC 
count, were all scaled before regressing against total CTQ score in a model controlling 
for age, age2, body mass index (BMI), and history of smoking. The results from these 
models were extracted and corrected for multiple testing using the FDR method. 

MRI Imaging in GS: 

Imaging was conducted at two sites, Aberdeen and Dundee. In Aberdeen, brain 
magnetic resonance imaging (MRI) data were acquired on a 3T Philips Achieva TX-series 
MRI system (Philips Healthcare, Best, Netherlands) with a 32-channel phased-array 
head coil with a back facing mirror (software version 5.1.7; gradients with maximum 
amplitude 80 mT/m and maximum slew rate 100 T/m/s). In Dundee, images were 
acquired on a Siemens 3T Prisma-FIT (Siemens Healthineers, Erlangen, Germany) with 
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20 channel head and neck coil and a back facing mirror (software version VE11, 
gradient with max amplitude 80 mT/m and maximum slew rate 200 T/m/s). The current 
study uses T1 structural data, though other sequences were also acquired (Rupprechter 
et al. 2020; Romaniuk et al. 2019). Structural measures were derived in-house from raw 
images using FreeSurfer version 5.3 (Dale, Fischl, and Sereno 1999; Fischl et al. 2004; 
Fischl, Sereno, and Dale 1999). The 1,070 images were segmented into grey matter, 
white matter, and cerebrospinal fluid. Grey matter was further segmented into cortical 
and subcortical grey matter. The cortex was divided into 34 regions per hemisphere 
according to the Desikan-Killany atlas (Desikan et al. 2006). Visual quality control was 
undertaken for exclusion of participants with major output errors in segmentation or 
parcellation. There were 424 subjects for whom a degree of manual editing was 
required to make small corrections to the images. Participants (n=12) were excluded if 
errors could not be corrected in this way. For the 68 bilateral cortical regions, measures 
of mean thickness, surface area, and volume were calculated. For 8 bilateral subcortical 
grey matter structures, volume alone was calculated. Coordinates of head position 
within the scanner were included as covariates. 

The UK Biobank cohort: 

UK Biobank (UKB) is a large, UK-based population cohort of over n=500,000 adults 
recruited between 2006-2010 (Sudlow et al. 2015). Data was collected over several 
instances of postal questionnaires and clinic visits. MRI imaging was performed on 
n=100,000, which was acquired in-clinic during the second assessment instance 
(Sudlow et al. 2015; Miller et al. 2016); at the time of writing, MRI data were available 
for n=41,985 (Alfaro-Almagro et al. 2021). An online follow-up questionnaire was 
disseminated to participants after completion of the imaging appointment, comprising 
the Mental Health Questionnaire (MHQ; which included childhood trauma questions).  

Five items relating to childhood trauma were included in the MHQ, derived from the 
28-item CTQ with each item scored on a five-point likert scale (0-4). Hence only one 
item related to each of the five subscales (as described in the fuller 28-item CTQ) was 
included in this cohort, making this data less sensitive than the GS and necessitating a 
focus throughout the study on total scores (with subscale results presented in 
Appendix 3). For the purposes of this study, childhood trauma items were used on a 0-
20 scale of the summed total of responses to these items. Any individuals with 
incomplete responses to the childhood trauma items were excluded from analyses, 
leaving a maximum sample of n=153,650 for this report, of which n=27,202 had MRI 
imaging data available.  

MDD diagnoses were derived from the International Statistical Classification of 
Diseases (ICD10) diagnostic criteria assessed at the initial assessment centre visit (Smith 
et al. 2013), and the short form of the Composite International Diagnostic Interview 
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To determine the relationships between scaled childhood trauma total and subscale 
scores and structural brain imaging features, linear regression models were conducted 
using the NLME package in R. For cortical structures, volume, surface area, and 
thickness measures were available; for subcortical structures volume data were 
available. Covariates included sex, age, age squared (to account for non-linear effects 
of age), scaled intracranial volume, hemisphere, scan site. For 5 summed lobar 
measures (lobar cortical volume, lobar cortical surface area, and mean lobar cortical 
thickness), the same covariates were used. For global measures (such as whole brain 
volume (WBV), total grey matter volume, and total white matter volume), hemisphere 
was not a required covariate and ICV was also excluded at a covariate due to high 
collinearity with the measures.  

Imaging analyses were performed in n=1,024 in GS, and n=27,202 (n=26,639 for WBV) 
in UKB. These numbers represent those with complete imaging data as well as 
complete childhood trauma data (figure 6.1).  

 

 

Figure 6.1: Analysis structure of the present study, demonstrating the initial discovery 
analysis in GS due to deeper phenotyping of childhood trauma, with replication in UKB 
and mega-analysis for maximum sample size. 

 

Mega-analysis of imaging samples: 

For the mega-analysis, the total and subscale childhood trauma scores were scaled 
within each cohort, and then re-scaled across the merged mega-analysis sample. 
Structural imaging data including ICV was scaled within cohort. Analyses were 
conducted, as before, using the same covariates.   
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(β=0.97, SE=0.17, p(FDR)=2.31x10-8), but were not significantly associated with age (β=-
4.04x10-4, SE=0.0029, p(FDR) =0.89). 

Participants with lifetime MDD diagnoses reported higher total CTQ scores 
(mean=39.59) than healthy controls (mean=31.52; t(df=442.54)=-9.11, p<0.001). A 
significant positive association was found between total CTQ score and risk of lifetime 
depression (β=0.68, OR=1.98, p(FDR)=6.45x10-18). Depression risk was positively 
associated with total scores on all trauma subscales (Appendix 1). Higher total CTQ 
scores also predicted younger age-of-onset for depression (β=-3.2, 95% CI=-4.22 – -
2.17, p(FDR)=1.44x10-8), and higher odds for a recurrent course of depressive illness 
(β=0.36, OR=1.43, p(FDR)=0.0022). 

Total CTQ score was positively associated with QIDS current depressive symptom 
score, with higher CTQ score predicting greater depressive symptomatology in the 2 
weeks prior to GS recontact appointment (β=0.08, SE=0.008, p(FDR)=2.2x10-20).  In a 
similar manner, CTQ score was positively associated with HADS-A score, showing that 
higher CTQ score predicted higher levels of anxious symptoms (β=0.057, SE=0.008, 
p(FDR)=2.32x10-11). Higher CTQ scores also predicted higher neuroticism scores 
(β=0.053, SE=0.007, p(FDR)=9.22x10-13), showing an association between childhood 
trauma and cognitive risk for psychiatric disorders as well as their actual symptoms in 
the GS cohort. 

UK BioBank: 

The UKB study population (n=153,650) was 56.31% female, with a mean age of 55.91 
years (38-72yrs). Of n=94,379 participants for whom ICD-10 coded diagnostic 
information was available, 2.68% report lifetime depression. For the n=123,355 
participants who completed a CIDI diagnostic questionnaire, however, 29.47% met 
criteria for lifetime depression (table 6.4). 

Due to the less detailed nature of the childhood trauma metric (CTM) items in UKB’s 
MHQ, the severity cut-offs inherent to the CTQ could not be replicated. The 
proportion of participants responding higher than ‘Rarely True’ (or lower than ‘Very 
Often True’ for reverse-coded items) to any CTM item was 59.28% (table 6.4). 

Total CTM scores in UKB were significantly higher in females (mean=1.85) than in 
males (mean=1.64; t(df=152,796)=16.85, p<0.001). They showed a positive association 
with BMI (β=0.37, SE=0.012, p(FDR)=1.86x10-220), and a small but significant negative 
association with age (β=-0.0059, SE=3.3x10-4, p(FDR)=3.28x10-72). 
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6.4.2 Neuroimaging Findings 

We took the approach of analysing relationships between scaled CT scores and brain 
metrics in increasing levels of detail, starting with global brain and grey/white matter 
volumes, then lobar-level metrics, then across all regions. 

Global brain measures: 

The relationships between CT scores and global brain metrics were analysed in GS 
(n=1,024), UKB (n=26,639), and the mega-analysis sample (n=28,226).  

In GS, significant negative associations were revealed between total CTQ score and 
global white matter volume (β=-0.0852, SE=0.0258, p(FDR)=0.0015), global grey matter 
volume (β=-0.0682, SE=0.0219, p(FDR)=0.0019), and whole brain volume (β=-0.0844, 
SE=0.0239, p(FDR)=0.0013; Appendix 2). 

In UKB, CTM scores showed significant negative associations with global white matter 
volume (β=-0.0311, SE=0.0049, p(FDR)=2.67x10-10), global grey matter volume (β=-
0.0433, SE=0.0049, p(FDR)=5.27x10-18), and whole brain volume (β=-0.0399, SE=0.0048, 
p(FDR)=1.75x10-16; Appendix 2). 

In the mega-analysis population, the whole-brain analyses followed much the same 
pattern, with significant negative associations between childhood trauma scores and 
global white matter volume (β=-0.0330, SE=0.0048, p(FDR)=9.15x10-12), global grey 
matter volume (β=-0.0442, SE=0.0048, p(FDR)=1.74x10-19), and whole brain volume 
(β=-0.0417, SE=0.0047, p(FDR)=1.51x10-18; Appendix 2). 

Lobar measures: 

The relationships between scaled CT scores and the whole-lobe cortical volume, 
whole-lobe cortical surface area, and mean cortical thickness of all five lobar regions 
were examined and analysed in GS (n=1,024), UKB (n=27,202), and the mega-analysis 
sample (n=28,226). 

In GS, there were significant negative associations between total CTQ scores and both 
cortical surface areas and cortical volumes of the frontal, parietal, temporal, occipital, 
and cingulate lobes (Appendix 2). There were no significant associations for lobar 
cortical thicknesses. 

In UKB, we observed significant negative associations between total CTM score and 
cortical volumes and cortical surface areas of all five lobes, but no associations with 
cortical thicknesses were observed (Appendix 2). 
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In the mega-analysis sample, relationships between childhood trauma score and 
cortical volume and surface areas of all five lobes were significant (Appendix 2). Again, 
no associations between childhood trauma scores and whole-lobe cortical thickness 
were observed. 

 

 
 

Figure 6.2: Lollipop plots showing –log10 of p(FDR) for each region and metric in the regional 
analysis for (A) GS, (B) UKB, and (C) the mega-analysis; and in the global and lobar analyses 
for (D) GS, (E) UKB, and (F) the meg-analysis. The –log10 of p(FDR)=0.05 is represented by the 
dotted grey line, any points exceeding this line achieved statistical significance after FDR 
correction. Regions of higher significance are labelled, the order in which other regions are 
presented can be found in Appendix 2.  
In this figure only: Th = Cortical thickness, SA = Cortical surface area, CV = Cortical volume, ScV 
= Subcortical Volume. 

 



167 
 

Regional measures: 

Regional analyses examined the relationships between CT scores and volumes of 34 
cortical and 8 subcortical regions, as well as thickness and surface area for the same 
34 cortical regions in GS (n=1,024). In UKB (n=27,202) and mega-analysis (n=28,226), 
33 cortical regions were examined on the same metrics, plus 8 subcortical regional 
volumes. 

In GS, across all regional metrics analysed three regions were significantly associated 
after FDR correction (Figure 6.2, Appendix 2). These were the volumes of the 
hippocampus (β=-0.0582, SE=0.0247, p(FDR)=0.050), nucleus accumbens (β=-0.0654, 
SE=0.0231, p(FDR)=0.037), and ventral diencephalon (VDc; Supplementary Figure 1; β=-
0.0526, SE=0.0218, p(FDR)=0.050). All three regions are subcortical areas, and all were 
negatively associated with total CTQ score, with higher CTQ score predicting lower 
volume of these regions. 

In UKB, many significant associations were found (Figure 6.2; Appendix 2), due to the 
higher power afforded by the larger sample size in this data set. Of note was the 
replication of a significant negative association between total CTM score and the 
volume of the VDc (β=-0.0220, SE=0.0040, p(FDR)=2.84x10-7). Significant associations 
between CTM scores and cortical regions were demonstrated – again showing more 
consistent associations with SA and volume than cortical thickness. Regions with the 
strongest effect sizes were the volume of the inferior parietal lobule (β=-0.0223, 
SE=0.0042, p(FDR)=4.78x10-6), and the surface area of the pericalcarine cortex (β=-
0.0248, SE=0.0054, p(FDR)=1.61x10-4).  

All findings from the UKB analyses were replicated in the mega-analysis, which also 
revealed some novel significant associations (Figure 6.2, Figure 6.3, Appendix 2). Two 
of the three findings in the GS regional analysis were also replicated in the mega-
analysis; the significant negative associations in the hippocampus (β=-0.0119, 
SE=0.0044, p(FDR)=0.017), and the ventral diencephalon (β=-0.0232, SE=0.0039, 
p(FDR)=2.91x10-8). The volume of the thalamus was additionally significant at mega-
analysis (β=-0.0134, SE=0.0039, p(FDR)=0.0026). There were very few associations 
between CT measures and cortical thickness in either cohort or in the mega-analysis, 
where only two cortical regions were achieved significance (Figure 6.3). 
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Figure 6.3: Map showing Beta values for regions significantly associated with childhood 
trauma in the mega-analysis, for cortical thickness, cortical surface area, and cortical volume. 
The red-toned colours represent a negative association and the purple-toned represent a 
positive association, with the strength of that associated denoted by the shade of the colour. 
Images created using the Cox & Liewald Heatmapper programme (Liewald and Cox) 

 

Childhood trauma subscales: 

Across all three global brain metrics in GS, significant associations were demonstrated 
with Emotional Abuse, Physical Abuse, Sexual Abuse, and Abuse composite score. This 
was replicated in the UKB and mega-analysis. In GS, however, no significant 
association was indicated for Emotional Neglect, Physical Neglect, or Neglect 
Composite score. This was not replicated in the UKB and mega-analysis; EN, PN, and 
Neglect composite were significantly associated with all three global brain metrics in 
these analyses (Appendix 3).  

Similarly, at the lobar level, imaging samples demonstrated associations with some 
subscale scores with particularly consistent results between PA, SA, and abuse 
composite score and lobar surface areas; and between PA and abuse composite score 
and lobar volumes. Very few significant associations were found with lobar 
thicknesses, excepting significant associations with both abuse and neglect composite 
scores in the UKB analysis only (Appendix 3). At the regional level in GS, the only 
significant associations observed were between the physical abuse score and the 
surface area of superior parietal cortex (β=-0.0771, SE=0.0235, p(FDR)=0.036), the 
cortical volume of the entorhinal cortex (β=-0.0733, SE=0.0224, p(FDR)=0.037), and 6 of 
the 8 subcortical volumes: the hippocampus, VDc, thalamus, amygdala, nucleus 
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accumbens, and pallidum (Appendix 3). No other subscale or composite score showed 
any significant associations with any regional metric in GS, except for the neglect 
composite score which associated significantly with the volume of the nucleus 
accumbens (β=-0.0805, SE=0.0229, p(FDR)=0.0037).  

In UKB and in the mega-analysis, many associations were found between the different 
trauma subtypes and regional imaging metrics, including some associations between 
the emotional abuse items and cortical thickness measures (Appendix 3). The abuse 
composite score demonstrated significant associations with the volumes of the 
hippocampus, thalamus, and ventral diencephalon in both the UKB analysis and 
mega-analysis – the same three subcortical regions with which total childhood trauma 
scores associated in the mega-analysis (Appendix 3). The only region for which a 
significant association was found across all three analyses was the VDc (GS: β=-
0.0676, SE=0.0217, p(FDR)=0.005; UKB: β=-0.0212, SE=0.004, p(FDR)=1.01x10-6; Mega-
analysis: β=-0.023, SE=0.0039, p(FDR)=4.19x10-8). 
 

6.4.3 The coping inventory for stressful situations 
 
Responses on the Coping Inventory for Stressful Situations (CISS) were analysed in a 
linear regression with total CTQ scores and appropriate covariates in GS. Of the five 
subscales of the CISS, task-based coping (β=-0.093, SE=0.039, p(FDR)=0.043) and 
emotion-oriented coping (β=0.079, SE=0.033, p(FDR)=0.043) retained statistical 
significance after correction for multiple testing with the FDR method (figure 6.4). 
Social diversion was marginally significant after FDR correction (β=-0.031, SE=0.014, 
p(FDR)=0.051), but other coping styles were not significantly associated with CTQ 
scores. 
 
Task-based coping – considered an adaptive form of coping with stress - declines with 
increasing CTQ score, while emotion-oriented coping – considered maladaptive – 
increases with higher CTQ scores (figure 6.4). This indicates that traumatic events in 
childhood may predispose individuals to poor stress responsivity in adulthood.  
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Figure 6.4: Regression lines showing the relationship between CTQ score and task-based and 
emotional coping styles as assessed by the CISS in the GS cohort. 

 
6.4.4 White blood cell counts 

 

 
Blood-based biomarkers for inflammation – comprising white blood cell (WBC) counts 
– were analysed against CTQ scores in GS. Total white blood cell counts were 
significant prior to FDR correction for multiple testing (β=0.0068, SE=0.0029, p=0.019; 
figure 6.5), but significance did not survive FDR correction (p(FDR)=0.11). Neutrophils 
were also significant prior to FDR correction (β=0.0058, SE=0.0029, p=0.046; figure 

 
 
Figure 6.5: Regression lines showing the relationships between CTQ score and both total white 
blood cell and neutrophil counts in GS. These regression models did not survive FDR correction, 
but the raw p-values were significant. 
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6.5), but did not survive multiple testing correction (p(FDR)=0.13). Counts of other 
white blood cell types were not significantly associated with CTQ. 
 
Although non-significant after FDR correction, positive trends in the associations 
between CTQ scores and both total WBC and neutrophil cell counts can be observed 
in figure 6.5, indicating slightly increased immune system activity in those reporting a 
history of childhood trauma. 
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6.5 Discussion 
 
This study reports psychiatric and structural brain correlates of childhood trauma in a 
mega-analysis of two independent UK cohorts. The mega-analysis sample size of 
n=28,226 improves significantly upon the sample sizes of similar multicentre studies 
(Frodl et al. 2017; Tozzi et al. 2020).  

 
The data presented here provide further validation for proposed relationships between 
childhood trauma and depressive pathology in adulthood. These links to poor mental 
health outcomes have been demonstrated previously (Teicher and Samson 2013), as 
have links to poor physical health outcomes (Felitti et al. 2019). The study also 
highlights the high prevalence of traumatic childhood experiences in our population, 
with 51% and 59% of participants reporting having experienced some kind of adverse 
childhood experience in GS and UKB, respectively. In the GS CTQ data, where more 
detailed analysis was possible, we observed what might be considered a ‘clinically 
significant’ level of trauma (a total CTQ score over the ‘low-moderate’ threshold) in 
26% of the study population. This fits with previous estimates of childhood trauma 
prevalence (Bellis et al. 2016; Bellis et al. 2013; Felitti et al. 2019). The association 
between higher CT score and younger age of onset for MDD is strong in both cohorts 
(GS: β=-3.2, 95% CI=-4.22 – -2.17, p(FDR)=1.44x10-8; UKB: β=-2.1, SE=0.046, p(FDR)<1x10-

314). This replication indicates that CT is having early effects on the development of 
psychopathology, and given the links between age of onset and poorer long-term 
outcomes in MDD could also suggest a link with lifetime severity (Zisook et al. 2007). It 
is important to note, however, that current depression is associated with a negative 
bias in recall of past events (Vrijsen et al. 2017). This could partially explain the strong 
positive relationship between CTQ scores and QIDS scores in the GS sample – the 
association with lifetime depression in both cohorts, however, is not based on current 
symptoms and is also strong.  
 
The work presented in this chapter also supports the literature demonstrating strong 
associations between childhood trauma cognitive factors which are known to be strong 
predictors of psychiatric illness, such as neuroticism (Ormel et al. 2013). In addition, the 
positive association between childhood trauma and emotion-oriented coping (a 
maladaptive coping style (Endler and Parker 1994)), and the negative association with 
task-based coping (an adaptive coping style (Endler and Parker 1994)), presented here 
provide some evidence at the population level of an association between childhood 
trauma and persistent stress dysregulation even in adulthood. Previous work in the GS 
cohort has also shown a positive association between CTQ scores and hair cortisol 
measurements (Green, Stolicyn, et al. 2021), presenting further evidence of chronic 
stress dysregulation following childhood trauma in this study population. 
 



173 
 

The blood biomarker data presented here also provides evidence to support a link 
between childhood trauma and systemic inflammation. There is data suggesting that 
individuals exposed to early adversity have higher levels of systemic inflammatory 
markers (Chiang, Taylor, and Bower 2015). In cohort studies, analyses are limited by 
the precise data collected and it is possible that white blood cell counts are not the 
best indicator of low-level chronic inflammation. The GS cohort also analysed blood 
levels of C-Reactive Protein (CRP), but the assay used was insufficiently sensitive to 
detect variation of this inflammatory indicator protein within healthy ranges, and 
previous work has instead relied upon an epigenetic ‘score’ representing serum CRP 
(Green, Shen, et al. 2021). Assays of more specific inflammatory blood markers such as 
interleukin-6 TNF-α would provide more useful data. It is, however, interesting that in 
the adult GS population (mean age 59.52yrs), even weak associations between 
childhood events and systemic inflammatory markers were found. 
 
The severity of traumatic childhood experiences associated with global brain volume, 
global grey and white matter volumes, and the volumes and surface areas of all five 
major brain lobes at mega-analysis with effect sizes ranging from -0.0442 – -0.0204 
(Appendix 2). These results point to a whole-brain effect of adverse childhood events 
on brain development, perhaps with exacerbated effects in particular regions. 
Interestingly, in the global, lobar, and regional analyses very few associations are seen 
between CT scores and cortical thickness metrics. The evidence of this work suggests 
that CT severity may be more strongly associated with cortical surface areas and 
volumes, especially in front and temporo-parietal regions (figure 6.3). Specific 
reductions in cortical surface area rather than thickness have also been reported in the 
context of adolescent depression (Shen et al.), this could reflect a common feature 
associated with early onset of psychiatric morbidity. Cortical surface area has been 
shown to be established earlier in development within a shorter window than cortical 
thickness (Amlien et al. 2016); adverse experiences within this earlier window could be 
interrupting the developmental process resulting in the surface area findings presented 
here. Cortical thickness is established over a much longer time period, well into 
adulthood (Amlien et al. 2016), and may therefore be less susceptible to disruption by 
early life events. 
 
The effect sizes found in the global and lobar analyses presented here are larger than 
those found in the regional analyses, but there were nevertheless multiple significant 
associations demonstrated. Total CT scores was significantly associated with multiple 
cortical and subcortical regional volumes at mega-analysis, with effect sizes ranging 
from -0.0262 – 0.0208. The strongest effect sizes were seen in the negative 
relationship between total childhood trauma scores and the volume of the ventral 
diencephalon (β=-0.0232, SE=0.0039, p(FDR)=2.91x10-8), the volume of the inferior 
parietal cortex (β=-0.0225, SE=0.0042, p(FDR)=2.43x10-6), and the surface area of the 
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pericalcarine cortex (β=-0.0262, SE=0.0053, p(FDR)=2.75x10-5); as well as the positive 
association with the thickness of the lingual cortex (β=0.0208, SE=0.0053, 
p(FDR)=0.0026). For the subcortical regions the hippocampus (β=-0.0119, SE=0.0044, 
p(FDR)=0.017) and the thalamus (β=-0.0134, SE=0.0039, p(FDR)=0.0026) were also 
significantly associated with total CT scores at mega-analysis, as was the nucleus 
accumbens in the GS analysis, with a relatively strong effect size (β=-0.0654, SE=0.023, 
p(FDR)=0.037). We have previously reported an association between elevated hair 
glucocorticoid concentrations and the volume of the nucleus accumbens (as well as 
with MDD and CT) in the GS imaging sample, suggesting a possible link to the HPA axis 
and stress reactivity (Green, Stolicyn, et al. 2021). 
 
The ventral diencephalon was the only regional metric in which a consistent effect was 
seen across both GS and UK Biobank, as well as in the mega-analysis. The VDc is a 
FreeSurfer derived region comprising several structures, including the hypothalamus – 
a region crucial to the regulation of the stress response – as well as subthalamic nuclei, 
the substantia nigra, the medial and lateral geniculate nuclei and associated white 
matter structures (figure 6.2; as described (Makris et al. 2008; Lebedeva et al. 2017)). A 
significant relationship was also observed between CT and the volume of the thalamus 
(β=-0.0134, SE=0.0039, p(FDR)=0.0026). This could implicate involvement of 
thalamic/hypothalamic function after CT, supporting previous work (Ancelin et al. 2021; 
Kumari et al. 2013; Philip et al. 2016; Fernando et al. 2012; Videlock et al. 2009; Schäfer 
et al. 2010; Kempke et al. 2015). . The VDc is often excluded from studies using 
FreeSurfer parcellation (Frodl et al. 2017), as it does not represent one clear-cut 
anatomical region. It may also be a more variable region, due to this lack of clear 
anatomical boundaries. The VDc does, however, contain regions such as the 
hypothalamus and sub-thalamic structures which are biologically relevant to the HPA 
axis, so it would be remiss to exclude it. While the region may be thought less ‘reliable’, 
leading to it’s exclusion from other work, previous work on the same neuroimaging 
datasets as used here has not highlighted the VDc as associating with other diagnostic 
or lifestyle factors (Green, personal correspondence), so while this effect should be 
treated with some caution it should not be ignored outright. Future work could employ 
finer-grained approaches to probe associations with this region more deeply. 
 
It is well established that different types of trauma may affect the brain in different 
ways (Cassiers et al. 2018). The subscale mega-analysis presented here generally found 
an influence of physical abuse on a greater number of regional surface areas and 
cortical volumes than other subscales, although physical neglect also associated with a 
high number of regional surface areas (Appendix 3). Emotional abuse was the only 
subscale which had any associations with regional cortical thicknesses (Appendix 3). 
Subcortical regional volumes were affected by all subscales of childhood trauma, with 
the abuse composite measure showing the same pattern of effects as the total CT 
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score – negatively associating with the hippocampus (β=-0.0124, SE=0.044, 
p(FDR)=0.013), thalamus (β=-0.0166, SE=0.0040, p(FDR)=1.03x10-4), and VDc (β=-0.0249, 
SE=0.0040, p(FDR)=2.42x10-9) – indicating that abuse may be more strongly associated 
with structural brain changes after CT than neglect. It is important, however, to treat 
the UKB and mega-analysis subscales with caution due to the single-factor nature of 
the subscale items in UKB. In GS alone, due to the lower power of the cohort in 
comparison, few significant associations were found in the subscale analyses. Notably, 
physical abuse associated significantly with the surface area of the superior parietal 
cortex (β=-0.0771, SE=0.024, p(FDR)=0.036), and the volume of the entorhinal cortex 
(β=-0.0733, SE=0.022, p(FDR)=0.037), as well as 6 of 8 subcortical regions (Appendix 3). 
No other subscale associated with any cortical measures in GS, although physical and 
emotional neglect both associated with the volume of the nucleus accumbens (β=-
0.0681, SE=0.023, p(FDR)=0.025; β=-0.0743, SE=0.023, p(FDR)=0.0099 respectively), for 
which the neglect composite score was accordingly significant (β=-0.0805, SE=0.023, 
p(FDR)=0.0037). In the global and lobar level analyses in GS, physical and sexual abuse 
associated with most lobar surface areas, and physical abuse associated with most 
lobar volumes (Appendix 3). The physical, emotional, and sexual abuse items and the 
abuse composite score each associated with the global brain volume, and global grey 
and white matter measures (effect sizes ranging from -0.114 - -0480; Appendix 3); 
meanwhile, neither neglect item nor the composite score associated with any global 
measure in GS alone. This suggests that the effect of childhood trauma on global brain 
development may be more influenced by experiences of abuse than neglect, with 
physical abuse seeming to display the strongest influence. 
 
Limitations:  
 
Despite the very strong sample size derived from mega-analysis of two independent UK 
cohorts, enabling well-powered brain-wide analysis and conservative correction for 
multiple testing, the multi-sample nature of this study introduces unavoidable 
limitations. Chiefly the use of different childhood trauma measures, upon which this 
work relies heavily. The GS subsample employed the full CTQ-28, while the UKB study 
used a five-item CT metric comprising one item taken from each subscale of the CTQ-
28. While this does mean that the two measures share features, they are not precisely 
equivalent. The cruder nature of the UKB measure is evident in the high report of 
emotional neglect in UKB (47.59% responding ‘rarely true’ or above, compared to 
31.92% reporting a ‘low-moderate’ score or above in GS). The single item used to 
denote emotional neglect in UKB was ‘When I was growing up… I felt loved’, score 
‘never true’ to ‘very often true’. This item carries a high emotional valence, which may 
have led respondents to over-report compared to the scores derived from a multi-
factorial scale in the full CTQ-28. The subscale analyses presented here should be 
treated cautiously as a result, in both UKB and in the mega-analysis sample due to the 
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heavy representation of UKB participants there. Other metrics used in the two cohorts 
– such as psychiatric diagnostic tools – differed, leading again to a degree of mismatch 
in the data derived from each cohort. The imaging protocols, too, were conducted at 
different sites and scanners and according to different protocols, although the ‘scan 
site’ variable employed in all imaging analyses attempts to account for this. Despite 
these limitations, however, the two samples were relatively homogenous compared to 
previous multi-cohort studies, as can be seen by comparing the study population 
demographics presented for each cohort (table 6.3, table 6.4). 
 
Further limitations are evident in the nature of the CTQ in itself – retrospective report 
of traumatic childhood experiences has been shown to identify a different population 
than prospective report (Baldwin et al. 2019). While it is difficult to conceive of a study 
on this scale that does not rely on retrospective report, it is important to consider 
these results in light of this fact. Neither cohort provides any information on the timing 
of reported trauma, either. This has been shown to affect outcomes, with different 
types of trauma affecting brain development in different ways according to the timing 
of these events (Andersen et al. 2008). An additional concern relevant to any 
population imaging cohort is evidence that ‘healthy bias’ may exist in the group of 
participants who were able and willing to attend MRI scanning appointments as 
compared to the un-scanned members of the cohort. Healthy bias has been 
demonstrated in UKB (Lyall et al. 2022) but may well be present in GS, thus participants 
with more extreme symptoms following CT may not have been included in the study 
populations reported here. 
 

6.5.1 Conclusions 
 
This chapter presents strong evidence for an association between childhood trauma 
and reduced global and regional brain volumes with replication across two large-scale 
UK-based population cohorts. It also presents evidence of raised lifelong risk of 
depression diagnoses and symptoms, anxiety symptoms, neuroticism, and 
maladaptive stress coping styles after childhood trauma. Chapter 5 in this thesis has 
described post-mortem MRI in an animal model of early life stress and adolescent 
immune challenge, which is consistent with the findings presented here of reduced 
global volumes after stressful early life experiences. None of the specific regions 
identified here are reflected in the results of the post-mortem rat MRI, or vice versa. 
This suggests that a general effect of stress during the sensitive early life period of 
brain development may have chiefly global rather than region-specific effects when 
examined translationally.  
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7 General Discussion 

7.1 Thesis summary 

Overall, this thesis describes the development and optimisation of a novel double-hit 
rodent model designed as a naturalistic model of adolescent illness following early life 
stress. This provides insight into the separate and shared contributions of the two 
challenges to long-term biological and functional outcomes, and present structural 
neuroimaging data for comparison with data from human cohort studies. 
 
First, the acute effects of the two challenges were characterised. The analysis of 
maternal behaviours under LBN conditions found replication of some elements of 
behaviour reported in previous work using the LBN model – including fragmentation of 
maternal care, reduced arched-back nursing, and some evidence of abusive-like 
behaviours towards pups. A sickness effect of the LPS challenge was validated by 
evidence of a weight gain plateau in animals exposed to the endotoxin compared to 
vehicle controls, as well as raised levels of IL-6 and CORT measured in plasma samples 
taken 90 minutes after the first dose. There was no evidence for exacerbation of weight 
loss effect in animals previously exposed to ELS, or for an impact of LBN condition on 
blood markers of inflammation or stress response to the LPS challenge, contrary to 
previous reports of exacerbated immune and corticosterone responses to an 
inflammatory stressor in animals exposed to chronic stress. We found evidence for 
endotoxin tolerance developing over the 5 days of the LPS challenge, as both IL-6 and 
CORT responses to injection were attenuated on day 5 compared to day 1.  
 
We went on to investigate the effects of the double-hit model on depression- and 
anxiety-like behavioural traits, using a battery of validated behavioural tests. Evidence 
of an effect on anxiety-like behaviour was found in both cohorts 1 and 2, although the 
direction of the effect differed across the two cohorts, indicating an anxiogenic effect 
of LBN condition in cohort 1, whereas in cohort 2 behaviour was less clear-cut. The 
amount of time spent and frequency of entries to the open arms of the EPM was lower 
in the stress-exposed than the control groups, which may have indicated either 
resilience to anxiety or risk-taking behaviour after the ELS condition. A further 
possibility is that the stress-exposed cohorts 2 groups were behaving more similarly to 
the cohort 1 control group, while the control-reared cohort 2 groups was displaying a 
more anxiety-like behavioural phenotype in comparison. Quantitative PCR on RNA 
samples extracted from the hippocampus, hypothalamus, and amygdala of 
experimental animals provided evidence for increased expression of amygdalar GR and 
decreased expression of hippocampal MR in males exposed to LBN, as well as an effect 
of LPS condition on expression of Aif1 indicating lower microglial abundance after LPS 
in both sexes. We also found evidence for an interaction effect of the two challenges in 
male animals, here GR expression in the hypothalamus was increased by either LBN or 
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LPS, but the double-hit returned GR expression to control levels, indicating possible 
resilience to anxiety in the double-hit group. 
 
The effects of the double-hit model on global and regional brain volumes was analysed 
from post-mortem MRI scans taken on a 9.4T preclinical scanner. LBN exposure 
reduced global brain and grey matter volumes, as well as the volume of the neocortex 
specifically, and led to a slight increase in the volume of the subiculum. There was also 
an interaction effect of stress and LPS condition on the volume of the superior 
colliculus – an area involved in threat perception – with volume of this region reduced 
by either LBN or LPS exposure but rescued in the double-hit group, again indicating 
possible resilience. Structural neuroimaging data from large-scale human cohort 
studies revealed a similar reduction of global brain volumes in adults reporting a history 
of childhood trauma, though reduced hippocampal and thalamic volumes in these 
cohorts were not replicated in the double-hit model. The human cohort data also 
revealed specific effects of childhood trauma exposure on cortical volumes and surface 
area but not thickness, and evidence for a stronger association between reports of 
physical abuse and brain structural change than any other type of abuse. 
 

7.2 Efficacy of the double-hit model 

This thesis reports an attempt to replicate the limited bedding and nesting paradigm in 
a new research facility. It is evident from examination of the previous literature using 
the LBN model that it is capable of producing a spectrum of maternal behaviours, from 
fragmented to abuse-like care (Walker et al. 2017; Gallo et al. 2019). The two cohorts 
of dams for which maternal behaviour observations were made did not express 
identical behavioural responses to LBN conditions. In cohort 1, the behavioural 
consistency score found no evidence of behavioural fragmentation in LBN dams 
compared to controls, but dams spent significantly more time in contact with pups and 
more time nursing pups than controls, although the proportion of nursing time 
accounted for by arched-back nursing was reduced. The male offspring from cohort 1 
exhibited more anxious-like behaviour on the elevated plus maze in adulthood. By 
contrast, the cohort 2 LBN condition dams did exhibit behavioural fragmentation as 
measure by the BC score, but there were no differences in pup contact or nursing time 
compared to controls. The cohort 2 offspring did not develop an anxious-like 
behavioural phenotype, in fact male LBN offspring spent more time on the open arms 
of the EPM than controls suggesting reduced anxiety, or possibly risk-taking behaviour 
(Gallo et al. 2019). This raises the possibility that different dimensions of LBN-induced 
maternal behaviour may have profoundly different outcomes on the offspring 
behavioural phenotype. The inconsistency between cohorts makes it difficult to draw 
the conclusion that this replication of the LBN model has successfully produced an 
animal model of human MDD, as only some experimental animals exhibited anxiety-like 
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behaviour and no evidence was found in either the FST or the SPT of depressive-like 
behavioural traits.  
 
The five-day lipopolysaccharide dosing schedule was a novel immune challenge, 
designed to induce a mild but prolonged inflammatory response to coincide with the 
onset of puberty (Lewis et al. 2002). Daily body weight measurement provides an 
insight into the overall sickness-inducing effect of the repeated low-dose (50μg/kg 
body weight) LPS injections. In both sexes from cohort 1, and males only from cohort 2, 
the LPS condition animals showed a plateau in normal adolescent weight gain – mild 
weight loss is indicative of sickness behaviour induced by LPS, which includes anorexia 
and diarrhoea as well as fever and shivering (Dantzer 2001). In cohort 2 females, the 
plateau was not detectable statistically, and in mini-cohort 3 the weight data was more 
variable, perhaps due to the additional physiological strain caused by blood sampling in 
these animals. As blood samples came from mini-cohort 3, where weight data did not 
correspond to the other cohorts – there is a chance that the interleukin-6 and 
corticosterone assay results derived from those blood samples are not fully 
representative of cohorts 1 and 2. Had we implanted cannulae for repeated blood 
sampling, rather than taking a single sample from lateral tail vein incisions, the handling 
stress may have been reduced and the weight data may have looked more similar to 
the other cohorts’, but we rejected the idea of cannulation due to the stressful nature 
of surgical implantation. The blood sample data indicates a CORT and an IL-6 response 
to the LPS challenge, more clearly in males than females, both of which appear to have 
attenuated by day 5 of the LPS challenge, indicating a degree of endotoxin tolerance.  
Further data would help to characterise the reaction to the LPS challenge – for 
instance, temperature measurement after the injections would provide information on 
the pyrogenic effect of the dose given. Had we taken trunk blood rather than small 
blood samples there would have been a larger sample available to examine the effects 
of LPS on a greater range of biomarkers, but we decided on lateral tail vein incisions to 
reduce the number of animals subjected to the LPS procedure – in line with the Home 
Office’s 3Rs policy.  
 
The long-term effects of the LPS challenge appear limited. We observed a reduction in 
Aif1 expression in LPS condition animals, indicative of reduced microglial abundance. 
There is also some evidence that the LPS condition had a modulatory effect on brain-
based HPA axis markers, as the LPS-treated male control group had elevated expression 
of hypothalamic GR, and the female LPS groups had reduced hypothalamic GR 
regardless of stress condition. It is possible that a stronger LPS dose may have 
produced more distinctive long-term results. The 50μg/kg dose was chosen as it was 
the lowest effective dose we could find evidence for in the literature, and the aim was 
to produce a mild inflammatory response analogous to a mild-to-moderate adolescent 
illness such as glandular fever or mumps, or other mild inflammatory events such as 
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might be induced by pollution exposure in adolescents (Olvera Alvarez et al. 2018). 
There are reports of LPS doses from 50μg/kg to 5mg/kg, with the higher end indicative 
of severe septic shock, but a slightly higher dose may have induced more profound 
sickness and stress in the double-hit model with more easily-detectable long-term 
consequences. 
 
The original hypothesis of this thesis was that the LBN and LPS challenges during 
periods of sensitive neurodevelopment might have cumulative effects on psychiatric 
risk, since there is so much evidence for bi-directional interaction between the HPA axis 
and immune system, and for involvement of both systems in the aetiology of 
depression (Danese and Lewis 2017; Danese et al. 2009). We found limited support for 
interaction of the two hits in this model. It is possible that the mixed evidence for the 
effect of LBN on maternal behaviour, and the evidence suggesting a fairly mild immune 
response to the chosen LPS dose, that both hits fell short of some critical threshold and 
so failed to produce a robust adult phenotype. 
 
There was no statistically significant evidence for an exaggerated stress or 
inflammatory response to the LPS challenge in the LBN-exposed experimental animals, 
contrary to reports of stress-priming of the HPA axis and immune system in the 
literature (Johnson et al. 2002). In the longer term, there was a little evidence for an 
interaction between the two hits on hypothalamic GR expression – wherein the double-
hit rescued GR overexpression back to control levels in males. There was also an 
interaction effect of LPS and LBN condition on the volume of the superior colliculus 
taken from post-mortem MRI analysis, where again the double-hit appears to rescue 
reductions in this regional volume back to control levels. This small degree of evidence 
is interesting, and may indicate the merit of further investigation into this animal 
model. For the most part, however, the two hits appear to exert their long-term effects 
only on the congruent system: LBN on the HPA axis, and LPS on the immune system. 
 

7.3 Translational relevance of the model 

Comparison of the results of post-mortem MRI scanning of animals exposed to the 
double-hit model with structural neuroimaging data from participants in Generation 
Scotland and UK Biobank reporting childhood trauma allows for an assessment of the 
translational relevance of the model. While behavioural tests are still the standard for 
assessing anxiety- and depression-like behaviour in animal models, they are by their 
nature somewhat removed from the true human experience of depression, and their 
reliability in assessing behaviours analogous to human psychiatric traits have already 
been discussed. Structural neuroimaging data gives insight into some of the 
developmental consequences of early life experiences.  
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In chapter 6, structural MRI data from GS and UKB were analysed in association with 
scores on childhood trauma metrics. We found strong evidence for a negative 
association between childhood trauma exposure on global brain volumes – including 
total brain volume, total grey matter volume, and total white matter volume. 
Participants reporting higher levels of trauma in their childhood had smaller brain 
volumes. This indicates an overall effect of traumatic experiences on brain 
development, and was replicated in the animal model where LBN condition predicted 
smaller global brain volumes and total grey matter volumes. Stress is known to 
promote dendritic remodelling, reduce dendritic length and spine density (McEwen et 
al. 2012; Radley et al. 2005; Radley et al. 2004), and to impair neural proliferation 
(Banasr et al. 2007), and all of these processes could contribute to smaller brain size 
after stressful or adverse early experiences.  
 
In the animal model, we found evidence for overall reduction in the volume of the 
neocortex – which could be treated as analogous to the findings of reduced lobar 
volumes in the cohort analysis, since those measures were sub-divisions of the cortex. 
The results regarding subcortical brain structures were less consistent between rodent 
and human structural MRI data. In the human cohort data analyses, we present 
evidence for an effect of childhood trauma on reduced volume of subcortical regions – 
the hippocampus, the thalamus, and the ventral diencephalon – a region represented 
by the ‘hypothalamic area’ measurement in the rat MRI. None of these regions were 
significantly reduced in the animal model. The volume of the subiculum – a structure 
proximal to and functionally connected to the hippocampus – was significantly 
associated with LBN condition in the animal model, but the volume was slightly 
increased by ELS whereas in the human study hippocampal volume was decreased. The 
subiculum was not analysed separately in the human study, but was incorporated as 
part of the hippocampal volume. Any increase in subiculum volume may, therefore, 
have been masked in the human MRI data by a larger-scale change in hippocampal 
volume in the opposite direction. 
 
It is interesting to note that in the cohort analyses the childhood neglect composite 
score was minimally associated with alterations in regional volumes, compared to the 
abuse composite score. The LBN model is most frequently referred to as a model of 
maternal neglect, or disrupted care due to poverty and stress (Walker et al. 2017). 
When focusing on the structural phenotype in the cohort analysis, the neglect 
composite score associated significantly with global brain metrics, as did LBN exposure 
in the animal model, but in neither case were regional metrics strongly implicated. It is 
possible that this similar pattern of findings is due to the nature of LBN as a model of 
neglect, and that the experiences of abuse endorsed in the cohort study affect brain 
structure in different ways. 
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Based on comparative MRI evidence, it seems that while both the human experience of 
childhood trauma and the animal ELS model may affect global brain development, they 
may exert different effects at the regional level. Additionally, in the GS cohort analysis a 
slight elevation in white blood cell counts (not significant after FDR correction) 
indicates the presence of a degree of systemic inflammation in trauma-exposed adults. 
Meanwhile, in the animal model we found no evidence for exaggerated systemic 
inflammation or for stress-priming of the inflammatory response after ELS. The results 
from the analysis of the Coping Inventory for Stress Situations in the GS cohort 
indicates ongoing issues with stress regulation in adults reporting childhood trauma, 
and previous work in the cohort has also demonstrated an association between 
childhood trauma responses and hair glucocorticoid concentrations (Green, Stolicyn, et 
al. 2021). In the animal model, we do find some evidence for dysregulation of the stress 
response – as measured by the altered mRNA expression of HPA axis receptors in the 
brain, and modification of behaviour on the elevated plus maze (even if the 
directionality of this effect was inconsistent).  
 
Studies examining the expression of proteins the in the brains of suicide fatalities post-
mortem provide the option of translational comparison of the qPCR data presented in 
this thesis with a psychiatric sample. In such brain tissue derived from men with a 
history of childhood abuse, the expression of glucocorticoid receptor mRNA (NR3C1) in 
hippocampus was reduced compared to non-abused controls (McGowan et al. 2009). 
The absence of a significant reduction in GR mRNA expression in the hippocampus of 
animals exposed to early life stress in this study does not, therefore, suggest we have 
succeeded in closely modelling the effects of childhood trauma. Additionally, when 
comparing the brains of suicide fatalities to post-mortem tissue from age-matched 
controls who died in non-suicidal accidents or from physical illness, both adult (male) 
and teenage (both sexes) suicide is associated with reduced expression of GR mRNA in 
the amygdala, and in teenagers this was also true in the prefrontal cortex (Pandey et al. 
2013; Pérez-Ortiz et al. 2013). Reduced expression of GR in stress-susceptible brain 
regions is, therefore, associated with suicide (an act strongly related to psychiatric 
disorders (Hawton and van Heeringen 2009)) and a history of childhood trauma in 
humans. We found increased expression of GR mRNA in the amygdala of male rats 
exposed to early life stress. Decreased GR expression in the amygdala correlates to 
poor psychiatric outcomes in humans (Pandey et al. 2013; Pérez-Ortiz et al. 2013) and 
would indicate impaired negative feedback control of the HPA axis (Sheng et al. 2020), 
so the increased expression seen in male rats here is consistent with the lack of 
evidence for anxious-like behaviour after exposure to the early-life stress model in 
cohort 2.  
 
Overall, the double-hit model of early life stress and adolescent immune challenge 
appears to share some gross neurostructural features with the outcomes faced by 
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humans with a history of childhood trauma. At the molecular level, however, these 
similarities are somewhat lacking, which may reflect differences in the processes 
underlying the human condition compared to the animal model. 
 

7.4 Further work 

Further work required to better characterise the double-hit model would need to 
resolve some of the discrepancies between the LBN model outcomes in cohorts 1 and 
2. Prior to the imposition of LBN conditions in cohort 1, 7 of 23 dams who littered failed 
to accept their pups, and a further two displayed sub-optimal maternal care with high 
pup fatality. Meanwhile in cohort 2 all 23 pregnant dams littered and raised their pups 
successfully. This suggests that some additional stressor was at work in the cohort 1 
dams. The dams from which cohort 1 offspring were derived were exposed to a slightly 
different housing environment – in that they littered in cages within the animal 
facility’s stock room, while cohort 2 were in a quiet separate room. Although all animals 
were purchased from the same supplier and given adequate time to acclimatise to the 
animal facility before mating began, it is possible that some of the dams from cohort 1 
were exposed to conditions prior to purchase which somehow affected their 
subsequent maternal behaviour. Although any surviving offspring from the neglectful 
dams were not used experimentally, it is possible that the successful mothers in cohort 
1 still experienced a stressor or event which affected them during gestation or after 
parturition, which may account for some of the differences between cohorts 1 and 2.  
 
Given the prevalence of combined immune and stress-based double-hit models in 
schizophrenia research, it might be interesting to perform the pre-pulse inhibition test 
in this model, to assess whether the psychosis-like behavioural domains were more 
affected than anxiety- and depressive-like behaviours. In addition, the possible 
interpretation of cohort 2’s behaviour on the EPM as risk-taking merits further 
investigation. There are various models designed to assess risk-taking behaviour in 
rodents, generally balancing the value of a food reward with a risk such as a foot-shock 
(Orsini et al. 2016; Simon et al. 2009) or cat odour (Jolles, Boogert, and van den Bos 
2015). A behavioural test such as this could provide clarity on whether the EPM 
behaviour seen in cohort 2 males signified resilience to anxiety or risk-taking. Risk-
taking behaviour is a core trait of borderline personality disorder – a disorder common 
in people with a history of childhood trauma – so this would be an interesting avenue 
of enquiry. Due to the simplistic nature of behavioural tests designed to tease out 
symptomatic traits common to psychiatric disorders in rodent models, the assessment 
of a wider range of behavioural traits could be used for derivation of more 
sophisticated endophenotype scores (Gururajan et al. 2019); this would allow for more 
thorough and multi-dimensional analysis of the effects of the model.  
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In addition to further work to characterise the behavioural effects of the model, and 
the possible use of a stronger LPS dosage as discussed above, the extant MRI data 
could be probed more deeply. An obvious next step would be to examine diffusion 
tensor imaging (DTI) data to gain information on whether ELS, adolescent immune 
challenge, or a combination of both exerted any effects on the integrity of white matter 
tracts in the animal model. Good white matter microstructure associates with good 
cognitive performance (Johansen-Berg 2010), and white matter deficits are common to 
psychiatric disorders including depression and PTSD (Kochunov et al. 2022), making this 
another useful metric of brain health and function. A previous study which employed a 
single, 24-hour maternal separation in rats found no evidence for changes to diffusivity 
or fractional anisotropy in DTI data, but did find a reduction in white matter volume in 
the prefrontal cortex (Sarabdjitsingh et al. 2017). White matter integrity has also been 
studied in the context of inflammation and can be impaired by microglial activity 
(Pleasure et al. 2006). DTI data are also available in the GS and UKB cohorts, allowing 
for comparative study of white matter structure between the double-hit model and 
human samples. 
 

7.5 Final conclusions 

This thesis has described the generation and characterisation of a novel double-hit 
model of early life stress and adolescent immune challenge in the rat. In addition, it has 
presented animal and human MRI data for translational comparison. Overall, the data 
from the animal model contains some interesting hints at underlying effects, but we 
are left with the conclusion that perhaps stress and inflammatory stimuli of a greater 
intensity would be required to gain a clearer picture of the ways in which these two 
experiences might interact in the production of a psychiatric-like phenotype. The 
human data provides clear, strong evidence for a connection between experiences of 
childhood trauma and adult psychiatric vulnerability, as well as structural changes in 
the brain. This, and the copious evidence in the literature demonstrating interactions 
between stress and inflammatory processes, provide a valid foundation for the model 
created. Further work using a modification of the model described here could provide 
valuable insight into the consequences of inflammatory events (such as the illnesses 
and infections to which children with a history of adversity are vulnerable), on a 
background of chronic stress. The common nature of childhood trauma in the human 
populations studied, and the strength of the relationship with later life depressive 
illness, validate the importance of continued research in this field. 
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Supplementary Information 

 

CTQ-28 – further scoring information: 

CTQ scores can be split into severity categories, as used in previous work (1, 2).  

The cut-off scores vary between subscales, they are:  

• None/Minimal (hereafter “none”; total CTQ ≤36; EA <8; EN <9; PA <7; PN <7; SA 5) 
• Low to Moderate (hereafter “low”; total CTQ 36-51; EA 9-12; EN 10-14; PA 8-9; PN 

8-9; SA 6-7) 
• Moderate to Severe (hereafter “moderate”; total CTQ 51-68; EA 13-15; EN 15-17; 

PA 10-12; PN 10-12; SA 8-12) 
• Severe to Extreme (hereafter “extreme”; total CTQ ≥69; EA ≥16; EN ≥18; PA ≥13; 

PN ≥13; SA ≥13) 

 

  

The Ventral Diencephalon: 

The ventral diencephalon is a region produced by Freesurfer subcortical parcellation. It is 
defined in the FreeSurfer wiki page (3) which cites several references to the structure to 
support the parcellation (4-6). The ventral diencephalon is also briefly mentioned in the 
paper describing the parcellation process upon which FreeSurfer is based (7). A commercial 
company ‘Neuromorphometrics, Inc.’ which utilises FreeSurfer for private ‘labelling’ of MRI 
scans provides more detail on the structure contained within the ventral diencephalon 
(although the origin of their information and the overlap with the FreeSurfer region are not 
made clear). They state: 

“The ventral diencephalon (VDC) is not an anatomical name for a single structure but a name 
we've given to a group of structures that generally cannot be distinguished from each other 
with standard MRI images. This "miscellaneous" area includes the hypothalamus, mammillary 
body, subthalamic nuclei, substantia nigra, red nucleus, lateral geniculate nucleus (LGN), and 
medial geniculate nucleus (MGN). White matter areas such as the zona incerta, cerebral 
peduncle (crus cerebri), lenticular fasciculus, and the medial lemniscus are also included in 
this area. The optic tract is included in this area in the most anterior extent.” – 
Neuromorphometrics (8) 
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Supplemental Figure 1: Map demonstrating the position of the FreeSurfer region the Ventral 
Diencephalon (in green), in a representative coronal section of the human brain. 

 

 

  

MRI scanning in UK Biobank – further information: 

The FreeSurfer region the ‘temporal pole’ was not included in the UKB parcellation data, so 
was not included in the UKB analysis or the mega-analysis.  
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