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Behavioural, immunological, and 

neurobiological effects of early life stress in rats 

Ethan Gregory Dutcher 

 

Abstract 

 

Early life stress (ELS), primarily encompassing childhood neglect and abuse, is associated 

with many adverse psychiatric and physical health outcomes in later life. What remains 

unclear, however, is precisely how these links are mediated. Answering this question is 

challenging, partly because there are many other exposures that may accompany childhood 

maltreatment or neglect, but also because there are many physical, social, and other life 

events that occur between childhood and adulthood which could interact with the effects of 

early life stress to together result in adulthood pathology. 

Here, I conducted a large, controlled experiment in rats that sought to isolate key 

behavioural, immunological, and neurobiological effects into adulthood of early life stress 

itself. To do this, I used the repeated maternal separation (RMS) model of chronic early life 

stress, and I focused particularly on those effects of possible relevance to anxiety, depression, 

and inflammation-related physical disease. 

In Chapter 3, I describe the long-term effects of RMS on commonly used measures of 

anxiety- and depression-like behaviour, as well as on comparatively sophisticated tasks 

capable of providing detailed insights into reward and punishment sensitivity, as well as 

attentional control. The probabilistic reversal learning task revealed long-lasting effects of 

RMS on the degree to which negative outcomes shaped animals’ future decisions, as well as 

evidence suggesting that RMS animals were comparatively inefficient at directing their 

attention, even where they were equally accurate. Further, RMS animals exhibited a long-

lasting sensitization to later-life stress on several behavioural metrics. These effects all 

persisted into late adulthood despite RMS having no effects on conventional measures of 

anxiety- or depression-like behaviour, even in early adulthood. 
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In Chapter 4, I present findings from my experiment and from a systematic review 

examining the short-term and long-term effects of RMS on cytokine levels in blood and non-

blood tissue, as well as on microglial activation and density. I show that RMS causes short-

term increases in pro-inflammatory signalling, but only causes long-term increases in pro-

inflammatory signalling if animals are subjected to a later-life stress. Thus, I demonstrate that 

RMS causes a long-lasting sensitisation of the neuroimmune pathway that links stressor 

perception ultimately to pro-inflammatory cytokine release. However, these effects were 

largely limited to non-blood tissue such as brain tissue: in plasma, serum, or whole blood, 

studies generally found no effect of RMS on cytokine levels in the short- or long-term, even 

following later-life stress. 

In Chapter 5, I present analyses of regional brain volumes determined from 9.4 Tesla 

structural magnetic resonance imaging scans at three timepoints following RMS. I show that 

RMS had no effect on the volume of any of six regions examined at post-natal day (PND) 20 

or 62, but resulted in a larger amygdala during the scan at PND 285, which occurred after 9-

13 days of adult stress. Given that the PND 62 and PND 285 scans both occurred in 

adulthood, this suggests that RMS may have interacted with later-life stress to increase 

amygdala volume. 

In the General Discussion, I describe how these findings are concordant and together 

provide valuable insight into how early life stress can alter physiology and behaviour in such 

a way that may directly increase risk for mental and physical pathology.  
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1 General introduction 

1.1 Early life stress and the scope of the problem 

Before diving into the unfortunate yet fascinating realm of early life stress, it is worth 

establishing some definitions. In the human literature, the terms early life adversity (ELA), 

childhood adversity, and adverse childhood experiences are used synonymously: all refer to 

the situation in which a child or adolescent has experienced abuse, neglect (broadly defined), 

or a significant loss (Maccari et al., 2014; Janusek et al., 2017; Boullier and Blair, 2018). 

Childhood maltreatment is a collective term that encompasses both child abuse and child 

neglect, and thus is also often used synonymously with the other broad terms (Teicher and 

Samson, 2013; Agnew-Blais and Danese, 2016). Early life stress (ELS), meanwhile, is a term 

used predominantly in the pre-clinical literature, presumably because the several means by 

which ELA is most commonly modelled in animals are known to be stressors (Van Bodegom 

et al., 2017), and to distinguish these paradigms from other known stressors which are usually 

applied in adulthood (Nestler and Hyman, 2010). Here, because virtually all causes of ELA in 

humans are known to be stressful (Miller et al., 2011), and because this thesis primarily 

concerns the use of animals to study the long-term effects of ELS, going forward I will 

generally just use the one term, ELS. 

ELS is both highly prevalent and highly heterogeneous. In 2019, there were 650,000 

confirmed victims of child maltreatment in the United States, representing a rate of 8.9 

victims per 1000 children (U.S. Department of Health and Human Services, 2021). In 2021 in 

England, 219,190 children were referred to children’s social care services and assessed by a 

social worker as having a primary need of either abuse or neglect, representing a rate of 18.1 

per 1000 children (Children’s Services Statistics Team, 2021). A category of interventions by 

the government called child protection plans were initiated most frequently for neglect, 

followed by emotional abuse and physical abuse, and were implemented at a rate of 4.1 per 

1000 children (Children’s Services Statistics Team, 2021). Similarly, in the US, among 

maltreatment detected in childhood, neglect comprises by far the largest portion, with 75% of 

victims being neglected, 18% being physically abused, and 9% being sexually abused (U.S. 

Department of Health and Human Services, 2021). Within neglect, the three broad categories 

used by the National Incidence Study are similarly common: 47% of neglected children 

experienced educational neglect, 38% suffered from physical neglect, and 25% experienced 
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psychological or emotional neglect (Sedlak et al., 2010). In these studies, educational neglect 

mostly refers to the missing of substantial portions of legally required schooling due to the 

permissive, negligent, or restrictive behaviour of caretakers. Physical neglect includes such 

acts as abandonment, refusal of custody, illegal transfer of custody, and inadequate provision 

of food, clothing, or shelter. Psychological or emotional neglect can refer to a failure to 

provide for the child’s basic emotional needs, exposure of the child to maladaptive 

behaviours including violence in the home or community, or expecting the child to handle 

situations and tasks beyond their maturity or ability, all of which can sometimes be a function 

of caregiver substance abuse or mental illness (Sedlak et al., 2010; Teicher and Samson, 

2013). 

1.2 Clinical sequelae of ELS 

ELS is associated with many adverse neuropsychiatric and physical health outcomes in 

later life. Here, I will discuss some of these associations in detail. 

1.2.1 Depression and anxiety 

ELS has now been linked by dozens of studies, including when summarized meta-

analytically, to greater symptoms of depression and anxiety in later life, and to increased risk 

of multiple depressive and anxiety disorders (Teicher and Samson, 2013). For example, 

among a large, diverse group of children and adolescents measured at a summer camp 

program, a past history of neglect or physical, sexual, or emotional abuse were each 

individually already associated with higher self-rated depressive symptoms, but also with 

greater anxiety as judged by camp counsellors blinded to maltreatment history (Vachon et al., 

2015). In another study, among a large sample of adults with at least one depression or 

anxiety disorder diagnosis, a self-reported history of psychological, physical, or sexual abuse 

were each associated with an increased risk of most individual depressive or anxiety 

disorders, including, in generally decreasing order of risk increase: dysthymia, MDD, 

generalised anxiety disorder (GAD), social phobia, and panic disorder (Spinhoven et al., 

2010). In a non-disordered undergraduate population, self-reported childhood emotional 

abuse and emotional neglect were both associated with greater current combined symptoms 

of anxiety and depression, even after controlling for the also-significant influence of 

childhood sexual abuse (Wright et al., 2009). And in a large prospective birth cohort study 

with assessment of all subjects at age 32 years, number of adverse childhood experiences was 

highly predictive of past-year MDD (Danese et al., 2009). Altogether, per meta-analytic 
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evidence, ELS appears to increase the odds of developing most depressive and anxiety 

disorders by 2-3 fold, with perhaps fractionally higher conferred risk for depressive as 

opposed to anxiety disorders, with the exception of PTSD, for which risk appears to be 

increased 4-5 fold by ELS (Teicher and Samson, 2013). 

In addition to likely increasing the risk of developing these disorders, ELS also appears to 

predispose to a more severe clinical course of at least some of them. A large meta-analysis 

concluded that among patients who suffer from depressive disorders, a history of ELS is 

associated with an increased number of depressive episodes, increased duration of the current 

depressive episode, and decreased responsiveness to treatment (Nanni et al., 2012). Similarly, 

a recent meta-analysis of bipolar disorder patients concluded that a history of childhood 

maltreatment is associated with earlier disorder onset, increased severity and number of 

depressive and manic episodes, and increased risk of: rapid cycling between mania and 

depression, suicide attempts, comorbid substance use disorders, and comorbid anxiety 

disorders including PTSD (Agnew-Blais and Danese, 2016). 

1.2.2 Substance use disorders 

In addition to depressive and anxiety disorders, ELS has also been repeatedly associated 

with increased risk of later development of substance use disorders. In one large case-control 

study in Australia of childhood sexual abuse (CSA), female CSA victims had over eight 

times the odds controls had of developing a substance use disorder, while male CSA victims 

had over three times the odds controls had (Cutajar et al., 2010). In another Australian study, 

among 6000 twins, a history of CSA was associated with alcohol dependence only in females 

but not males, while CSA was associated in both genders with opioid, sedative, and stimulant 

use and abuse, with the strongest associations being for opioid and sedative use (Nelson et al., 

2006). In a large sample from the United States, specifically from navy recruits, the 

Australian pattern of greater vulnerability to CSA of females than males with respect to 

alcohol abuse outcomes was reversed, with male CSA victims having twofold greater odds of 

testing positive on an alcoholism screening test than non-victims, while female CSA victims 

had only 1.5 times the odds of non-victims, although the relationship was significant in both 

genders (Trent et al., 2007). Averaging across studies meta-analytically, ELS appears to 

cause a roughly twofold increase in the risk of alcohol use disorder, and a 2-3 fold increase in 

risk for other substance use disorders (Teicher and Samson, 2013). 
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1.2.3 Physical disease 

The long-lasting detrimental effects of ELS are not limited to mental health outcomes. 

There is now a large body of evidence indicating that people exposed to ELS are at higher 

risk for disparate adverse physical health outcomes in later life. In a large study (n = 6,000), 

childhood physical abuse was associated with increased adulthood risk of arthritis, lung 

disease, and peptic ulcer disease, while childhood sexual abuse was associated with increased 

risk of cardiac disease, and childhood neglect was associated with an increased risk of 

diabetes and autoimmune disorders (Goodwin and Stein, 2004). In a meta-analysis, child 

abuse of any type was associated with large effect sizes (Cohen’s d = 0.81-0.94) on risk of 

musculoskeletal problems including arthritis, and neurological problems including migraines, 

and with medium-to-large effect sizes (d = 0.63-0.71) on risk of cardiovascular problems 

including heart attack and stroke, respiratory problems including asthma and bronchitis, and 

gastrointestinal problems including colitis (Wegman and Stetler, 2009). Disease risk appeared 

greater in females than in males, although type of abuse was not adjusted for (Wegman and 

Stetler, 2009). In another meta-analysis, childhood sexual abuse was associated with, in order 

of decreasing effect size, greater prevalence of: gastrointestinal symptoms, gynaecologic 

symptoms, obesity, pain, poorer general health, and cardiopulmonary symptoms (Brown et 

al., 2010).  

1.3 Possible mechanisms mediating ELS clinical sequelae 

1.3.1 Psychological 

One cognitive domain that has been repeatedly reported to be affected by ELS is attention 

(Raymond et al., 2021). Two distinct but likely related deficits have been identified. Firstly, 

ELS has been reported to result in a bias either toward or away from threat, with the 

directionality apparently depending on the age of the subject at the time of testing. In one 

study in 250 subjects aged 8-16 years, 60% of whom had been exposed to childhood 

maltreatment, maltreatment severity interacted with age to predict attentional bias toward or 

away from threat on a visual dot-probe task (Weissman et al., 2019). In children, 

maltreatment was positively associated with attentional bias toward a threat-associated 

stimulus, while in adolescents, higher maltreatment predicted attentional bias away from the 

threat-associated stimulus (Weissman et al., 2019). In line with the finding in adolescents, in 

another visual dot probe study in subjects mostly aged 10.5-12 years, ELS predicted 
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attentional bias away from threat (Humphreys et al., 2016). Similarly, in another study among 

subjects mostly aged 8-13, maltreated individuals, most of whom had a diagnosis of PTSD 

secondary to abuse, exhibited a bias of attention away from threat on a visual dot probe task 

(Pine et al., 2005). Attentional biases with respect to threat have repeatedly been associated 

with anxiety although not with depression (Mogg et al., 2000; Dalgleish et al., 2003; 

Armstrong and Olatunji, 2012). Greater directing of attention by threat-associated stimuli 

may thus be one mechanism by which ELS increases risk for anxiety disorders in later life.  

Other studies have provided evidence for another attention related deficit, specifically in 

attentional control. ELS subjects appear to have more difficulty shifting attention to and 

maintaining attention on information relevant to the goal at hand, in the face of distractor 

stimuli, perhaps particularly but not exclusively in the context of threatening distractor 

stimuli. For example, in an emotional go/no-go task, children aged 5-10 who were raised in 

orphanages outside the US were found to have slower responding than controls on a simple 

go/no-go task featuring threat-associated stimuli, suggesting that maltreated individuals may 

have impaired attentional control (Malter Cohen et al., 2013). More sophisticated studies, 

specifically comparing performance between ELS and control subjects under conditions 

where distractor stimuli were present as opposed to when they weren’t, have provided 

comparatively direct evidence of attentional control deficits in humans and non-human 

primates with ELS histories, and are discussed in detail in Chapter 3 (Crouch et al., 2012; 

Morin et al., 2019; Fields et al., 2021). Such deficits in turn have been exhaustively linked to 

anxiety (Eysenck et al., 2007; Derakshan and Eysenck, 2009; Shi et al., 2019), suggesting 

that impaired ability to focus attention and suppress distraction via top-down control may 

play a causal role in the link between ELS and later-life diagnosis of anxiety disorders. 

Another psychological domain that ELS has been reported to disrupt is emotion 

regulation. Emotion regulation can be very broadly defined (Weissman et al., 2019), but 

many of the ELS-related deficits are specifically in how individuals respond behaviourally 

and cognitively to their initial emotional responses to situations (Herts et al., 2012). For 

example, among a sample of 250 children and adolescents, maltreated individuals were more 

likely than non-maltreated individuals to use expressive suppression as an emotion regulation 

strategy, as indicated by greater agreement with statements such as “I control my emotions by 

not expressing them”, and this effect was consistent for both children and adolescents 

(Weissman et al., 2019). In the same study, maltreatment was also positively associated with 

the extent to which subjects reported responding to feeling sad by ruminating on the causes or 
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consequences of their sadness. Similarly, among 400 children aged 6-12 years, those who had 

been exposed to maltreatment were rated lower by blinded camp counsellors in their emotion 

regulation abilities, including their ability to exhibit socially appropriate emotional displays, 

empathy, and awareness of their emotional state (Kim and Cicchetti, 2010). In another study, 

children were present for a scripted interaction between their parent and a research assistant 

in which their interaction was initially friendly, then angry, then reconciliatory, with periods 

of assistant absence in between, and then each child’s behaviour was classified by blinded 

researchers as either adaptive, undercontrolled (dysregulated), or overcontrolled (flat) 

(Maughan and Cicchetti, 2002). Maltreated children exhibited much higher rates of both 

undercontrolled and overcontrolled behavioural responses to the anger simulation. Impaired 

emotion regulation, in turn, has been casually implicated in depression. For example, emotion 

dysregulation, as reflected by a global score on a self-report scale examining multiple 

domains, was found to partially mediate the relationship between cumulative lifetime 

adversity and depressive symptomatology in a community sample of 750 adults (Abravanel 

and Sinha, 2015). Similarly, among 400 adolescents, structural equation modelling revealed 

that the relationship between stressful life events and depressive symptoms was mediated by 

maladaptive emotion regulation strategies such as self-blame, catastrophizing, and rumination 

(Stikkelbroek et al., 2016). Thus, effects of ELS on emotion regulation may be one 

mechanism by which ELS increases later-life risk for depression. 

Finally, ELS has been robustly associated with later-life deficits in general intelligence 

and academic achievement (De Bellis and Zisk, 2014). In one prospective study of children 

randomly recruited from the community during preregistration for kindergarten, those who 

had experienced physical maltreatment prior to kindergarten matriculation went on to have 

poorer academic attainment in high school, particularly in the language arts, and were less 

likely to anticipate attending university (Lansford et al., 2002). In another prospective study, 

although girls who had experienced childhood sexual abuse did not differ from non-abused 

controls in receptive language ability at an initial assessment in childhood, thereafter abused 

girls acquired receptive language at a slower rate, with significant differences emerging from 

mid-adolescence, and they achieved a lower overall proficiency (Noll et al., 2010). 

Additionally, the highest level of education attained by 18 years after the initial assessment 

was lower among abused individuals (Noll et al., 2010). Similarly, in a large birth cohort 

study, a notification to child protective services of suspected maltreatment of any kind was 

associated with lower performance at age 14 years on a non-verbal test of fluid intelligence 
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and on a reading test, even after adjustment for a wide range of confounders, including family 

income, race, birth weight, gender, parental alcohol use, maternal age, maternal marital 

status, maternal education, and others (Mills et al., 2011).  

Lower intelligence, in turn, is a risk factor for subsequent incident psychopathology, 

including depression, as well as for physical disease and mortality. In a large birth cohort 

study of New Zealand born males and females, lower average IQ across ages 7, 9, and 11 

years predicted higher risk of meeting Diagnostic and Statistical Manual of Mental Disorders 

(DSM) criteria for major depression and any anxiety disorder at any of ages 18, 21, 26, and 

32, and also predicted greater severity of psychopathology, in the form higher psychiatric 

comorbidity and higher persistence of depression diagnosis across multiple timepoints 

(Koenen et al., 2009). All these results remained significant even after adjusting for a range 

of confounders, including childhood socioeconomic status, perinatal insults, birth weight, and 

childhood maltreatment. Similarly, lower intelligence quotient (IQ) at age of conscription 

into the Swedish military was associated with a higher risk of incident depression in the 27 

subsequent years (Zammit et al., 2004), and in a birth cohort study of Danish males, 

childhood IQ was inversely associated with risk of any psychiatric illness in adulthood over 

200,000 man years of follow-up (Batty et al., 2005). Regarding risk of disease in general, 

striking inverse relationships between IQ and mortality have been reported (Hemmingsson et 

al., 2006; Batty et al., 2007), including specifically from physical disease such as 

cardiovascular disease (Hemmingsson et al., 2006). While the mechanisms behind the inverse 

association between intelligence and physical health status are numerous and varied (Batty et 

al., 2007), they are beyond the scope of this discussion: what is clear here is that lower 

intelligence may partially mediate the broader relationship at hand between ELS and 

subsequent psychiatric and physical health risk. 

1.3.2 Immunological 

It is now well known that both acute and chronic stress leads to a range of consequences in 

the immune system (Miller and Raison, 2016). Psychosocial stress, especially in animal 

models, has repeatedly been shown to induce innate immune system activation, resulting both 

in the production of pro-inflammatory molecules usually associated with external threat from 

a pathogen, such as heat shock proteins, uric acid, and high mobility group box 1, as well as 

the production of a diverse set of pro-inflammatory cytokines and chemokines (Fleshner, 

2013; Miller and Raison, 2016). In humans, even five to ten minutes of preparation and then 
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ten minutes of public speaking and mental arithmetic causes the activation of key 

inflammatory signalling pathways inside circulating blood mononuclear cells (Bierhaus et al., 

2003). Further, ELS has even been linked in humans with elevated inflammation many years 

later, in adulthood. It has repeatedly been shown that people who have experienced 

considerable early life stress have exacerbated immune responses to psychosocial stress in 

adulthood, with an acute stressor resulting in a larger change in circulating interleukin (IL) 6 

(IL-6) than in control subjects (Carpenter et al., 2010; Gouin et al., 2012b). Additionally, a 

recent large meta-analysis showed that people who were exposed to childhood trauma had 

significantly elevated circulating IL-6, tumour necrosis factor alpha (TNF-α), and C-reactive 

protein (CRP), even in the absence of any specific laboratory stressor (Baumeister et al., 

2016).  

Immune activation, in turn, has now been robustly linked with depression. A sizeable 

subgroup of patients especially with treatment resistant depression have elevated circulating 

cytokines (Maes, 1999; Miller and Raison, 2015; Köhler et al., 2017), and there is evidence 

that depressive symptoms in this group of people respond to targeted anti-inflammatory 

therapy (Raison et al., 2013). In depressed patients, even without a single-cell approach, 

whole blood RNA sequencing has demonstrated upregulated expression of Type I interferon 

signalling genes (Mostafavi et al., 2014), and genetic studies in depression have frequently 

implicated the immune system (Bufalino et al., 2013; Raison and Miller, 2013). With respect 

to the possibility that ELS-associated inflammation may in turn predispose to depression, it 

was recently shown that circulating IL-6 in children aged 9 years old predicts depression at 

age 18 years old (Khandaker et al., 2014). While this study does not establish causality, 

particularly because elevated stressor reactivity could potentially play a causal role in both 

findings, it does nevertheless raise further concern that inflammation may mediate some of 

the effects of ELS on later-life depression risk. 

Finally, for many of the physical health conditions that ELS increases risk of, including 

peptic ulcer disease, many causes of arthritis, asthma, bronchitis, heart attack, stroke, colitis, 

and even migraines, immune system over-activity is a central component of their 

pathogenesis or pathophysiology, and many of these disorders are considered inflammatory 

conditions (Kumar et al., 2015). With respect to coronary artery disease (CAD), for example, 

activation of the inflammasome, a protein complex that is a key pro-inflammatory regulator 

of the innate immune response and which exhibits enhanced activity in response to 

psychosocial stress (Miller and Raison, 2016), has been implicated in the early stages of 
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atherosclerosis (Strowig et al., 2012). Further, in patients with advanced CAD, chronic stress 

has been postulated to worsen myocardial infarction outcomes by induction of stronger 

inflammatory and thrombotic reactions to atherosclerotic plaque rupture, resulting in more 

severe artery occlusion (Steptoe and Kivimäki, 2012). Altogether, the effects of ELS on later-

life inflammation may play a causal role in the elevated risk of diverse physical health 

conditions. 

1.3.3 Neurobiological 

Most of the brain structures that have been reported to have disrupted structure or function 

in human ELS to date are part of either the conscious or unconscious portion of the brain’s 

threat detection and response circuitry (Teicher et al., 2016). Overall, ELS appears to be 

associated with relative under-development of regions, pathways, and networks necessary for 

conscious perception of threating stimuli, in favour of over-development of pathways that 

facilitate arousal, endocrine, and autonomic responses to threat before or without conscious 

processing. These changes presumably facilitate physiological stress responses to the 

particular threat in question that are both faster and occur with lesser conscious distress, and 

thus are adaptive in the short-term (Teicher et al., 2016). Additionally, ELS has been 

associated with reduced reward reactivity, which particularly together with the potentiated 

threat responding, may facilitate reduced approach in favour of avoidance. 

In analyses that have focused exclusively on a given type of child abuse, grey and white 

matter abnormalities have been identified specifically in cortical regions or white matter 

tracts that process most of the abuse-associated cues. For example, with respect to parental 

verbal abuse, where most of the abuse-related information is auditory, decreased integrity of 

the arcuate fasciculus, which connects Wernicke’s area to Broca’s area, has been reported 

(Choi et al., 2009). Meanwhile, witnessing parental verbal abuse was associated specifically 

with reduced cortical thickness in left and right visual association areas, while having no 

relationship with left or right V1 thickness (Tomoda et al., 2012). With respect to white 

matter abnormalities, witnessing domestic abuse was specifically associated with decreased 

integrity of the inferior longitudinal fasciculus, which carries information from the visual 

cortex to parts of the limbic system, including the hippocampus, and is important in 

conscious recognition of objects, persons, or faces (Choi et al., 2012). Although childhood 

sexual abuse has also been associated with reduced visual cortex volume (Tomoda et al., 

2009), in another study among 50 medically healthy adult women, childhood sexual abuse 
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was associated specifically with reduced cortical thickness in the portion of the primary 

somatosensory cortex that receives input from the genitals (Heim et al., 2013). 

The most robust finding from functional imaging in human ELS is an enhanced functional 

magnetic resonance imaging (fMRI) response of the amygdala to emotional faces (Teicher et 

al., 2016), and enhanced amygdala response to other stimuli has also been reported, such as 

in new mothers to crying sounds of their baby (Olsavsky et al., 2021), and to response 

inhibition (No-Go) trials in the context of emotional stimuli (van Rooij et al., 2020). 

Enhanced amygdala connectivity to numerous structures has been reported, particularly in 

task contexts involving some type of threat stimulus. For example, increased positive 

connectivity of the amygdala has been reported to the supplemental motor area, presumably 

to facilitate faster motor responding (Olsavsky et al., 2021). Increased positive connectivity 

has also been reported between the amygdala and the brainstem (van Rooij et al., 2020), 

including with a locus coeruleus seed (Steuwe et al., 2015), potentially mediating heightened 

arousal and autonomic effector activity in response to threat, given that the amygdala has 

indirect and direct projections to the locus coeruleus as well as to autonomic brainstem nuclei 

(Roozendaal et al., 2009; Ulrich-Lai and Herman, 2009; Waraczynski, 2016; Barman and 

Yates, 2017; Hennessey et al., 2018). Additionally, increased negative connectivity has been 

reported to: the ventromedial prefrontal cortex (vmPFC), specifically the subgenual anterior 

cingulate cortex (sgACC) and medial orbitofrontal cortex (mOFC), possibly reflecting the 

amygdala suppressing its own inhibition (Teicher et al., 2016; Peverill et al., 2019).  

Another commonly reported finding in human ELS is reduced reward reactivity of the 

ventral striatum. For example, in an adult male sample, cumulative exposure to stressful life 

events from kindergarten through the conclusion of high school predicted lower monetary 

reward-induced ventral striatum fMRI activity (Hanson et al., 2016). Among a mixed-gender 

adolescent sample of mean age 13.5 years who were scanned at baseline and 2 years later, a 

history of emotional neglect was associated with a decrease from baseline to follow-up in the 

ventral striatal fMRI response to positive feedback, in a task where subjects were told their 

performance would determine the amount of monetary reward earned (Hanson et al., 2015). 

While neither of these analyses controlled for depressive symptomatology, other analyses 

have done this or have excluded subjects with psychopathology. For example, in a Japanese 

sample, 16 young adolescents with reactive attachment disorder who had all experienced 

severe childhood maltreatment were compared to controls, and those exposed to ELS were 

reported to have lower reward-associated ventral striatum fMRI responses, even after 
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controlling for depressive symptoms (Takiguchi et al., 2015). Further, in a sample of 160 

healthy young adults from a birth cohort, parent-rated family adversity at age 3 months 

predicted reduced ventral striatal response to reward anticipation but not reward delivery in 

adulthood, even after controlling for subclinical psychiatric symptoms (Boecker et al., 2014).  

Altogether, it seems there are at least two broad possible neurobiological sequelae of ELS 

in humans that could increase risk for psychopathology. Firstly, it seems that there may be a 

shift towards more automatic, unconscious responding to threat. In cases of abuse, there is 

relative under-development of cortical regions and subcortical pathways responsible 

particularly for conscious processing of threat stimuli. Simultaneously, there is enhanced 

amygdala activity in response to threat, including enhanced amygdala connectivity to regions 

involved in behavioural and physiological threat responding, including motor and brainstem 

regions. Given these findings, there may also be increased efferent amygdala stimulation of 

the hypothalamic paraventricular nucleus (PVN) in response to threat-associated cues 

(Sanders and Anticevic, 2007). Additionally, there may be decreased prefrontal ability to 

inhibit all of these responses. In individuals with these neurobiological alterations, in the face 

of the ongoing daily exposure to potential threat, including during the numerous social 

interactions many people must engage in each day, neither sympathetic nervous overactivity 

with consequent immune overactivation, nor neuroendocrine dysregulation, are unexpected. 

Both of these consequences, as well as potential cognitive biases resulting from altered 

processing of threat, could well contribute to the increased risk of depression in ELS subjects, 

given how each of these disturbances has been causally implicated in at least some cases of 

depression (Otte et al., 2016). Anxiety, meanwhile, may potentially be fostered by virtue of 

the influence that amygdala hyperresponsiveness has on vigilance as well as on cognition 

directly (Newman et al., 2013), via both brainstem mechanisms and altered connectivity with 

the vmPFC (Myers-Schulz and Koenigs, 2012). Secondly, the reduced ventral striatal 

responsiveness to anticipated reward that may follow ELS could increase risk for both 

depression and certain types of substance use disorder (Balodis and Potenza, 2015; Treadway 

et al., 2019). Indeed, among subjects exposed to ELS, low ventral striatal reactivity predicts 

both greater anhedonia and, via greater anhedonia, increased use of alcohol specifically as a 

coping mechanism and increased risk of problematic alcohol use (Corral-Frías et al., 2015). 

Finally, either enhanced sensitivity to threat or diminished sensitivity to reward, much less 

both simultaneously, could shift cognitive and behavioural responding towards avoidance 

over approach (Teicher et al., 2016). While this may be adaptive at the time of ELS exposure, 
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in later life it may predispose to or perpetuate both anxiety and depression (Chawla and 

Ostafin, 2007; Trew, 2011). 

1.4 Interrogating ELS mechanisms using rodents 

1.4.1 Value of pre-clinical experiments 

It is important to understand the mechanisms mediating the relationships between ELS and 

increases in later-life disease risk and severity, so that interventions can be targeted at these 

mechanisms in the prevention or even treatment of these conditions. However, this is 

extremely challenging to do in human studies alone, because neglect and abuse are often 

associated with many other exposures or predispositions which could also play a causal role 

in these outcomes. For example, household income, race, number and nature of caregivers, 

parental age, and maternal antenatal stress and inflammation are all factors which could be 

associated in some samples with both ELS and with poorer health outcomes in later life, and 

which can be difficult to accurately measure and control for (Koenen et al., 2009; Mills et al., 

2011; Teicher et al., 2016; Morin et al., 2020). Additionally, it is possible that ELS can 

interact with later-life circumstances that are difficult to measure. For example, by altering 

how individuals respond to their emotions or by altering approach-avoidance evaluations, 

ELS could alter the way that subjects behave throughout their schooling career in such a way 

that increases the likelihood of stressful or traumatic exposures and decreases the likelihood 

of positive, beneficial experiences and relationships (Kirkham and Levita, 2020; Fernández-

Teruel, 2021). Further, it is possible that that are certain behavioural tendencies or 

psychological traits that both increase risk of being exposed to neglect or abuse and that 

increase risk of adverse later-life health outcomes (Morin et al., 2020). Additional limitations 

of existing human studies include the fact that a high proportion of them: have small sample 

sizes, increasing the risk of spurious false positives; are cross-sectional rather than 

longitudinal, making causality very difficult to infer; and rely on retrospective self-report 

measures of maltreatment, which is more sensitive than using notifications to child protective 

authorities but also more vulnerable to false positives (Teicher et al., 2016). 

Rodent studies, however, circumvent all these challenges. They are precisely controlled, 

so that the effects of ELS exposure alone can be examined. Sample sizes can easily be scaled 

to achieve sufficient statistical power. Prospective studies can be conducted to yield 

information regarding the timing of the emergence of ELS effects and to provide better 

windows into causality. The exposure status of subjects is known with certainty. 
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Additionally, tissues such as the brain can easily be collected for molecular and cellular 

interrogation of mechanisms, which is only rarely possible in humans, and which has serious 

limitations even where it is possible. Study at this molecular and cellular level is important, 

given that this is the level at pharmacological agents potentially useful in prevention or 

treatment of ELS consequences must act. The elucidation of the molecular consequences of 

ELS may thus result in the development of novel, targeted pharmacological agents, or the 

repurposing of existing agents for use following ELS. Additionally, once a rodent paradigm 

has been characterised with respect to outcomes of interest, be they behavioural, 

immunological, or neurobiological, further rodent studies offer the ability to easily test 

interventions, be they pharmacological or non-pharmacological, for beneficial effects on 

those outcomes. 

1.4.2 Validity of pre-clinical experiments 

Nevertheless, rodent studies have limitations of their own, and the central challenge is that 

rodent paradigms can only ever approximate a particular human condition, for the simple fact 

that rodents are not human. The accuracy of that approximation can range from poor to good, 

depending on what precisely is being modelled and how, and this accuracy is what is referred 

to as the validity of the model (Geyer and Markou, 1995). In this context, the human 

condition that is being modelled can refer either to a diagnosable mental illness, such as 

major depression, or to the state following a particular exposure, such as ELS, even if that 

state does not involve a diagnosable mental illness (Tractenberg et al., 2016; Vannan et al., 

2018). In order to draw attention to several important facets of its assessment, validity has 

been subdivided into etiological validity, face validity, construct validity, and predictive 

validity (McArthur and Borsini, 2006; Nestler and Hyman, 2010; Powell et al., 2012). 

Etiological validity refers to the degree to which the manipulation used to induce the model 

mirrors the causes of the condition in humans, which can obviously only be evaluated to the 

extent that those causes are known. For example, some rodent models of depression depend 

on the application of chronic stress, which adds to the etiological validity of these models 

because chronic stress is a well-established etiological factor in the development of many 

cases of depression (Otte et al., 2016). Face validity refers to the degree to which, 

superficially (“on the face of it” or “at face value”), the behavioural changes induced by the 

model appear to mirror the behavioural features of the human condition. For example, if a 

rodent model of depression resulted in reduced effort expended to achieve sucrose reward on 

a progressive ratio task, this would add to its face validity given that anhedonia is a central 
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symptom of depression in humans and that depression has been associated with reduced 

effort expended for reward on similar tasks (Der-Avakian and Markou, 2012; American 

Psychiatric Association, 2013). Construct validity refers to the degree to which the biological 

changes induced by the model appear to mirror those in the human condition. For example, if 

a rodent model of depression caused hippocampal atrophy, this would add to its construct 

validity given that the same change has been extensively associated with human depression 

(Schmaal et al., 2016). Predictive validity refers to the degree to which, after model 

induction, additional behavioural or biological changes induced by subsequent manipulations 

are predictive of changes in analogous parameters in humans in response to the same 

intervention. For example, in a rat model of depression, if serotonergic antidepressants 

caused recovery of model-induced deficits on several behavioural tests of anhedonia over 3-4 

weeks, but not within hours, the model and corresponding test would be said to together have 

predictive validity, given that this time course is typical of antidepressant action in humans 

(Nestler and Hyman, 2010).  

1.4.3 Repeated maternal separation 

1.4.3.1 Common and variable protocol features 

Systematic and comprehensive reviews have demonstrated that the most widely used 

animal model for investigating the relationships between ELS and its psychiatric and physical 

consequences is repeated maternal separation (RMS) (Van Bodegom et al., 2017; Orso et al., 

2019). This procedure involves repeatedly separating rat or mouse pups from their mother 

each day, most commonly for 3-6 hours per day and beginning on either post-natal day 

(PND) 1 or 2 and continuing through either PND 14 or 21. During these limited periods of 

separation from their mother, around 35-40% of studies also separate pups from one another; 

this combined separation is sometimes referred to as early deprivation (Pryce and Feldon, 

2003). Other aspects of the protocol are less consistent across studies, such as animal gender, 

species, and strain, whether pups are kept in the home cage or a novel cage during separation, 

whether pups are warmed or not warmed during separation, whether separation occurs during 

the light or dark cycle, and the extent to which control animals are handled or not handled 

during early life (Nylander and Roman, 2013; Tractenberg et al., 2016).  

1.4.3.2 Validity of RMS 

RMS arguably has good etiological validity. In humans, neglect is by far the most 

common cause of documented childhood maltreatment (U.S. Department of Health and 
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Human Services, 2021), and refers to the situation in which children’s basic emotional, 

physical, or educational needs are unmet (Sedlak et al., 2010). Similarly, in RMS, for several 

hours each day, animals’ physical and emotional needs go unmet. Pups are deprived of the 

supply of milk and close thermoregulation that they normally receive from their mother, 

which she ordinarily provides in response to their signalling (Blumberg et al., 1992; 

Tractenberg et al., 2016). This signalling includes ultrasonic vocalization calls that indicate 

distress, and thus RMS involves at least one type of emotional deprivation, in that pups’ 

distress goes unanswered by their mother (Burenkova et al., 2020). Adding a final element to 

the etiological validity of RMS is its timing: it occurs in a period of early life in rodents 

considered to be analogous to early childhood in humans (Semple et al., 2013). 

RMS is considered to have construct validity (McArthur and Borsini, 2006) as an 

analogue of human ELS because it has repeatedly been shown to be stressful for pups, as 

reflected by the ability of separation episodes to acutely increase corticosterone (Levine et al., 

1991; Schmidt et al., 2004; Schmidt et al., 2006; Enthoven et al., 2008; Daskalakis et al., 

2011). 

The face validity of RMS depends on what specifically one is trying to model. For 

example, with respect to depressive symptoms, many investigators have found the RMS 

alone does not cause a long-lasting anhedonia (Shalev and Kafkafi, 2002; Zhang et al., 2013; 

Harrison et al., 2014; Hill et al., 2014; Chocyk et al., 2015; Feldcamp et al., 2016; Gracia-

Rubio et al., 2016; Mrdalj et al., 2016; Borges-Aguiar et al., 2018; Wei et al., 2018; Stuart et 

al., 2019). Yet, in humans, ELS is significantly associated with depression symptoms, 

diagnosis, and severity in later-life (Danese et al., 2009; Wright et al., 2009; Spinhoven et al., 

2010). Thus, if the goal is to model depression in which ELS is a causal factor, RMS with 

measurement in adulthood but without further stress does not have face validity, while RMS 

followed by chronic stressors may or may not (Zhang et al., 2013; Shu et al., 2015; Mrdalj et 

al., 2016; Wei et al., 2018; Huang et al., 2021). However, if the goal is to model ELS alone, 

for example in an attempt to separate the effects of ELS that depend on exposure to further 

stressors or other events from those that do not, there is little evidence either in support of or 

against the hypothesis that RMS has face validity for this purpose. This is because the 

analogous situation in humans is essentially not possible to study, given that adult humans 

routinely encounter stressors (Gouin et al., 2012a). Thus, where findings are absent in RMS 

in adulthood without further stress, but seemingly present in human ELS, this may usefully 

suggest that those consequences depend on further exposures, and that analogues of those 
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exposures may need to be included in preclinical study protocols if those outcomes are 

desired. Equally useful, where there is overlap in the significant findings between RMS and 

human ELS, this adds to the face validity for RMS as a model for human ELS, and also 

provides evidence that these outcomes may not depend on further exposures. 

While predictive validity is often discussed in relation to the efficacy of pharmacological 

agents in reversing detrimental features of rodent models, in fact it refers more broadly to 

whether the effects of any additional intervention in the model mirror the effects of that 

intervention in humans (Geyer and Markou, 1995; McArthur and Borsini, 2006; Powell et al., 

2012). Thus, whether the effects of later-life stress are common to both RMS and human ELS 

provides insight into the predictive validity of RMS. Regarding the hypothalamic-pituitary-

adrenal (HPA) axis, laboratory stressors in later life appear to result in relatively blunted 

cortisol responses in humans exposed to ELS (Carpenter et al., 2007; Elzinga et al., 2008; 

Carpenter et al., 2009), but potentiated responses in RMS, per a comprehensive review (Van 

Bodegom et al., 2017). However, most of the RMS studies have occurred in the absence of 

later-life stress, which is unusual in humans, in whom ongoing corticolimbic stress system 

activation, which is likely to be higher in humans with ELS exposure, is known to blunt HPA 

axis reactivity (Roos et al., 2018; Lam et al., 2019; Schmalbach et al., 2020; Zhang et al., 

2020). Thus, RMS specifically with further chronic stress may have better predictive validity 

for responses to acute stress than RMS without further chronic stress, at least with respect to 

the neuroimmune axis. 

1.4.3.3 The role of RMS protocol variability 

Systematic (Tractenberg et al., 2016; Dutcher et al., 2020) and comprehensive (Van 

Bodegom et al., 2017) reviews have revealed highly variable behavioural, immunological, 

and neurobiological outcomes following RMS. However, when findings are stratified 

depending on key aspects of study methodology, patterns emerge. 

Dutcher et al. (2020) revealed that with respect to immune outcomes, three factors are 

highly influential in determining whether or not RMS is likely to be shown to have a 

significant effect on cytokine levels: (1) whether measurement occurs during or shortly 

following RMS as opposed to later in life, e.g. in adulthood, (2) if measurement occurs in 

later life, whether it occurs in the context of a second stressor or not, and (3) whether the 

measurement was of blood or non-blood cytokine levels. Once these factors were considered, 

consistency emerged from seemingly inconsistent findings. It was revealed that when 
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measurements are conducted in non-blood tissue, RMS animals have higher pro-

inflammatory cytokine levels than controls, but only when measurement is in the context of a 

recent stressor, be it RMS itself or a second stressor in later-life. Simultaneously, when 

measurement was conducted in blood, the timing or stress context of that measurement had 

no impact: there were consistent findings between studies of no effect of RMS in the short-

term and long-term with further stress. This consistency was observed despite widely variable 

RMS methods, including in the species (57% rat, 43% mouse) and gender (59% male, 26% 

male and female, 9% unclear, 7% female) used, and widely variable second stress methods, 

with 28 different stressors or stressor combinations. Taking tumour necrosis factor alpha 

(TNF-a) as an example case, among nine studies that all reported increased non-blood TNF-a 

in adulthood in the context of later-life stress: three different control paradigms were used 

involving levels of handling ranging from never-handled through to daily handling, daily 

separation duration ranged from three to six hours, five different lengths of RMS in days 

were used, five different strains were used across two species, positive findings were 

identified individually in each gender in at least one case, pups were separated from one 

another in two cases, ambient temperature during RMS ranged from 21 to 37 ℃, and eight 

different later-life stressors were used. Thus, with respect to immune outcomes, inter-study 

variability in aspects of the RMS protocol appeared to be of little significance relative to 

variability in outcome measurement. 

With respect to neuroendocrine outcomes, it is clear that RMS increases plasma 

corticosterone in the short-term (Levine et al., 1991; Schmidt et al., 2004; Schmidt et al., 

2006; Enthoven et al., 2008; Daskalakis et al., 2011; Horii-Hayashi et al., 2013). In the long-

term, again, where measurement timing and stress context are taken into account, there is a 

high degree of consistency. When measured in adulthood following diverse acute stressors, 

62% of 13 findings in one review showed an increase in plasma corticosterone, including 

from multiple rodent strains and species and varying RMS protocols, while 38% found no 

significant effect (Van Bodegom et al., 2017). When measured in adulthood without acute 

stress, 63% of 16 findings reported no significant effect, while 31% reported an increase, 

again with no clear dependence on strain or species. Thus, for the neuroendocrine axis, as for 

the neuroimmune axis, RMS appears to result in a long-lasting sensitization for later-life 

stress, and aspects of measurement appeared more influential than aspects of the RMS 

protocol. 
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With respect to behavioural outcomes, while systematic reviews of RMS have been 

conducted (Tractenberg et al., 2016; Bonapersona et al., 2019), to date, none have stratified 

results by time since RMS and later-life stress context in their analyses. Unsurprisingly, they 

reveal highly inconsistent findings and do not draw firm conclusions. However, in my own 

search of the literature, I identified five articles examining the short-term effects of RMS on 

the sucrose preference test (SPT), of which four (80%) reported statistically significant 

anhedonia in at least one gender, while one reported no effect. Among the individual 

experiments with positive findings, daily separation duration ranged from two to eight hours, 

control group handling ranged from unhandled to handled once weekly as part of normal 

animal facility rearing, significant effects were present in each gender in at least two 

experiments, RMS was conducted during the light cycle in most cases but the dark cycle in 

one case, no external heat was provided during RMS in one case, and five strains were used 

across two species. Regarding the long-term effects of RMS on the SPT, I found 14 studies, 

of which 11 (79%) reported no long-term effect, with only 2 (14%) reporting a long-lasting 

anhedonia. Thus, for behavioural outcomes, as for immunological and neuroendocrine 

outcomes, measurement factors appear far more consequential than the particulars of the 

RMS protocol. Findings in the context of later-life chronic stressors that could be expected to 

induce anhedonia are comparatively mixed. For example, following 3-4 weeks of chronic 

unpredictable stress, several experiments have reported no effect of RMS on sucrose 

preference in females (Wei et al., 2018; Huang et al., 2021) or males (Mrdalj et al., 2016; 

Wei et al., 2018), but decreased (Zhang et al., 2013) and increased (Shu et al., 2015) 

preference has also been reported in males. 

Altogether, in the short-term, RMS appears to cause: pro-inflammatory signalling that is 

detectable in non-blood tissue, hypothalamic-pituitary-adrenal activation, and anhedonia. In 

the long-term without further stress, the majority of findings suggest that RMS has no effect 

on any of these three outcomes. When further acute or chronic stress is applied, latent 

sensitizing effects of RMS are revealed on the neuroimmune and neuroendocrine systems. To 

date there is little evidence for behavioural sensitization with respect to anhedonia. Where 

positive findings have been reported on these outcomes, features of the RMS protocols used 

vary widely, suggesting that it is the common features (i.e. separation from the dam for at 

least two hours a day for at least 13 days, always at least encompassing PND 5-14) that are 

responsible for these outcomes. 
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1.4.4 Alternative ELS paradigms 

There are three other ELS paradigms that have found at least moderate use: maternal 

deprivation, early social deprivation, and limited nesting. 

Maternal deprivation (MD) consists of a single, 24-hour episode of maternal separation, 

representing an extreme but acute early life stressor. Investigators have found utility in the 

use of MD for studying neuroendocrine function (Schmidt et al., 2011), and some believe it 

to be useful in studying the relationship between early life stress and elements of 

schizophrenia (Ellenbroek and Riva, 2003). Although there have been reports of depressive-

like behaviour resulting from this model (Marco et al., 2009), these appear largely confined 

to tests like the forced swim test, which has limited validity for studying depression (Nestler 

and Hyman, 2010; Liu et al., 2018), and there are many negative findings regarding the 

presence of other long-term behavioural effects (Schmidt et al., 2011). 

In early social deprivation, also known as isolation rearing, animals are isolation housed 

from the time of weaning or shortly after (Burke et al., 2017). While the directionality of 

effects has not always been consistent, many studies have reported effects of early social 

deprivation on locomotor activity and response to subsequent social interaction, with reports 

particularly of increased anxiety or avoidance in social situations and increased aggression 

(McArthur and Borsini, 2006; Burke et al., 2017). Long-term measurements of supposed 

depression-like behaviour, particularly using the forced swim test, have often been negative 

(Andersen, 2015; Burke et al., 2017). 

Limited nesting, also known as limited bedding or limited nesting/bedding, has become 

commonly used only recently (Van Bodegom et al., 2017). In this paradigm, only a small 

amount of nesting and bedding material are provided in the home cage for the dam, resulting 

in most of the cage floor consisting of a metal grid (Rice et al., 2008). This represents a 

chronic stress for the dam and results in disrupted maternal care, representing in turn a 

chronic stress for the pups (Ivy et al., 2008; Rice et al., 2008). This paradigm results in very 

different developmental trajectories in pup distress to RMS, as measured by ultrasonic 

vocalizations, and seems to cause greater distress in females, while RMS may be more 

stressful for males (Granata et al., 2021).  

While all these paradigms represent important tools in the study of ELS, they are each 

much less studied than RMS, and their relation to RMS in terms of their endocrine, 

neurocognitive, and immunological consequences is poorly characterised at present. As this 
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thesis is intended to advance knowledge regarding the use of the promising RMS paradigm 

for the study of the long-lasting consequences of ELS, I will focus discussions throughout 

this thesis on that model. 

1.4.4.1 The role of later-life stressors 

It has become increasingly clear, particularly over the past decade, that while RMS has 

diverse short-term effects, including behavioural (Veenema et al., 2008; Maniam and Morris, 

2010a, 2010b), immunological (Dutcher et al., 2020), and neuroendocrine (Daskalakis et al., 

2013), measurements in adulthood very often yield negative results, unless they were 

conducted in the context of later-life stress (Van Bodegom et al., 2017; Dutcher et al., 2020). 

This realisation has led to the conduct of many so-called “two-hit” or “second-hit” studies, 

which have been invaluable in elucidating the long-lasting effects of RMS. These studies 

involve both an early life stressor, in the form of RMS, and some form of later-life stressor, 

be it a psychosocial stressor such as the chronic unpredictable stress paradigm (Zhang et al., 

2013; Shu et al., 2015; Minami et al., 2017; Wei et al., 2018), or mixed physiological-

psychosocial stressors such as lipopolysaccharide (Zajdel et al., 2019), 

polyinosinic:polycytidylic acid, also known as poly(I:C) (Viola et al., 2019), chronic 

corticosterone (Hill et al., 2014), and food restriction (Ganguly et al., 2018). 

The type of second stress required for a long-lasting effect of RMS to be unmasked may 

depend on the type of measurement in question. For immunological measurements, where 

even brief psychological stress can elicit a potent pro-inflammatory immune response in both 

humans (Bierhaus et al., 2003; Pace et al., 2006; Carpenter et al., 2010; Janusek et al., 2017) 

and rodents (Deak et al., 2005; Maslanik et al., 2013; Weber et al., 2015; Roque et al., 2016), 

relatively brief stressors may be sufficient to reveal an RMS-induced neuroimmune 

sensitisation (Tang et al., 2017; Ganguly et al., 2019), although greater stressor duration and 

intensity will likely increase sensitivity. For anhedonia, however, which usually requires 2-4 

weeks of chronic stress to develop in rodents (Stedenfeld et al., 2011; Erburu et al., 2015; 

Meng et al., 2016; Papp et al., 2016; Gao et al., 2017; Gottschalk et al., 2018), it may be that 

a chronic stressor of equal intensity to chronic unpredictable stress, social defeat stress, or 

chronic footshock stress would be required to reveal a greater susceptibility to stress-induced 

anhedonia in RMS animals, if such a susceptibility exists.  



36 

 

1.4.5 Behavioural tests 

Below, I provide some background information regarding tasks used to measure 

sensitivity to positive and negative feedback and anhedonia in rodents, including information 

regarding their translational relevance. 

1.4.5.1 Probabilistic reversal learning 

The probabilistic reversal learning (PRL) task is a computerised task that can be 

implemented in humans or animals and that is capable of simultaneously measuring many 

different aspects of behaviour and cognition. There are two broad versions of the task: a 

spatial version, and a visual version. In both versions, on each trial, subjects are presented 

with two stimuli and must select one. At any given time, one stimulus is the “correct” 

stimulus and one is the “incorrect” stimulus. In the spatial PRL task, the stimuli are visually 

identical and differ only in their spatial location (e.g. left vs right). In the visual version, the 

stimuli are visually distinct (e.g. circle vs square), and their location is randomised or 

balanced across the possible spatial locations across trials. The correct stimulus typically has 

a 70% or 80% probability of reward, while the incorrect stimulus has a 30% or 20% 

probability of non-reward or other punishment. After a certain number of sequential 

responses on the correct target (or, in some versions of the task, a certain number of trials), a 

“reversal” occurs: the previously-correct target becomes the incorrect target, and vice versa. 

In human versions of the task, participants typically accumulate either virtual money or 

points, but often are not actually provided with tangible reward (e.g. physical money) based 

on their performance. Animal versions of the task are run within an operant chamber using 

either a touchscreen or levers, typically use a sucrose pellet reward. 

The PRL task is often used particularly for the purpose of providing insight into subjects’ 

sensitivity to punishment and reward (Rygula et al., 2015; Phillips et al., 2018; Mukherjee et 

al., 2020; Roberts et al., 2020). In the context of this task, “sensitivity” is defined as the 

influence that reward or punishment have on an animal’s future decision making. Thus, 

reward sensitivity refers to the degree to which receiving a reward after taking an action 

increases the future likelihood of taking that same action again. Punishment sensitivity refers 

to the degree to which not receiving a reward after taking an action decreases the future 

likelihood of taking that same action again. The terms “negative outcome”, “negative 

feedback”, and “punishment” are used interchangeably to refer to the undesirable potential 
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outcome of each decision, i.e. signalled non-reward, while the terms “positive outcome” and 

“positive feedback” refer to the desirable outcome, i.e. reward. 

In addition to punishment and reward sensitivity, the PRL task simultaneously measures 

several other distinct aspects of behaviour. Because subjects are free to complete more trials 

than all but the most motivated can complete within a given session, trial count provides an 

index of motivation for reward. Because, in order to maximise reward, subjects must 

repeatedly learn and unlearn which of the two stimuli yields the higher probability of reward, 

and because reversals follow eight consecutive responses on the same target, both reversal 

count and perseverative responses per reversal provide indices of behavioural flexibility 

(Izquierdo et al., 2017; Roberts et al., 2020). Because, after having made a selection resulting 

in reward, animals must physically move to the sucrose pellet magazine, the latency between 

response selection and reward collection on rewarded trials provides an index of locomotor 

functioning. And because decision latencies are measured, and can be compared to task 

performance, one can make inferences regarding decisional efficiency, which is reduced in 

cases of impaired attentional control (Eysenck and Derakshan, 2011; Berggren and 

Derakshan, 2013). 

1.4.5.2 Sucrose preference 

In the sucrose preference test, animals are first habituated to the taste of sucrose solution 

and to the test chambers, and then ultimately are offered two drink bottles: one containing 

water, and one containing a sweet solution of sucrose in water (Liu et al., 2018). Normal 

animals display a strong preference for the sucrose solution, while, per systematic reviews, 

animals that have been subjected to recent or ongoing chronic stress commonly exhibit a 

preference closer to 50:50 (Vasconcelos et al., 2015; Antoniuk et al., 2019). Indeed, a recent 

systematic review affirmed the responsiveness of the SPT to chronic stress, finding over 

seven dozen experiments using the chronic unpredictable stress paradigm that have reported a 

depressive-like effect on the test (Antoniuk et al., 2019). The meta-analytic weighted estimate 

of Cohen’s d for the effect of CUS on sucrose preference was below -1.70 for all five strains 

across both species examined (rats and mice), representing an extremely large effect (Cohen, 

1988; Lakens, 2013). Because preference for the sucrose solution is necessarily driven by the 

reinforcing, hedonic properties of sucrose, and because anhedonia, defined as decreased 

pleasure from, interest in, or engagement in previously-enjoyable activities (Der-Avakian and 

Markou, 2012), is a core symptom of depression (American Psychiatric Association, 2013), 

reduced sucrose preference is widely considered to represent anhedonia and thus “depression-
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like behaviour” (Nestler and Hyman, 2010; Andersen, 2015; Liu et al., 2018). However, the 

validity of the sucrose preference test has been called into question by some authors 

(Matthews et al., 1995; Stuart et al., 2019). Two main arguments have been put forth. 

Firstly, it has been claimed that supposedly analogous studies in humans with depression 

have not borne out a similar deficit. However, a close examination reveals that the 

measurements used in these studies cannot be considered analogous to the sucrose preference 

test. In the human paradigm in question, sometimes called the sweet taste test, depressed and 

control subjects hold sucrose solutions of varying concentrations in their mouth for a brief 

period and then spit the solution out (Amsterdam et al., 1987; Berlin et al., 1998; Swiecicki et 

al., 2009; Dichter et al., 2010). Participants then provide a subjective rating, typically on a 

visual scale, of their “hedonic response”, i.e. how “pleasant” the taste was or how much they 

“liked” or “disliked” the taste. Sometimes “intensity” is also measured, for which subjects are 

asked to rate how “sweet” the taste was or how “weak” or “strong” it was. 

These studies have generally reported that depressed and MDD patients do not differ in 

their “hedonic response” to the various sucrose solutions (Berlin et al., 1998; Swiecicki et al., 

2009; Dichter et al., 2010) or in perceived intensity (Swiecicki et al., 2009; Dichter et al., 

2010). However, these studies have had small sample sizes, at only 12-20 depressed subjects, 

and there have been other reports that depressed patients perceive sucrose solutions as having 

a “weaker” taste than controls, particularly at higher concentrations (Amsterdam et al., 1987), 

and that a higher concentration of sucrose solution is required before they report detecting a 

sweet taste (Berlin et al., 1998), although other investigators have not replicated this finding 

(Swiecicki et al., 2009). Additionally, concerns have been raised that due to high inter-

individual variability in taste sensitivity in the general population, the statistical power of 

these studies to detect group differences may be low (Treadway and Zald, 2011). 

Regardless of the true nature of differences between depressed and control subjects in their 

subjective assessment of the taste of sweet solutions, these findings have no bearing on the 

question of the validity of the SPT, because the SPT differs from the sweet taste test in 

several fundamental ways. In the sweet taste test, depressed and control subjects taste an 

essentially identical volume of sucrose for an identical duration, and that volume and duration 

is under the control of the experimenters, not the participants. There is no consumption, and 

the act of tasting the solution within the experimental setup is not a voluntary, goal-directed 

action driven by the reinforcing properties of the solution. In contrast, sucrose consumption 

on the SPT is not inevitable: it is voluntary, goal-directed, and reinforcer-driven. In order to 
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have a sucrose preference above 50%, animals must learn which spatial location contains the 

sweet solution, repeatedly move to that bottle preferentially, and then repeatedly lick at that 

bottle throughout the 1-24 hour test period. They are free to do these things as much as they 

like during the test period to obtain however much reward they wish. For this reason, 

contrary to some descriptions of the SPT as simply capturing “consummatory anhedonia” or 

decreased “liking”, defined as decreased pleasure experienced in response to a rewarding 

stimulus, SPT performance must necessarily also capture “motivational anhedonia” or 

decreased “wanting”, defined as reduced willingness or motivation to take action to obtain a 

reward (Berridge, 2007; Treadway and Zald, 2011). 

To my knowledge, no study to date has been conducted in humans with depression where 

drive to obtain a food reward has been directly measured in a laboratory setting. However, a 

large subgroup of depressed subjects report appetite loss, which necessarily involves less 

action taken to consume food, and thus potentially reflects so-called motivational anhedonia. 

The median reported prevalence of appetite loss in depressed subjects across multiple studies 

is 48% in adults and 58% in adolescents, with 32-33% of both populations also reporting 

depression-associated weight loss (Maxwell and Cole, 2009). Indeed, among a large sample 

of MDD patients, anhedonia has been shown to be inversely associated with appetite and 

weight gain (Buckner et al., 2008). Together with the high prevalence of self-reported 

anhedonia in depression and the extensive evidence that depressed patients are less willing to 

take action to obtain monetary reward (Hughes et al., 1985; Treadway et al., 2009; Treadway 

et al., 2012; Yang et al., 2014; Hershenberg et al., 2016), the arguments that the SPT has face, 

construct, etiological, and predictive validity are strong (Nestler and Hyman, 2010; Powell et 

al., 2012). 

The other concern that has been raised about the sucrose preference test, and by extension 

tests such as the progressive ratio test and trial count on probabilistic reversal learning, is that 

some of the interventions classically used to induce reduced drive to consume sucrose, such 

as chronic unpredictable stress, also often cause weight loss, which may in turn lead to lower 

bodily energy demands and thus lower motivation for sucrose consumption (Matthews et al., 

1995). However, it is possible that motivational anhedonia is the proximate cause of both 

deficits. Weight loss in animals subjected to chronic stress seems to be driven at least in part 

by reduced food intake (Martí et al., 1994; Martí et al., 1999; Harris et al., 2002; Dagytė et 

al., 2010; Varga et al., 2011; Jeong et al., 2013; Merali et al., 2013; Pastor-Ciurana et al., 

2014; Harris, 2015), or in other words, reduced volitional actions directed at consuming 
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reinforcing substances. Thus, although it has been pointed out that normalisation of sucrose 

consumption to body weight can nullify otherwise-apparent sucrose consumption differences 

between groups, in doing so, one may in essence be dividing the anhedonia signal by itself. 

1.4.5.3 Progressive ratio 

In progressive ratio (PR) schedules of reinforcement, animal or human subjects are able to 

repeatedly respond on a button, lever, or touchscreen stimulus in order to earn a reward 

(Hailwood et al., 2018). Each time a reward is earned, the number of responses required to 

earn another reward increases, i.e. the ratio of effort to reward increases. The session is 

terminated if the session time limit is reached or if subjects fail to make any response for a 

given period of time. The final number of responses successfully completed to earn one 

reward is known as the “breakpoint” and serves as an index of motivation for appetitive 

reward (Salamone et al., 2016).  

Although it has only been conducted in humans with depression using monetary rather 

than food reward, unlike the SPT, the progression ratio (PR) task has been studied as an index 

of motivational anhedonia in human depression in two articles. In the earlier study, involving 

only 6 inpatient participants, found that the 3 patients who responded to treatment showed 

concurrent increases from baseline in their willingness to work for reward on the PR task, 

while the 3 non-responders did not (Hughes et al., 1985). The more recent study involved 

almost 100 total participants, half with an active depressive episode as part of either a 

unipolar or bipolar depressive disorder, and found that both types of depressed individuals 

had lower breakpoints on PR than controls (Hershenberg et al., 2016).  

1.4.6 Immune phenotyping 

The immune system is extremely multifaceted and complex, consisting of dozens of 

distinct cell types and hundreds of identified signalling proteins (Opp, 2016). Cytokines are 

proteins that are secreted by immune or non-immune cells which act to facilitate immune 

system functioning, typically by communicating information to immune cells (Murphy and 

Weaver, 2016). Chemokines are similar to cytokines in that they are proteins that act as 

signalling molecules, but their primary function is as a chemoattractant, i.e. a molecule that 

signals immune cells to migrate to a particular tissue location. The most common way at 

present to assess the effects of interventions on the immune system, or the relationship 

between variables such as stress or behaviour and the immune system, is to quantify 

cytokines. In humans, cytokines are typically quantified in the blood or cerebrospinal fluid 
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(CSF), while in animals, they are commonly quantified in both blood and non-blood tissue 

because sampling of such tissue is routinely possible (Dutcher et al., 2020). In blood, protein 

levels are usually quantified, while in non-blood tissue, both protein and mRNA quantitation 

are often used (Dutcher et al., 2020). 

Where protein levels are quantified, this is commonly performed using enzyme-linked 

immune-sorbent assays (ELISAs). In the “sandwich” version of the ELISA, the tissue of 

interest is homogenised, centrifuged, and then the supernatant is added to a plate well that has 

been coated with a capture antibody specific to the protein of interest (Abcam, 2021). Then, 

another specific antibody, the detection antibody is added. Either the detection antibody or a 

further “secondary” antibody is associated at manufacture with a unique enzyme, so that 

when an additional reagent is added, the enzyme initiates a chemical reaction, converting the 

substance to one with colour or fluorescence, which can then be measured with a 

spectrometer. More recently, new but related technologies have been developed, such as the 

MAGPIX system by Luminex. This system can be thought of as a sophisticated fluorescence-

based sandwich ELISA in which, rather than capture antibodies coating a plate well, they 

coat microscopic magnetic beads (Luminex Corporation, 2021; R&D Systems, Inc., 2021). 

The detection antibody is linked to streptavidin-phycoerythrin, and thus fluoresces upon 

excitation with a laser, allowing quantification. Unlike an ELISA, which can usually only 

measure a single analyte in a given well, the MAGPIX system is capable of measuring up to 

50 analytes at once in a single well (called “multiplexing”), because many different types of 

beads can be used, each with differing fluorescence properties when excited by a second 

laser. Thus, when the detection signal is measured from a given bead by the first laser, the 

second laser is used to identify the bead type, and thus identify the analyte that the bead’s 

capture antibodies are specific to.  

1.4.7 Brain magnetic resonance imaging 

The final category of measurement techniques I will discuss is magnetic resonance 

imaging (MRI). The basic principles of MRI are as follows (Plewes and Kucharczyk, 2012; 

Jenkinson and Chappell, 2018). Atomic nuclei have a property called spin, which describes a 

rotation about an axis, and along that axis each nucleus has an extremely weak magnetic 

field. In an MRI scanner, a large coil made of superconducting wire creates a strong magnetic 

field in a given direction within and parallel to the scanner bore, which causes the spin axis of 

atomic nuclei to rotate (“precess”) very tightly around the axis of the strong magnetic field. 
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Then, a separate wire coil, called the transmission coil, emits a radiofrequency (RF) pulse at 

precisely the frequency at which the hydrogen nuclei (i.e. protons) spins are precessing about 

the axis of the strong magnetic field. This RF pulse causes hydrogen nuclei to become 

“excited”, causing the precession vector to reverse direction, such that with a sufficiently 

strong RF pulse, atomic nuclei that were precessing around a vector from the feet to the head 

of a human subject (for example) will then precess around a vector from the head to the feet. 

One key effect of this is that the longitudinal magnetization, representing the measurable 

summed magnetic field created by all the hydrogen nuclei spinning in almost the same 

direction, is reduced by the RF pulse. The amount of time it takes to return to normal 

(referred to as T1) in a given tissue location under the influence of the strong magnetic field 

depends on how quickly the protons lose that gained energy via interaction with neighbouring 

molecules, which depends on the tissue-specific molecular composition. Secondly, initially, 

all excited hydrogen nuclei will have the same phase, i.e. their spin axes will point in the 

same direction. However, interaction with nearby molecules causes dephasing, and the time it 

takes for this to complete is measured and referred to as T2. T1 and T2 are influenced by 

distinct molecular properties of tissue, and thus a scanning protocol designed to emphasise 

one piece of information or the other will provide unique tissue contrasts. 

Precise square or rectangular locations (voxels) can be imaged through the use of 

additional coils called gradient coils. Three gradient coils cause the strength of the strong 

magnetic field to vary slightly along each of three perpendicular axes. Because the precession 

frequency varies with the strength of the strong magnetic field, and because measured signals 

from hydrogen atoms have a frequency that is the same as their precession frequency, Fourier 

transforms can be used to isolate the signal from specific spatial locations by isolating 

specific frequencies. Alternatively, location information can be encoded by systematically 

varying the phase of precession across a plane, creating a phase gradient rather than a 

frequency gradient.  

In addition to the standard T1 and T2 acquisition sequences, other contrasts can be 

obtained. One of the mechanisms that is thought to contribute to T1 (longitudinal) and T2 

(transverse) relaxation is interaction between the magnetic dipoles of different nuclei, and a 

specific subset of these are interactions between the protons in water molecules and the 

protons in macromolecules. (Wolff and Balaban, 1994). The signal from protons contained 

within macromolecules contributes negligibly to standard structural sequences because the T2 

relaxation time of those protons is relatively short compared to those of protons in water 
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molecules (Henkelman et al., 2001). However, using an off-resonance RF pulse, the spins of 

macromolecular protons can be preferentially targeted such that they then exhibit very large 

impact on the spins of neighbouring water protons through dipole-dipole interactions, i.e. the 

effects of their magnetization are “transferred” (Henkelman et al., 2001). Images obtained 

using this technique are thus weighted by macromolecular content and provide another 

unique tissue contrast, called magnetization transfer (MT) (Wolff and Balaban, 1994; 

Henkelman et al., 2001). An additional contrast, called proton density (PD), simply 

minimises the influence of T1 and T2 relaxation on the signal, and thereby provides an image 

that largely reflects just the density of hydrogen nuclei rather than their interactions with 

neighbouring molecules (Feger and Drew, 2021). In my experience, concerning MRI brain 

scans in rats, the MT sequence provides the strongest contrast between grey matter, white 

matter, and CSF, among the MT, T1, and PD sequences.  

Once images are acquired, they can then be analysed. For volumetric analysis, i.e. 

quantitation of the volumes of brain regions, a series of steps are required (Jenkinson and 

Chappell, 2018). Here, a simplified overview of this processes is provided. First, a study 

template image is generated, essentially by overlaying each subject’s scans with one another 

such that the brains are aligned across all of them, and then taking an average of all of the 

images, and iteratively repeating this process. Then, a spatial transform is identified for each 

scan by moving, enlarging or shrinking, and distorting the raw image so that image features 

such as visible boundaries between structures best align with the study-average template 

image. The next steps involve the use of a brain atlas, which consists of a collection of 

“masks”, with one for each region of interest (ROI), where voxels have a value of one if they 

refer to the region and zero if they do not. An atlas always comes with an accompanying 

brain scan image. A transformation is identified to make the atlas’s brain scan image fit to the 

study template, and this transformation is then used to move the atlas itself into alignment 

with the study template. Once good alignment between the atlas and the study template has 

been achieved, specific ROI masks can be moved into alignment with the raw scans for each 

subject, by reversing the transformations identified earlier between these raw scans and the 

study template. Once ROI masks are in subject space, their volume can then finally be 

quantified.  
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1.5 Thesis objectives and overview 

The overarching aim of this thesis, encapsulating the chapter-specific aims, is to augment 

the scientific understanding of what RMS does to behaviour, the immune system, and the 

brain. 

In Chapter 2, I describe general methods that are relevant to an experiment involving a 

large cohort of RMS animals that were studied in Chapters 3, 4, and 5. 

In Chapter 3, I aim to describe the long-lasting behavioural effects of RMS on novel 

measurements of possible relevance to anxiety and depressive disorders. I hypothesised that 

RMS would increase sensitivity to negative feedback and slow responding on the 

probabilistic reversal learning task. I predicted that a novel subchronic stressor in adulthood 

would exacerbate pre-existing effects of RMS on this task. 

In Chapter 4, I aim to describe the short- and long-term effects of RMS on inflammatory 

signalling in the blood and in non-blood tissue. I address these questions first using 

measurements in my own animals, and then more robustly and broadly by conducting a 

systematic review of the literature. I hypothesised that RMS would increase pro-

inflammatory signalling in the blood and non-blood tissue in the presence of recent stress, but 

not in the absence of it. 

In Chapter 5, I aim to describe the short- and long-term effects of RMS on regional brain 

volumes as measured using magnetic resonance imaging. I hypothesised that RMS would 

cause enlargement of the amygdala from the time of RMS through to late adulthood. 

In Chapter 6, the General Discussion, I summarize my findings discuss their implications 

for our understanding of the consequences of human ELS.  
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2 General methods 

The methods described below are pertinent to all subsequent experimental chapters. 

2.1 Subjects 

Fourteen pregnant female Lister-Hooded rats were purchased from Envigo (Blackthorn, 

UK). Nest material was provided to each dam and litters were delivered by spontaneous 

partum on gestational days 22-24. Within three days after birth, litter size was adjusted to 

between four and six pups, with each litter generally consisting of two female and two male 

pups. At this time, where two litters were born within 24 hours of each other, pups were 

mixed between litters to mitigate genetic and epigenetic influences on my results, given that 

maternal separation occurred on a litter-by-litter basis. After litter size was adjusted, litters 

were allocated to either the maternal separation (n = 30 pups: 14 female, 16 male) or control 

(n = 28 pups: 14 female, 14 male) condition.  

PND 0 was defined as the day of delivery. Food and water were available ad libitum until 

food restriction from PND 73-78 onwards for appetitive behavioural testing. Food restriction 

involved once-daily administration of an amount of chow calculated to maintain each animal 

above 85% of its individually predicted free-feeding weight based on baseline weight, 

gender, and current age. Temperature in the home cages was maintained at 23 ± 0.2 °C, and 

relative humidity was maintained at 60 ± 5 %. Animals were continuously kept on a 12-hour 

reverse light/dark cycle (lights on from 2100 to 0900). Experiments were conducted in 

accordance with the United Kingdom 1986 Animals (Scientific Procedures) Act (Project 

Licence PA9FBFA9F) and approved by the local ethics committee. 

2.2 Maternal separation 

For two weeks from PND 5 through PND 19 inclusive, pups from MS litters were 

separated from their dam for six hours a day, beginning between 1100 and 1230 each day. 

During the separation periods, the dams remained in their home cages while the pups were 

taken to a different room and placed together in a small cage inside a ventilated cabinet. One 

centimetre of bedding was provided and temperature at the surface of the bedding was kept 

between 30 °C and 35 °C through warming of the air and use of a heat pad. Control pups 

were subject only to normal animal facility rearing, including once-weekly cage changes. At 

PND 21, all pups were weaned and housed in same-sex pairs. 
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This protocol was chosen because of prior institutional experience with it (Matthews et al., 

1996b; Matthews et al., 1996a; Matthews et al., 1999; Matthews et al., 2001), together with a 

lack of evidence that other protocols would be more appropriate for studying the long-lasting 

effects of chronic stress on our main outcomes of interest, as described in the General 

Introduction. However, there is a very high degree of consistency in the RMS literature 

regarding the control group used, which is animal facility rearing in 85% of cases 

(Tractenberg et al., 2016). We used this control condition rather than the brief daily 

separations used in the experiments conducted previously at the University of Cambridge to 

enhance comparability with the bulk of the literature, given that brief separations have been 

shown to drastically increase social and exploratory behaviour and alter immune functioning 

(Kruschinski et al., 2008; Mrdalj et al., 2016).  

2.3 Adult stress 

All animals underwent a subchronic footshock stress in late adulthood, beginning at 8.5-10 

months of age. Across a 19 calendar day period (referred to as stress days 0-18), on 14 to 16 

days, animals were placed inside operant chambers for 30 minutes each day, where they 

received either 1 or 2 footshocks. All animals received exactly 20 shocks in total. The 

number of shocks delivered across the first 8 days for all animals was as follows: 2, 1, 2, 0, 1, 

2, 0, 1. The distribution of shock delivery across the remaining 12 days varied between 

animals but was balanced across group and gender, and animals always received 2 shocks on 

the day immediately before: each animal's MRI scan day (any of days 9-13), the sucrose 

preference test day (any of days 16-17), and the sacrifice day (day 19). Animals never 

received shock sessions on their sacrifice day (day 19). The timing of the footshocks within 

each session was random, except that shocks were never delivered during the first five 

minutes or last ten minutes of the session. Shock intensity was 0.5 mA and duration was 0.5 

seconds. The chambers used were conventional operant chambers (Med Associates, St 

Albans, VT) equipped only with a grid floor, a house light, high-contrast distinctive 

wallpaper behind the transparent plexiglass surfaces, and a small overhead camera. The grid 

floor was connected to a scrambled shock generator (Med Associates). 

This adult stressor design was chosen in part because it fit within the parameters of the 

local ethical approval, and because acute foot shock has been shown to increase circulating 

pro-inflammatory cytokines (Deak et al., 2005; Maslanik et al., 2012; Maslanik et al., 2013). 

The decision to subject all animals to the adult stress was made to maximize power to detect 
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differences between RMS and control animals in the context of later-life stress (in the context 

of a resource-related limitations on sample size), at the cost of the ability to definitively 

ascribe any observed differences to an interaction between RMS and the stressor itself, and of 

the ability to know with certainty that the second stressor had an effect on our outcomes. 

2.4 Data analysis 

All data processing, graphing, and statistical analysis was performed using R v3.6.3 (R 

Core Team, 2018). Data manipulation depended on the following packages: dplyr (Wickham 

et al., 2021), tidyr (Wickham, 2021), stringr (Wickham, 2019), magrittr (Bache and Wickham, 

2020), and lubridate (Grolemund and Wickham, 2011). A bespoke function was written by 

the present author for conducting permutation testing and nonparametric bootstrapping that 

additionally depended on the sample function from base R, as well as the furrr (Vaughan and 

Dancho, 2021), purrr (Henry and Wickham, 2020), and future (Bengtsson, 2020) packages 

for parallelisation. 

2.4.1 Modelling 

All analyses in Chapters 3, 4, and 5 initially involved fitting either a linear or logistic 

regression model. In situations involving repeated measures, a mixed-effects model was 

fitted, but otherwise a fixed-effects model was fitted. Categorical predictors were handled 

using sum-to-zero coding.  

Where mixed-effects models were used, model fitting used restricted maximum likelihood 

estimation (Bates et al., 2015), except where logistic regression was performed, in which case 

maximum likelihood estimation was used. Model fitting was performed using the lme4 

package, v1.1-26 (Bates et al., 2015), and models included a random intercept for each 

subject with no further random effects, except where specified. The degrees of freedom were 

approximated using the Kenward-Roger method (Luke, 2017; Fox and Weisberg, 2019; 

Lenth, 2021).  

After model fitting, model assumptions were checked using diagnostic plots. Specifically, 

normality of residuals was evaluated using quantile-quantile plots while homogeneity of 

variance and linearity were evaluated using plots of residuals vs fitted values. For linear 

mixed-effects models, diagnostic plots were generated using the redres package v0.0.0.9 

(Goode et al., 2021), whereas for logistic mixed-effects models, diagnostic plots were 

generated using the simulateResiduals function in the dharma package v0.4.3 (Hartig, 2021), 
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which also confirmed no over- or under-dispersion of the model residuals. A data point was 

considered to be influential, i.e. to unduly influence the model, when it had a Cook’s distance 

of ≥ 1. When any model assumption appeared to be violated, or there was at least one 

influential point, nonparametric methods were used: specifically, permutation testing was 

used for hypothesis testing, and nonparametric bootstrapping was used for descriptive 

statistics. 

2.4.2 Hypothesis testing 

Parametric test statistics were calculated from models by running ANOVAs or ANCOVAs 

using the car::Anova function, v3.0-10 (Fox and Weisberg, 2019) or, for post-hoc 

comparisons, the emmeans or emtrends functions from the package emmeans, v1.6.0 (Lenth, 

2021). Test statistics were Type II F-statistics in the case of linear models, Type II Wald χ2 

statistics in the case of logistic regression models, and two-sample t-statistics in the case of 

post-hoc comparisons. 

In permutation tests, the data for predictors meeting the assumption of exchangeability are 

shuffled (permuted) many times, and then a test statistic of interest is calculated for each 

permuted dataset, thereby generating a reference distribution of the test statistic under the null 

hypothesis (Ludbrook and Dudley, 1998; LaFleur and Greevy, 2009; Buskirk et al., 2013). 

For calculation of the significance level, the permutation null distribution is used in place of 

the statistic’s theoretical null distribution, circumventing the need for assumptions such as 

normality of residuals to be met, and increasing robustness to outliers (Buskirk et al., 2013). 

Here, 10,000 permutations (complete, random samples without replacement) of the predictor 

data were generated for each response variable. The only predictors permuted were the labels 

for group and gender, and these were permuted jointly across animals, thereby holding the 

number of animals belonging to the four conditions constant across all permutations. In cases 

of repeated measures, observations from a given animal were kept together and in their true 

sequence over time. Then, for each permuted dataset, a model was fit and test statistics (F- or 

t-statistics as appropriate) were extracted in the same way as for parametric hypothesis 

testing. The p-value was calculated as the proportion of permutation-derived test statistics 

that were equal to or larger than the test statistic derived from the unpermuted data.  
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2.4.3 Descriptive statistics 

Estimated marginal means (EMMs) were generated using the emmeans R package (Lenth, 

2021), and except in the case of nonparametric bootstrapping, standard errors were also 

derived using the same package. EMMs represent model-derived estimates of the response 

variable mean for each level of a specific factor or factors of interest (e.g. group). Where 

another factor was used in the model (e.g. gender), and EMMs were not calculated jointly for 

both factors (i.e. for all combinations of the factors’ levels), EMMs represent the estimated 

mean of the response variable for each level of the factor of interest, averaged across the 

levels of the other factor, weighting those levels equally so that the means are not unduly 

influenced by a higher sample size for one subgroup. Where a continuous covariate was 

included in the model, the EMMs represent the estimated means for each level of the factor 

of interest, at a certain level or levels of the covariate. Where EMMs were not reported for 

each level of the covariate (e.g. at every real-world value of PRL session number, as in 

regression lines), the EMMs represent the estimated mean at the mean level of that covariate 

(e.g. session number four where there were seven sessions). EMMs are useful for several 

reasons: they can adjust for continuous predictors (e.g. baseline value or session number), 

they can account for unbalanced designs in adjusting for factors, they can leverage repeated 

measures in estimating group means at specified levels of within-subject variables (e.g. 

session number), and they account for any modelled random effects. 

To obtain EMMs and associated standard errors via nonparametric bootstrapping, data 

were first resampled within each group-gender condition 10,000 times with replacement, 

using original sample sizes, and the appropriate model was fitted using each resampled 

dataset. From each model, any appropriate EMMs were calculated. To obtain the final 

estimate of a given EMM, the mean of the 10,000 sample-derived EMMs was calculated, and 

the standard error was calculated by determining the quantiles corresponding to the 

probabilities 0.1587 and 0.8413 (z-score -1 and +1), after slight expansion of these 

probabilities to adjust for the moderately small sample sizes (Hesterberg, 2014, 2015; 

Helwig, 2017), and dividing the difference in these quantiles by two. 

2.4.4 Reporting 

Test statistics and p-values were provided in the main text for all significant (p < 0.05) and 

trend (p < 0.1) effects involving group (i.e. main effects or post-hoc effects of group, or 

interaction effects involving group), except where a higher-order effect (interaction term) was 
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significant, in which case lower-order effects (interaction or main effect terms) were not 

reported in the main text. In reporting permutation test results, test statistics derived from the 

unpermuted data were reported together with the p-value derived from the permutation 

distribution. Test statistics and p-values not reported in the main text can be found in 

Appendix 7.1, including those for effects not related to the hypotheses under investigation by 

the present study, such as main effects of gender or time. 

Except for histograms, all visualizations represent EMMs ± the standard error of the mean 

(SEM). In general, visualizations did not depict the influence of predictors other than group 

unless statistical analyses revealed significant interactions of those variables with group. 

Thus, because group × gender interactions were most commonly non-significant, graphs were 

generally not split by gender. There were some exceptions relating to the PRL analyses: for 

win-stay and lose-shift proportions, where if there was an interaction for at least one of these 

proportions, all were visualised segregated by gender, as was trial count. Visualizations were 

produced using the packages ggplot2 (Wickham, 2016), corrplot (Wei and Simko, 2017), and 

patchwork (Pedersen, 2020).  



51 

 

2.5 Experimental timeline 

A timeline is provided in Figure 1 that describes the sequence and timing of all procedures 

that animals underwent. Further detail is provided in subsequent methods sections. 

 Procedure or test Start range (PND) End range (PND) 

 Repeated maternal separation 5 19  

 1st blood collection & 1st MRI scan 20 N/A 

 2nd blood collection 53-55 N/A 

 2nd MRI scan 61-62 N/A 

 Elevated plus maze 66-69 N/A 

 Novelty reactivity test 70-73 N/A 

 Novelty preference test 74-76 N/A 

 Progressive ratio task (including training) 80-84 115-150 

 Sucrose preference test (pre-stress) 143-161 147-165 

 Probabilistic reversal learning (including training) 241-277 N/A 

 Adulthood stress start 260-304; 

stress day 0 

N/A 

 3rd MRI scan 271-309; 

stress days 9-13 

N/A 

 Sucrose preference test (intra-stress) 276-321;  

stress days 16-17 

N/A 

 Sacrifice (inc. 3rd blood collection) 279-323; 

stress day 19 

N/A 

Figure 1. Experimental timeline. The range of post-natal days (PND) for the start and end of each 

procedure underwent by repeated maternal separation (RMS) and control animals are provided. 
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3 Repeated maternal separation has 

long-lasting behavioural consequences 

3.1 Introduction 

ELS in humans is associated with increased later-life symptoms and risk of diagnosis of 

depression, anxiety, and substance use disorders (Nelson et al., 2006; Trent et al., 2007; 

Danese et al., 2009; Wright et al., 2009; Cutajar et al., 2010; Spinhoven et al., 2010). 

Additionally, there is good evidence from meta-analyses that when these disorders do 

develop, their severity is considerably greater in individuals with a background of ELS 

(Nanni et al., 2012; Agnew-Blais and Danese, 2016).  

While ELS is associated with increased risk of these adverse outcomes, none occurs 

deterministically following any given type of ELS, per meta-analytic evidence (Teicher and 

Samson, 2013). The associations between ELS and risk of these disorders must therefore 

either be causally mediated by other exposures that simply frequently co-occur with ELS 

(e.g. low socioeconomic status or later-life stressor exposure), or must depend on interactions 

between the effects of ELS and other factors, potentially including individuals’ evolving 

environmental circumstances throughout childhood, adolescence, and adulthood (Fishbein et 

al., 2009; Wright et al., 2009; Teicher and Samson, 2016). Years or decades often pass 

between ELS exposure and the onset of clear mental or physical pathology, and during that 

time each exposed individual navigates an enormous number of social, financial, academic, 

and occupational decisions as they go about their daily lives (O’Rand et al., 2009; Wright et 

al., 2009). If ELS biases decision making in one or more of these contexts, over time this 

could potentially lead to engrained patterns of cognition, emotional responding, or behaviour 

that could eventually manifest as mental illness (Pine et al., 2005; Leppänen, 2006; Harmer et 

al., 2009; Gotlib and Joormann, 2010; Everaert et al., 2012; Humphreys et al., 2016; 

Raymond et al., 2021). If ELS slows decision making in certain contexts, this might 

indirectly or directly constrain occupational achievement and increase the risk of 

experiencing adulthood stress (DePrince et al., 2009; Fields et al., 2021).  

Here, to probe these possibilities, I used the probabilistic reversal learning (PRL) task to 

conduct novel measurements of the long-lasting effects of RMS on sensitivity to positive and 

negative feedback, as well as reaction time in a decisional context with negatively-valenced 
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stimuli. Because ELS appears to result in an attentional bias away from threat-associated 

stimuli, at least in adolescence (Pine et al., 2005; Humphreys et al., 2016; Weissman et al., 

2019), I predicted that ELS would increase negative feedback sensitivity on the probabilistic 

reversal learning (PRL) task. Additionally, because response times have been reported to be 

increased in human and non-human primate ELS on various tasks (Malter Cohen et al., 2013; 

Morin et al., 2019; Fields et al., 2021), particularly in the context of decisional tasks 

involving negatively valenced stimuli, I hypothesised that they would be prolonged in the 

PRL task. 

Although there have been a few discrepant reports (Rüedi-Bettschen et al., 2005; Kosten et 

al., 2006; Shu et al., 2015; Huang et al., 2021), well over a dozen studies have reported that 

RMS does not cause a long-lasting anhedonia, whether on the sucrose preference test (SPT) 

(Shalev and Kafkafi, 2002; Zhang et al., 2013; Harrison et al., 2014; Hill et al., 2014; Chocyk 

et al., 2015; Feldcamp et al., 2016; Gracia-Rubio et al., 2016; Mrdalj et al., 2016; Borges-

Aguiar et al., 2018; Wei et al., 2018; Stuart et al., 2019) or progressive ratio (PR) task 

(Shalev and Kafkafi, 2002; Zhang et al., 2005; Cruz et al., 2008; Stuart et al., 2019; Thornton 

et al., 2021). Although there was therefore little reason to anticipate a long-lasting anhedonia, 

I nevertheless conducted the SPT and PR task, so that I would be confident of detecting 

anhedonia if it was present and, if so, consider whether it might be contributing to any 

significant findings on the PRL task.  

I also conducted the elevated plus maze (EPM) as an index of anxiety-like behaviour 

(Cryan and Sweeney, 2011). I did not have strong hypotheses regarding the anticipated long-

term effect of RMS on this test, given that a recent meta-analysis revealed that increased and 

decreased anxiety-like behaviour following RMS have both been reported by large numbers 

of investigators (Tractenberg et al., 2016). Nevertheless, I conducted this test so that my 

interpretation of the results on PRL could be put in the context of any between-group 

differences in anxiety-like behaviour. 

As exploratory measurements, I also conducted the novelty reactivity test (NRT) and 

novelty preference test (NPT). The NRT is worth conducting in the context of the 

relationship between ELS and later-life risk for substance use disorders, given that high 

novelty reactivity has been shown to predict intravenous self-administration in rats of both 

amphetamine (Piazza et al., 1989) and cocaine (Belin et al., 2008). As with the NRT, the NPT 

is useful in interrogating the effects of ELS on addiction vulnerability factors, given that high 
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novelty preference has been shown to predict compulsive “addiction-like behaviour”, defined 

as persistent drug seeking or taking despite punishment (Belin et al., 2011). 

Finally, I used a novel subchronic stressor to explore whether RMS could interact with 

such a stressor to affect performance on the PRL task, including sensitivity to positive and 

negative feedback. As before, I also conducted the SPT to specifically index motivation for 

reward, to contextualize the PRL findings. I did not expect that RMS would predispose to 

anhedonia in response to the novel stressor used, which was much less intense than shock-

based stressors that have been previously used to induce anhedonia, with a lower number of 

shocks at lower voltage and lower duration (Kim et al., 2017). However, I expected that any 

pre-existing effects of RMS on the PRL task would be potentiated following stress, 

particularly given that non-RMS adulthood stressors can themselves affect PRL parameters 

including sensitivity to positive and negative feedback (Bergamini et al., 2016). 

3.2 Methods 

3.2.1 Arena-based behavioural testing 

Three behavioural tasks used involved monitoring animal performance in an arena or 

maze. For each of these tasks, the appropriate plexiglass arena was placed above a 1.1 m × 

1.1 m infrared-illuminated platform. Rat movements were recorded from above using an 

infrared camera (FLIR Systems, Wilsonville, OR, USA), and analysed using VideoTrack 

software (ViewPoint Behaviour Technology, Lyon, France). Rats were tested on each of 

these tasks only once. Testing always occurred during the dark phase of the light cycle, which 

occurred between 0900 and 2100. 

3.2.1.1 Elevated plus maze 

Rats were tested on the elevated plus maze (EPM) between PND 66-69. This task exploits 

rats’ natural fear of open and well-lit places in order to obtain a measure of anxiety (Pellow et 

al., 1985; Tucker and McCabe, 2017), calculated as the ratio of time spent in the exposed, 

brightly lit arms to the time spent in the closed, darker arms. The maze consisted of a plus-

shaped platform with four arms (45 cm length × 10 cm width) elevated 80 cm above the 

infrared-illuminated base. The closed arms were surrounded by a 45 cm tall opaque wall, 

while the open arms were surrounded by only a 1 cm tall transparent lip. Rats were placed 

individually in the centre of the maze such that each animal initially faced a closed arm. 
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Illumination was kept at 10-15 lux within the closed arms and 55-65 lux within the open 

arms.  

3.2.1.2 Novelty reactivity 

Novelty-induced locomotor reactivity was assessed between PND 70-73. In this task, rats 

were placed in a 50 cm × 50 cm × 50 cm arena with grey walls and a white floor, and their 

movements were recorded and tracked. Distance moved across the whole 2-hour session was 

determined. The arenas were brightly lit at 500-600 lux.  

3.2.1.3 Novelty preference 

The novelty preference test was performed between PND 74-76. The arena for this task 

contained two large rectangular chambers (20 cm × 50 cm × 50 cm) divided by a small 

rectangular alleyway (10 cm × 50 cm × 50 cm). The two large chambers differed in colour 

(white or black) and texture (smooth or dotted with small round pits). Rats were placed for 5 

minutes in the central alleyway and allowed to habituate, before a door was opened to one of 

the other two chambers for 25 minutes. Finally, doors were opened to both chambers for 15 

minutes, so that the animal could freely explore all three chambers. Novelty preference was 

defined as the time spent in the novel chamber (the second available chamber) as a 

percentage of the combined time spent in the familiar chamber (the first available chamber) 

and the novel chamber (Belin et al., 2011). Illumination within all three chambers was kept 

very low at < 2 lux.  

3.2.2 Sucrose preference test 

The sucrose preference test, a putative measure of anhedonia that, per systematic reviews 

of different stress procedures, is sensitive in the short-term to chronic high-intensity stress in 

animals (Vasconcelos et al., 2015; Antoniuk et al., 2019), was conducted in adulthood both 

before and during the adult stress. Testing before adult stress (“pre-stress”) was conducted at 

age 4.5-5.5 months and measured preference for 0.5%, 1%, and 2% sucrose over water. 

Testing during adult stress was conducted at age 9-10.5 months and measured preference for 

a 1% sucrose solution over water. Sucrose solutions were prepared fresh immediately before 

provision to animals, using food-grade sucrose (MP Biomedicals, Solon, USA). 

At each of the two testing timepoints, animals initially underwent three habituation steps. 

First, animals were provided with one bottle of 1% sucrose solution in their home cage for 24 

hours, in addition to the water normally available via the cage rack water delivery system. 
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After the 24 hours had concluded, animals were placed individually into large cages with 

clean bedding. One bottle containing 1% sucrose solution and one containing water were then 

provided. After 45 minutes, the bottles were removed and animals were placed back into their 

home cages. The next day, each animal was placed into the same cage as before for 45 

minutes, but this time the location of the sucrose bottle and water bottle were swapped.  

The following day, to conduct the test itself, each animal was again placed into the same 

cage, but was left there for four hours. The location of each bottle was reversed compared to 

the previous day, and these locations were again reversed two hours into the test session. At 

the pre-stress timepoint, tests of preference for the 0.5%, 1%, and 2% sucrose solutions were 

separated by a 44-hour washout period in the home cage. For a given animal, all sessions 

(habituation or test) in the test cage commenced at the same time of day, and the daily food 

ration was always provided approximately 20 hours prior to that time. 

The weight of the sucrose and water bottles was weighed before and after each test. For 

each bottle, the weight after was subtracted from the weight before, giving a measure of 

absolute sucrose solution and water consumption. Sucrose preference over the four hours was 

defined as the amount of sucrose solution consumed as a percentage of the total amount of 

sucrose solution and water consumed. 

3.2.3 Operant behavioural testing 

3.2.3.1 Apparatus 

Experiments were performed using eight identical operant chambers (Med Associates, St. 

Albans, VT, USA). Chambers were contained within fan-ventilated, light- and sound-

attenuating boxes. One wall of each chamber consisted of a 15-inch LCD touchscreen 

capable of infrared touch detection (Nexio Co. Ltd, Incheon, Korea), while the opposite wall 

contained a pellet receptacle with a head-entry detector and accompanying light. An 

electronic pellet dispenser delivered small 50% sucrose pellets (TestDiet, St. Louis, MO, 

USA) into the pellet receptacle as rewards for completing trials. Chambers were controlled 

using the K-Limbic software (Conclusive Marketing Ltd., High Wych, UK). 

3.2.3.2 Progressive ratio schedules of reinforcement 

The progressive ratio task was used to assess motivation for food reward. During each 

training or test session, animals were able to touch a single white square stimulus on the 

touchscreen a certain number of times to earn a pellet reward. The stimulus was always 
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located in the middle of the screen by width, and roughly 2 cm above the metal bar floor. 

Where a stimulus touch or omission resulted in pellet delivery, a 1 s tone (2.9 kHz) was 

generated, the magazine light was turned on, and the stimulus was removed from the screen. 

Upon head entry into the magazine, the magazine light was turned off, and a 5 s inter-trial 

interval was initiated, after which the stimulus was returned to the screen. Where a stimulus 

touch did not result in reward delivery, a 20 ms tone was generated and the stimulus was 

removed from the screen for 0.5 s. The house light remained off at all times. Animals 

underwent a maximum of one training or test session per day, and all training and testing 

occurred between PND 80-150 (~2.5-5 months of age). 

Rats were first exposed to a single pre-training session, intended to familiarise animals 

with the chambers and reward delivery. The stimulus was presented for up to 30 s at a time. If 

animals touched the stimulus once, or the 30 s period elapsed without any stimulus touch (an 

omission), reward was delivered as described above. The session was terminated after 100 

rewards were delivered or 45 min elapsed. 

Rats were then trained on a fixed ratio 1 (FR1) schedule of reinforcement, where each 

press on the stimulus was rewarded with a pellet. Animals were given repeated FR1 sessions 

until it was clear that they had acquired the task, demonstrated by their earning 100 pellets in 

a given session (Hailwood et al., 2018). Animals were then trained on a fixed ratio 5 (FR5) 

schedule, where 5 stimulus touches were necessary to earn a reward. When animals earned 

100 pellets in two FR5 sessions, or over 60 pellets on five sessions, they were moved to the 

progressive ratio task. 

Animals completed nine sessions on each of three motivationally demanding progressive 

ratio schedules: progressive ratio 4 (PR4), progressive ratio 8 (PR8), and progressive ratio 16 

(PR16). In progressive ratio schedules, the number of stimulus responses necessary to earn a 

reward increases by the specified number each time a reward is earned. For example, in PR4, 

the number of responses necessary to earn a reward increases as follows: 1, 5, 9, 13, 17, 21, 

25, 29, 33, 37, 41, and so on. Each session lasted for 45 minutes unless 100 pellets were 

earned or unless a time-out elapsed during which the animal ceased touching the stimulus for 

180 seconds.  

Measures of interest included the breakpoint, defined as the number of stimulus touches 

made during the last successfully completed trial, as well as the average time between the 

first stimulus presentation and response on each trial (latency to respond), and the average 
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time between reward delivery signalling and collection (latency to collect). The number of 

sessions each animal required to progress through the FR1 and FR5 training stages was also 

recorded. The total number of rewards earned represents a linear transformation of the 

breakpoint, and the total number of lever presses is highly correlated with the breakpoint, so 

neither was analysed here. 

3.2.3.3 Probabilistic reversal learning 

The probabilistic reversal learning task was used to measure multiple aspects of reward- 

and punishment-associated behaviour. In the first stage of training (touch training A), at the 

start of each trial, a visual stimulus was randomly presented on either the left or right side of 

the touchscreen. The visual stimulus consisted of a white square overlayed with a thick black 

‘X’. If the stimulus was touched by the animal, it was rewarded: a 0.5 s tone was generated, 

the pellet receptacle light was turned on, and a sucrose pellet was delivered. The receptacle 

light remained on until the animal made a head entry into the receptacle, at which point the 

light was turned off, concluding the trial and initiating a 5 s inter-trial interval (ITI). 

The second stage of training (touch training B) was identical to the first, except that 

background touches were punished. If an animal touched an area of the touchscreen where no 

stimulus was being presented, the house light was turned on for 5 s, and then the receptacle 

light was turned on until the animal made a head entry, at which point the light was turned 

off, concluding the trial and initiating a 5 s ITI. 

The third stage of training consisted of a deterministic reversal learning (DRL) task. In this 

task, two visually identical stimuli were always presented simultaneously, with one stimulus 

each on the left and right sides of the touchscreen. At any given time, one of these stimuli 

was the ‘correct’ stimulus and one was the ‘incorrect’ stimulus. During the DRL task, a touch 

on the correct stimulus resulted in reward (described above) on 100% of trials, while a touch 

on the incorrect stimulus resulted in punishment (described above) on 100% of trials. If an 

animal touched the correct stimulus eight trials in a row (suggesting that it had successfully 

identified the correct stimulus), the correct and incorrect stimuli were reversed, such that the 

side that was previously rewarded during 100% of trials was now punished during 100% of 

trials. 

The PRL task was identical to the DRL task, except that the correct stimulus resulted in 

reward randomly on 80% of trials and punishment on 20% of trials, while the incorrect 

stimulus resulted in reward randomly on 20% of trials and punishment on 80% of trials. 
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For each animal, only one chamber session was conducted per day. Sessions concluded 

after either 40 minutes had passed, or 200 trials were completed. Animals commenced touch 

training A approximately 3-4 weeks in advance of the day they were scheduled to commence 

the adult stress. Animals were progressed to touch training B once they had completed one 

session of the touch training A in which they earned at least 100 rewards. Animals were 

progressed to the DRL task once they had completed two consecutive sessions of touch 

training B in which they earned at least 100 rewards on both occasions. Animals were 

progressed to the PRL task once they had completed two consecutive sessions of the DRL 

task in which they achieved at least 4 reversals on both occasions. Once they began touch 

training, animals completed one session daily of the appropriate task up to and including the 

first day of the adult stress, when they were tested in the morning and commenced on the 

stress in the afternoon. After adult stress commencement, they were tested on stress days 3 

and 6, and also day 11 where this did not conflict with an MRI scan. Almost all animals 

completed at least seven sessions of the PRL task before the adult stress began, but many did 

not complete more sessions than this, so pre-stress analysis was limited to the first seven 

sessions. Animals were ~8-9 months old at commencement of touch training, and ~8.5-9.5 

months old at conclusion of the seven initial pre-stress sessions of the PRL task.  

Several behavioural indices were extracted from the raw data for each session. The trial 

count was recorded, and to describe the animal’s proficiency at the task among completed 

trials, the proportion of responses on the correct stimulus was calculated. The average latency 

between stimulus presentation and stimulus selection was calculated (latency to respond), and 

the average latency between reward signalling onset and reward collection was calculated 

(latency to collect). Prior to calculation of these means, to minimise the impact of extreme 

intra-session outliers, latency data were winsorized within each session using a conservative 

threshold of 3.5 median absolute deviations (Iglewicz and Hoaglin, 1993; Leys et al., 2013; 

Alfons, 2019). The number of reversals was recorded, as was the average number of 

perseverations per reversal. Perseverations were defined as serial touches on the newly-

incorrect target following reversal, not including the first post-reversal incorrect touch (if one 

occurred). Thus, if an animal touched the incorrect target twice immediately following 

reversal, one perseveration would have been scored for that reversal. For both of the touch 

training tasks and for the DRL task, the number of sessions each animal took to achieve 

criterion and thus progress to the next task was recorded.  
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Detailed information on animal decision-making was also extracted (Bari et al., 2010; 

Phillips et al., 2018; Alsiö et al., 2019). During the PRL task, on any given trial, there were 

four possible outcomes: the animal touched the correct stimulus and was rewarded (a “win on 

correct” or “correct-win”), the animal touched the correct stimulus and was punished (a “loss 

on correct” or “correct-loss”), the animal touched the incorrect stimulus and was rewarded (a 

“win on incorrect” or “incorrect-win”), and the animal touched the incorrect stimulus and was 

punished (a “loss on incorrect” or “incorrect-loss”). Thus, there were four possible contexts 

for the animal’s decision on the next trial, all involving varying histories of reward and 

punishment, including immediate-past (win/loss) and historical (correct/incorrect). Each pair 

of trials was examined to determine how the animal on average responded to each of these 

different contexts. The animal’s choices in the ‘win’ (rewarded) contexts were described as 

the proportion of trials on which the animal ‘stayed’ on the same target, i.e. selected the same 

stimulus as in the previous trial. The animal’s choices in the ‘lose’ (punished) contexts were 

usually described as the proportion of trials on which the animal ‘shifted’ to the alternative 

target, i.e. selected the stimulus not selected in the previous trial. 

3.2.4 Data analysis 

Parametric methods were used for analyses of arena-based behavioural testing, intra-stress 

sucrose preference, predicting session-level task performance from correct-win stay 

proportion and incorrect-loss shift proportion, and trial-by-trial analyses predicting whether 

the animal chose the same target as a previous trial. Nonparametric methods were used in all 

other cases. 

Model structures are reported in the statistics tables in Appendix 7.1.1. For intra-stress 

analyses, models included baseline as a predictor (Senn, 2006; Landau et al., 2018; Wan, 

2021). For PRL analyses, a baseline for each metric was created for each animal by taking the 

median over its final pre-stress PRL sessions. For SPT analysis, each animal’s total pre-stress 

sucrose preference was used as its baseline, defined as the total sucrose solution consumed 

over the three pre-stress tests as a percentage of the total amount of sucrose and water 

consumed in that time. For body weight analysis, each animal’s median weight over the 

thirteen days before the first stress day was used as the baseline. Before inclusion in models, 

baseline variables were first mean-centred.  

Body weight was measured at varying intervals from PND 20 through sacrifice. For 

analysis of pre-stress body weight, age was divided into bins of seven days each, starting 
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from PND 20, and each animal’s weight measurements were averaged for each bin. Because 

animals commenced adult stress at different ages, weights taken during adult stress were 

excluded from calculation of per-animal averages, and analysis extended only to the bin 

starting at PND 258, because large numbers of animals progressively commenced the 

adulthood stress shortly after that age. Because weight was not linear over time, age was 

treated as a categorical variable. For post-stress analysis, no binning was performed, and 

stress day was treated as a continuous variable because animals’ weights were linear over 

time. 

For PR and PRL analyses, all models treated session number as a continuous variable, 

both to minimise type II error by conserving degrees of freedom and because no frankly non-

linear relationships between session number and any response variables were apparent on 

exploratory data visualisation. Where a two-term interaction involving group and session was 

significant with no significant higher-order interactions, this was followed up with a pairwise 

comparison between groups at both the first and last session. Where a three-term interaction 

involving group, gender, and session was significant, a new model was fit for each gender. 

Where a four-term interaction involving group, gender, session, and past trial outcome was 

significant, up to two sets of pairwise comparisons were performed. Pairwise comparisons 

were always between the two groups (MS and control), within the combinations of the levels 

of gender (male and female) and past trial outcome (reward or punishment). First, pairwise 

comparisons using emtrends were performed to compare the slopes across session number. 

Where slope comparisons were significant, pairwise comparisons using emmeans were 

performed to compare the EMMs at the first and last sessions. Where slope comparisons were 

non-significant, main effects of group were assessed: pairwise comparisons were performed 

using emmeans to compare the EMMs at the average session number between groups. 

To probe the influence of historical trial outcomes on future decision making, three 

logistic mixed-effects models were constructed. These modelled the probability of an animal 

selecting the same target it selected on the previous 1, 2, and 3 trials, based on the interaction 

between group, gender, session number, and trial outcome (reward or punishment). Because 

multiple observations from each session were included in the dataset, two random intercepts 

were modelled: subject and session within subject. Post-hoc comparisons were performed 

using two-sample z-tests, first of the slope across session and then between EMMs in the 

form of the log odds of choosing the same target as on the previous trial.  
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3.3 Results 

3.3.1 RMS did not have long-lasting effects on body weight 

 Animal body weight before adulthood stress was analysed from PND 20 through PND 

258. No significant or trend effects involving group were identified (Appendix 7.1.1.1). 

Regardless, because visualization (Figure 1) of bootstrapped estimated marginal means 

suggested possible group differences over the first several age bins, and because of the 

possibility that the much more numerous and higher-variance bins with no apparent group 

differences could potentially compromise the sensitivity of the ANOVA to capture a small 

number of early group differences, exploratory post-hoc testing was performed. This revealed 

significant group differences at PND 20 (t108.4 = 0.62, p < 1e-4), PND 27 (t137.8 = 1.17, p = 

0.023), PND 34 (t137.8 = 1.33, p = 0.01), and PND 41 (t108.4 = 0.73, p = 2e-4), with RMS 

animals having a lower body weight at these early post-RMS timepoints. Body weight of 

RMS animals recovered well before young adulthood, and ultimately RMS animals had non-

significantly higher body weights throughout almost all of adulthood. 

 

Figure 1. Repeated maternal separation (MS) did not have long lasting effects on body weight 

prior to adult stress. Animals were weighed periodically from PND 20 through to sacrifice. For the 

analysis of weights before adult stress, animals’ pre-stress weights were averaged within seven-day 

bins. Mixed-effects ANOVA revealed no main or interaction effects involving group (MS vs control), 

but exploratory post-hoc testing suggested that MS caused a lower weight over the first four weeks 

following its completion (n = 28-29 per group). 
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Body weight data were also examined for a differential effect of stress between groups. 

This analysis covaried for baseline weight, and revealed a trend (F1,49.0 = 3.61, p = 0.064) 

main effect of group (Figure 2), with RMS animals having a lower body weight across the 

stress period (RMS 395.4 ± 2.4 g vs controls 400.5 ± 2.0 g). 

 

Figure 2. Repeated maternal separation (MS) did not cause significantly different body weight 

in the context of later-life stress. Animals were weighed at least four times (median: 6, maximum: 9) 

between stress days 4 and 18. Modelling adjusted for each animal’s baseline, which was the median 

weight over the thirteen days preceding the stress day. A trend (p = 0.064) main effect of group was 

observed, with RMS animals having lower body weight in the context of later-life stress (n = 27 per 

group). 

3.3.2 RMS did not affect anxiety-like behaviour or response to 

novelty 

Roughly seven to eight weeks after the conclusion of maternal separation, a battery of tests 

sensitive to anxiety-like behaviour was conducted. The test battery included the elevated plus 

maze (EPM), the novelty preference (NP) test, and the novelty reactivity (NR) test. There 

was no main or interaction effect involving group on any of these measures (Figure 3).  
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Figure 3. Repeated maternal separation (MS) did not have long-lasting effects on anxiety-like 

behaviour or response to novelty. Animals were tested for anxiety-like behaviour in early adulthood 

on the elevated plus maze (EPM), as well as for novel environment preference and locomotor 

reactivity to a novel environment. Results for the EPM are given as the time spent in the open arms as 

a percentage of the total time spent in either the open or closed arms across the five-minute test 

session. Novelty preference results represent the time spent in the novel chamber as a percentage of 

the time spent in either the novel or familiar chamber across the 15-minute test session. Novelty 

reactivity results are expressed as the total distance moved across the two-hour test session. There was 

no effect of maternal separation on any of these measures (n = 28-29 per group). 

3.3.3 RMS did not affect sucrose preference 

Preference for sucrose solution over water was measured both before and after adult stress 

in a series of two-bottle choice tests lasting four hours each. There were no significant or 

trend effects involving group at either timepoint (Figure 4), indicating that maternal 

separation had no persistent effect on sucrose preference or on susceptibility to change in 

sucrose preference in response to the adult stress. 

 

Figure 4. Repeated maternal separation (MS) did not affect sucrose preference. MS and control 

animals (n = 27-28 per group) were tested on the sucrose preference test in early adulthood in the 

absence of any recent stress and in late adulthood during a novel chronic stress. In early adulthood, 

three sucrose concentrations were used, whereas in late adulthood, only 1% sucrose was used. There 

were no differences between groups in any of the conditions examined. 

3.3.4 RMS decreased latency to respond for reward but did not 

affect reward-motivated effort 

Motivation for reward was assessed using progressive ratio schedules of reinforcement. 

Animals first progressed through one pre-training session and a variable number of fixed 

ratio 1 (FR1) and fixed ratio 5 (FR5) training sessions, before ultimately being tested on 
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progressive ratio (PR) 4, 8, and 16 schedules over nine sessions each. Only three of 58 

animals were excluded from parts of this analysis: two completely and one from PR16 

onwards, all due to illness (one did not recover from anaesthesia on PND 20, and two 

developed likely bowel obstructions of unknown origin in adulthood and so were euthanised). 

All other animals met criterion for both FR1 and FR5 and fully completed the PR stages. No 

significant differences were observed between groups in the number of sessions to criterion 

for FR1 or FR5 (Figure S3.1). 

There was a main effect of group on latency to respond during both the PR4 task (F1,52 = 

5.17, p = 0.024) and PR16 task (F1,51 = 5.36, p = 0.024) (Figure 5). On PR4, RMS animals 

were quicker to respond on average by 3.7 seconds, with response times of 15.8 ± 0.6 

seconds compared to 19.5 ± 1.1 seconds for controls. On PR16, RMS animals were quicker 

to respond by 9.2 seconds, with response times of 33.3 ± 1.6 seconds compared to 42.5 ± 2.6 

seconds for controls. 

For PR8 there was a trend for a main effect of group (F1,52 = 2.85, p = 0.099), with RMS 

animals being quicker to respond by 4.2 seconds, at 25.3 ± 1.5 seconds as opposed to 29.5 ± 

1.3 seconds for controls. 

There were no significant interactions involving group for latency to respond, and there 

were no significant main or interaction effects involving group for either the breakpoint or 

latency to collect reward. 
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Figure 5. Repeated maternal separation (MS) decreased latency to respond for reward on a task 

with no decisional burden. Animals were tested in adulthood on the progressive ratio (PR) 

paradigm, a simple task in which they were presented with one touchscreen stimulus and could touch 

it an increasing number of times to earn a sucrose reward. They were advanced through three 

schedules of reinforcement with progressively increasing motivational demand: PR4, PR8, and PR16 

(n = 27-28 per group for all tasks). While no differences were found between MS and control animals 

in the number of responses they were willing to complete to earn one reward, MS animals were 

consistently faster than controls in making their first touch on the stimulus following commencement 

of a new trial. There were no differences between groups in time to collect the sucrose pellet 

following the signalling of its delivery. 

3.3.5 RMS did not affect acquisition of PRL training stages 

Before commencing the PRL task, animals progressed through three training tasks by 

reaching a requisite level of performance on each: touch training A, touch training B, and 

deterministic reversal learning (DRL). Animals were then tested both before and during adult 

stress, allowing pre- and post-stress analysis. Pre-stress analysis was conducted over each 
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animal’s first seven PRL sessions, while post-stress analysis used each animal’s final five 

PRL sessions before the adult stress as a baseline, together with measurements on days 3, 6, 

and 11 post-stress. 

Of the 58 animals in the study, 10 were excluded from the pre-stress analysis: three passed 

away before touch training commenced (causes described earlier), one became ill during the 

DRL stage (unwell-appearing without improvement so euthanised; cause not identified on 

pathological examination), one was incorrectly trained (DRL was skipped), and the 

remaining five (2/11 RMS females and 3/13 control females) acquired the tasks too slowly to 

have completed seven sessions of the PRL stage before the adult stress was scheduled to 

commence. For the post-stress analysis, one animal that had completed exactly five pre-stress 

PRL sessions was eligible for this analysis but not the pre-stress analysis, but an additional 

animal became ill during the stress period and so was excluded, for a total again of 48 

included animals. Fourteen animals, balanced for group within each gender, underwent MRI 

scans on stress day eleven and so were not tested on that day; this missing data were handled 

statistically using mixed effects modelling.  

Among animals included in the pre-stress analysis, there were no significant differences 

between RMS and control animals in the number of sessions to achieve criterion for the touch 

training B and DRL stages, while statistical analysis was not performed for Touch Training A 

sessions-to-criterion because all animals had the same value (i.e. 1 session) except two 

control females (Figure S3.2). Among animals included in the post-stress analysis, there was 

a trend (F1,44 = 3.05, p = 0.088) for a difference in the number of sessions completed by the 

time of adult stress onset, with RMS animals having slightly more experience on the PRL 

task, at 15.3 ± 0.9 sessions compared to 12.8 ± 0.9 sessions for controls. 

3.3.6 RMS slowed decision making on the PRL task, and caused 

a long-lasting susceptibility to stress-induced exacerbation 

of this deficit 

In both the pre- and post-stress PRL analyses, the effect of maternal separation on the 

following behavioural parameters was examined: overall task performance (correct target 

selection), trial count, latency to respond on a stimulus, latency to collect reward, incorrect-

loss shift proportion, correct-loss shift proportion, incorrect-win stay proportion, correct-win 

stay proportion, number of reversals, and perseverations per reversal. Post-stress analyses 
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were intended to assess for differential responses to adult stress by RMS and control animals, 

so all post-stress test and descriptive statistics are adjusted for any influence of baseline 

(Senn, 2006; Landau et al., 2018; Wan, 2021). 

Across the first seven PRL sessions, in the initial mixed-effects model involving the three 

main terms (group, gender, and session) plus full interactions, RMS had a significant main 

effect on latency to respond (F1, 44 = 10.01, p = 0.002) in the absence of any interaction with 

session or gender (Figure 6). Specifically, RMS increased the average time animals took to 

choose between the two stimuli by ~450 ms, from 1201.9 ± 46.5 ms to 1654.0 ± 89.2 ms, and 

this difference was consistent across sessions, even as both groups became quicker at 

responding with time.  

RMS animals also had significantly greater latency to choose a stimulus during the adult 

stress period than controls (F1,41.7 = 8.83, p = 0.004), taking 1701.0 ± 98.8 ms to decide 

compared to 1279.8 ± 66.6 for controls, despite controlling for any baseline differences 

(Figure 4).  

Despite the robust effects on latency to respond, there were no significant main or 

interaction effects involving group on latency to collect. 
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Figure 6. Repeated maternal separation (MS) caused a long-lasting slowing of decision making 

on the PRL task, and adult stress exacerbated this effect. Animals were tested on the spatial 

probabilistic reversal learning (PRL) paradigm, in which they were presented with two visually 

identical stimuli on a touchscreen and had to select one to respond on. The “correct” target was 

rewarded 80% of the time and punished (signalled non-reward) 20% of the time, while these 

probabilities were inverted for the “incorrect” target. After 8 consecutive responses on the correct 

target, the correct and incorrect targets were reversed. The number of reversals completed per session 

was typically between 2-5. Left panels: Across their first seven PRL sessions, MS animals (n = 24) 

were consistently slower than controls (n = 24) to respond on one of the two stimuli, while exhibiting 

a similar latency to collect reward as controls. Right panels: Animals underwent daily probabilistic 

reversal learning (PRL) testing until commencement of the adult stress, after which they were tested 

on two (MS n = 24-25, control n = 23) or three (MS n = 18, control n = 16) further sessions. Each 

animal’s median performance across the final five sessions before commencement of adult stress was 

taken as its baseline (stress day 0). Regression lines shown across stress days 3-11 are adjusted for 

any influence of baseline, and thus differences represent differential effects of stress. Adult stress 

increased latency to respond for MS animals considerably more than it did for controls. Adult stress 

also increased latency to collect, but not significantly differently for MS and control animals. 
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3.3.7 RMS caused an initial desensitising of females and 

sensitising of males to the negative outcome on the PRL 

task, impairing and improving task performance 

respectively 

Regarding the non-latency pre-stress analyses (Figures 7, 8, and S3.3), the group × gender 

× session interaction term was significant for two response variables: correct target selection 

(F1,284 = 11.28, p = 0.001) and shift proportion following incorrect losses (F1,284 = 15.24, p < 

0.0001). Each three-way interaction was followed up by constructing a separate mixed-

effects model for each gender.  

The female-specific mixed-effects models (Figure 7) revealed a significant group × 

session interaction on shifting following a loss on the incorrect target (F1,112 = 6.25, p = 

0.015), and a trend for a group × session interaction on overall task performance (F1,112 = 

4.17, p = 0.099). Regarding the incorrect-loss shift proportion, maternally separated animals 

initially performed worse at session one, shifting only 54.1 ± 2.4 % of the time compared to 

63.9 ± 1.6 % for controls (t55.3 = 3.36, p = 0.006), but by session seven there was no 

difference between groups, with RMS animals shifting 61.2 ± 2.2 % of the time and controls 

shifting 60.9 ± 1.3 % of the time (t55.3 = -0.10, p = 0.91). While post-hoc testing was not 

performed for overall task performance due to the trend significance level, similar trajectories 

were evident: RMS females initially touched the correct target only 61.6 ± 1.9 % of the time 

compared to controls at 65.8 ± 0.8 %, but by session seven this difference had closed, with 

RMS animals scoring 64.7 ± 0.9 % and controls scoring 65.4 ± 1.8 %. 

For males, both response variables had significant group × session interactions (Figure 8). 

With respect to correct target selection (F1,172 = 7.52, p = 0.004) and shifting following losses 

on the incorrect target (F1,172 = 9.86, p = 0.003), the performance of maternally separated 

males worsened or remained constant while controls improved over time. Initially, RMS 

males achieved better task performance, selecting the correct stimulus 68.4 ± 0.8 % of the 

time compared to 65.4 ± 0.9 % of the time for controls (t75.4 = -2.60, p = 0.030), but by day 

seven this discrepancy had abated, with RMS animals scoring 68.2 ± 0.6 % and control 

animals scoring 69.3 ± 0.5 % (t75.4 = 0.98, p = 0.20). On incorrect-loss shift proportion, RMS 

animals initially performed non-significantly better, at 65.9 ± 1.6 % shifting vs 60.5 ± 2.1 % 

shifting for controls (t91.7 = -2.25, p = 0.068), but by day seven, controls performed 
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significantly better, at 66.5 ± 1.4 % shifting vs 61.3 ± 1.1 % shifting for RMS animals (t91.7 = 

2.16, p = 0.008). 

There were no other main effects of group, and similarly the group × gender interaction 

term was not significant for any response variables in the pre-stress analysis. 
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Figure 7. Repeated maternal separation (MS) females initially responded less appropriately to 

repeated non-reward. During the first of the seven initial probabilistic reversal learning (PRL) 

sessions, in situations where animals had selected the incorrect (i.e. historically 80% non-rewarded) 

target on the previous trial and again ‘lost’ (i.e. received no reward), MS females (n = 9) chose the 

incorrect target again more often than controls (n = 10). Correspondingly, on overall task 

performance, there was a trend for an interaction between group and session (p = 0.099). Groups did 

not differ on other measures of punishment or reward sensitivity, or in trials completed.  
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Figure 8. Repeated maternal separation (MS) males initially responded more appropriately to 

repeated non-reward. During the first of the seven initial probabilistic reversal learning (PRL) 

sessions, MS males (n = 15) selected the correct target more often than controls (n = 14). This seemed 

to be driven by the tendency of MS males to switch more frequently than controls to the correct target 

in the context of having selected the incorrect (i.e. historically 80% non-rewarded) target on the 

previous trial and then having ‘lost’ (i.e. received signalled non-reward, or ‘punishment’). Groups did 

not differ on other measures of punishment or reward sensitivity, or in trials completed.  
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3.3.8 RMS caused a long-lasting susceptibility to stress-induced 

impairment of PRL task performance, likely driven 

predominantly by stress-induced desensitisation to the 

negative outcome 

Regarding the non-latency intra-stress analyses (Figures 9 and S3.3), two significant 

effects involving group were identified, both after controlling for any influence of pre-stress 

baseline on intra-stress values of each metric. 

For overall task performance, there was a significant interaction between group and stress 

day (F1,88.4 = 6.82, p = 0.003). Initially, at stress day three, RMS animals performed worse, 

with 63.1 ± 0.8 % correct touches vs controls with 66.2 ± 0.7 % correct (t107.5 = 2.60, p = 

0.009), but performance of RMS animals recovered such that by day eleven there was a trend 

for worse performance by controls (RMS 67.3 ± 1.1 % vs control 65.1 ± 0.7 % correct, t118.6 

= -1.54, p = 0.083).  

For incorrect-loss shift proportion, there was a trend for a group by stress day interaction 

that followed the same trajectory as for correct target selection (F1,87.9 = 3.24, p = 0.055). 

RMS animals initially performed worse, with 60.2 ± 1.2 % shifting compared to 64.4 ± 1.4 % 

shifting, but ultimately had similar shift proportions, with RMS animals at 65.4 ± 2.0 % 

compared to 62.8 ± 1.6 % for controls.  



75 

 

 

Figure 9. Repeated maternal separation (MS) conferred a long-lasting susceptibility to greater 

stress-induced impairment of PRL performance. Following application of the adult stress, there 

was a significant group × session effect on task performance and a trend for a group × session effect 

on incorrect-loss shift proportion. The former interaction revealed a significant effect of group at day 

3 of stress. No significant effects involving group were observed on the trial count or target choice in 

any of the other three decisional contexts. At stress days 3-6, MS n = 24-25 and control n = 23. At 

stress day 11, MS n = 18 and control n = 16.  



76 

 

3.3.9 Incorrect-loss shift proportion and correct-win stay 

proportion are specific and sensitive indices of punishment 

and reward sensitivity 

As noted above, in my study, there were effects within both genders of RMS on incorrect-

loss shift proportion, but not on correct-loss shift proportion. Both metrics, along with last-

trial-loss shift proportion, have been interpreted as representing punishment sensitivity, so a 

brief discussion and further analyses are provided to probe the discrepancy. 

In the PRL literature relating to stress and depression, incorrect-loss shift proportion has 

only occasionally been calculated (Dickstein et al., 2010). Simultaneously, correct-loss shift 

proportion or count has been frequently calculated and often interpreted as reflecting 

sensitivity to negative feedback (Murphy et al., 2003; Taylor Tavares et al., 2008; Dickstein 

et al., 2010; Dombrovski et al., 2010; Dombrovski et al., 2015). The rationale is that subjects 

that shift more frequently than others following ‘misleading’ punishment on the correct target 

might potentially be interpreted as being inappropriately hypersensitive to the loss, because a 

less sensitive subject would ignore the negative feedback and re-select the historically 

rewarded correct target. However, while increases in this metric could indeed be driven by 

increased sensitivity to punishment, they could equally be driven by decreased sensitivity to 

reward. If reward has any influence on future decision-making beyond the immediate-next 

trial, then an animal who is less sensitive to reward than another animal would be less likely 

to choose the correct target again after a correct-loss, even if both animals are equally 

sensitive to punishment. 

Both correct-loss shift proportion and incorrect-loss shift proportion are calculated using 

trial pairs where there was a loss on the first trial, so the discrepancy must be explained by 

the outcomes of previous trials. One possible explanation is that RMS and control animals are 

specifically differentially influenced by the historical punishment typically associated with 

the incorrect target, while somehow not being differentially sensitive to immediate-past 

punishment given the lack of any RMS effect on correct-loss shift proportion. In other words, 

the hypothesis is that past punishment, but not current punishment, affects the groups’ future 

decision making differently. Another explanation is that the historical reward associated with 

the correct target is influencing future decision making to such a degree that it obscures 

between-group differences in sensitivity to punishment that would otherwise be apparent in 

correct-loss shift proportion. 
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To probe these possible explanations, I constructed three mixed effects logistic regression 

models, each of which predicted the probability of an animal selecting the same target as it 

selected on the past 1, 2, and 3 trials, based on group, gender, session number, and the 

outcome of the past trial (reward or punishment). This modelling yielded two key insights.  

Firstly, where animals were punished on the immediate-past trial, there were significant 

effects of group (for females) or group × session (for males) that were extremely similar to 

the effects of group or group × session on incorrect-loss shift behaviour, whereas there was 

no differential effect of 2nd- or 3rd-last trial punishment on the future decisions of RMS and 

control animals (Figure 10 or see Appendices 7.1.1.8 and 7.1.1.9 for detailed statistics). This 

provides strong evidence against the hypothesis that the discrepancy between the incorrect-

loss shift and correct-loss shift results is due to a differential impact of historical punishment 

between groups. 

Secondly, for both groups and in both genders, the effect of historical reward on future 

decision making was greater than the effect of immediate-past punishment (indicated by the 

larger distance of the reward trendlines than the punishment trendlines from the dashed 

chance-decision line), suggesting that the correct-loss shift metric may actually be influenced 

more by reward sensitivity than punishment sensitivity. Indeed, this hypothesis was 

supported by the higher degree of correlation of correct-loss shift proportion with correct-win 

stay proportion (ρ = 0.28) than with incorrect-loss shift proportion (ρ = 0.18) (Figure 11). To 

follow this up, I conducted a multiple regression in which I predicted correct-loss shift 

proportion from the correct-win stay and incorrect-loss shift proportions, across all pre-stress 

sessions. There was a highly significant effect of reward sensitivity (F1,333 = 31.02, p = 5e-

08), while punishment sensitivity was not even significantly predictive (F1,333 = 3.01, p = 

0.084). Even last-trial-loss shift was corrupted to some extent by reward sensitivity, because 

although incorrect-lost shift (F1,333 = 763.61, p = 3e-88) predicted a much greater portion of 

the signal, correct-win stay (F1,333 = 14.41, p = 2e-04) was also significantly predictive. This 

was not surprising, given that roughly one third (34%) of all losses were correct-losses. 

Meanwhile, last-trial-win stay proportion was a similarly pure measure to correct-win-stay 

proportion of reward sensitivity (F1,333 = 5004.22, p = <2e-16), given that incorrect-loss shift 

had no ability to predict it (F1,333 = 0.87, p = 0.35). Again, this made sense, given that 89% of 

all wins were correct-wins, so there was little historical punishment that could have obscured 

the reward sensitivity signal. 
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Altogether, these results support the idea that incorrect-loss shift proportion is a more 

sensitive and specific index of sensitivity to negative outcomes than both correct-loss shift 

proportion and conventional (any target) last-trial-loss shift proportion. Because both of these 

latter metrics are calculated using trial pairs where the first trial is or may be the correct 

target, they will both be impacted by between-subject differences in reward sensitivity. The 

influence of historical reward on future decision making makes these metrics comparatively 

noisy and also vulnerable to confounding by between-group differences in reward sensitivity. 

Similarly, correct-win stay proportion should represent a relatively sensitive and specific 

measure of reward sensitivity compared to incorrect-win stay proportion and conventional 

last-trial-win stay proportion.  
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Figure 10. Repeated maternal separation (MS) animals were not differentially influenced by 

historical (2nd-last-trial or 3rd-last-trial) punishment or reward, and historical reward had a 

larger influence on future decision making than immediate-past punishment for both groups. 

Three logistic regression models were constructed which sought to predict animals’ decision making 

based on whether they were punished or rewarded one, two, and three trials ago, as well as based on 

group, gender, and session number. The significant effects involving group that emerged in this 

modelling were limited to the model examining the influence of the immediate-past trial outcome, and 

these effects closely mirrored the described effects on incorrect-loss shift proportion. This figure 

demonstrates that even historical reward has a larger impact on future decision making than 

immediate-past non-reward, which likely limits the ability of correct-loss shift proportion to capture a 

clear punishment sensitivity signal.  
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Figure 11. Correlations between session-level probabilistic reversal learning (PRL) metrics 

calculated using pre-stress sessions. This plot of pairwise spearman’s rho yields several important 

insights. Firstly, task performance (correct touch %) is most strongly predicted by correct-win stay 

proportion and incorrect-loss shift proportion. Secondly, incorrect-loss shift proportion and correct-

win stay proportion are negligibly correlated with one another, indicating that reward and punishment 

sensitivity are separable aspects of animal behaviour that can be measured using the PRL task. 

Thirdly, correct-loss shift proportion, which is widely interpreted as a measure of punishment 

sensitivity, has a greater association with correct-win stay proportion than with incorrect-loss shift 

proportion, indicating a greater influence on that metric of reward sensitivity than of punishment 

sensitivity. Finally, latency to respond, which is robustly increased in RMS animals and is increased 

more in those animals than in controls by adult stress, is orthogonal to all other behavioural metrics.  
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3.3.10 Punishment sensitivity and reward sensitivity are 

minimally correlated and together explain most of the 

variability in PRL task performance 

Across all pre-stress sessions, correct-win stay proportion had only a weak correlation (ρ = 

0.13) with incorrect-loss shift proportion, indicating that reward sensitivity and punishment 

sensitivity are minimally related and represent distinct aspects of animal behaviour, even 

though punishment is signalled non-reward. Exploratory data visualisation revealed that both 

variables had a fully linear relationship with correct touch proportion. In a linear model in 

which only these two terms were used to predict correct touch proportion, the adjusted R-

squared indicated that these metrics together accounted for 81.04% of the variability in task 

performance. The F statistic for correct-win stay proportion (F1,333 = 699.56, p = 8e-84) was 

25% larger than the statistic for incorrect-loss shift proportion (F1,333 = 559.59, p = 3e-73), 

indicating that differences in reward sensitivity between animals and between sessions 

accounted for a slightly larger proportion of the variability in task performance than 

punishment sensitivity did. 

3.4 Discussion 

3.4.1 RMS, weight, and energy balance 

Here, I reported that RMS animals had a lower body weight over the first four weeks 

following conclusion of RMS, although these findings were only significant on post-hoc 

testing conducted despite the absence of an interaction effect between group and age.  

These findings are broadly consistent with those of previous investigators. Studies 

generally report that RMS animals have a lower body weight at or shortly after the 

conclusion of RMS (Desbonnet et al., 2010; Meagher et al., 2010; Nakamura et al., 2011; 

Grassi-Oliveira et al., 2016; Arabameri et al., 2017; Moya-Pérez et al., 2017), although no 

difference is sometimes found (Rüedi-Bettschen et al., 2006; Chocyk et al., 2013). Where 

body weight in later life has been reported, these studies have often reported normalisation of 

body weight by young adulthood (Desbonnet et al., 2010; Grassi-Oliveira et al., 2016; Moya-

Pérez et al., 2017; Huang et al., 2021), although other studies have reported that RMS 

animals were still underweight by young adulthood (Nakamura et al., 2011; Paternain et al., 
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2012), while other studies reported increased weight of RMS animals in adulthood (Avitsur 

and Sheridan, 2009; Kiank et al., 2009). 

In the present study, it is possible that both lower energy intake and higher energy 

expenditure contributed to the initially lower weight. In a recent systematic review, it was 

reported that where studies have assessed the effect of RMS in rats on arched-back (active) 

nursing and/or passive nursing, the majority of studies found that dams demonstrated 

increased active nursing and no change to passive nursing  (Orso et al., 2019). This includes 

studies that have exhaustively measured nursing behaviour at numerous times of day, which 

have consistently reported more than double the frequency of arched-back nursing compared 

to control dams over the immediate-post-RMS observation periods (Rüedi-Bettschen et al., 

2006; Couto et al., 2012; Chocyk et al., 2013; Biggio et al., 2014), but which have also 

reported elevated arched-back nursing up to seven hours later (Rüedi-Bettschen et al., 2006; 

Couto et al., 2012; Chocyk et al., 2013), and even in the hour before the next RMS episode 

was due to commence (Rüedi-Bettschen et al., 2006; Chocyk et al., 2013). Further, because 

these increases in arched-back nursing have been reported to co-occur with normal levels of 

passive nursing, even where many observation periods per day have been used, RMS animals 

appear to receive increased total nursing across the whole non-separation period compared to 

controls (Chocyk et al., 2013). In the two of these studies that reported body weight at the 

conclusion of RMS, this increased nursing was evidently sufficient to overcome the missed 

nursing time, as body weight in RMS animals was equal to controls (Rüedi-Bettschen et al., 

2006; Chocyk et al., 2013). However, these statistics regarding maternal behaviour all refer to 

the periods where both RMS and control animals were in their home cages with their 

respective dams and did not attempt to subtract the nursing missed while RMS animals were 

undergoing separation. Further, separation duration in most of these studies was three hours, 

which is considerably shorter than the present six hours. Even though nursing is considerably 

increased by RMS, it is possible that where nursing is restricted to only 75% of a 24-hour 

period, total energy consumption is still less than that of a control animal. 

Further evidence that under-consumption relative to controls may be playing a role in the 

relatively lower weight comes from adulthood chronic stressors. Chronic stress applied to 

adult rats has consistently been reported to cause weight loss or reduced weight gain, such as 

in the chronic unpredictable stress paradigm (Hodes et al., 2015; Park et al., 2017; Ramaker 

and Dulawa, 2017), the chronic footshock paradigm (Gerrits et al., 2005; Dagytė et al., 2010; 

Bobrovskaya et al., 2013), or chronic restraint (Harris et al., 2002). However, in many cases, 
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such as for chronic unpredictable stress (Varga et al., 2011; Pastor-Ciurana et al., 2014), 

chronic footshock (Dagytė et al., 2010), and chronic restraint (Martí et al., 1994; Martí et al., 

1999; Harris et al., 2002; Jeong et al., 2013; Pastor-Ciurana et al., 2014), lower food intake 

has been reported alongside the lower body weight, indicating that stress can suppress efforts 

to consume food. 

Aside from reduced energy intake, the other possible explanation for the weight loss often 

found in the short term in RMS animals is increased energy expenditure during the RMS 

period. No studies have directly measured energy expenditure or mitochondrial oxygen 

consumption in RMS animals, although a few studies have measured these parameters in 

other chronic stress models. Such studies have either used indirect calorimetry to assess 

energy expenditure, which depends on the use of an enclosed cage together with careful 

monitoring of oxygen and carbon dioxide levels, or have examined mitochondrial oxygen 

consumption. In one study using the chronic unpredictable stress (CUS) paradigm, it was 

reported that CUS animals exhibited less locomotor activity per 24 hours, together with less 

total energy expenditure per 24 hours, but that energy expenditure during periods of 

immobility (e.g. sleep), was no different to controls (Li et al., 2019). In another study, oxygen 

consumption by forebrain mitochondria was examined following 14 days of daily restraint 

stress, and reduced oxygen consumption was reported in restrained animals (Kambe and 

Miyata, 2015). A third study found that CMS animals had increased energy expenditure 

during a 2-hour indirect calorimetry measurement, but unlike the animals in the earlier study, 

these animals were found to have increased rather than decreased locomotor activity (García-

Díaz et al., 2007). Altogether, these findings suggest that whether or not RMS results in 

increased, decreased, or no change to daily locomotor activity will likely be the primary 

driver of whether or not RMS animals have increased, decreased, or no change respectively 

to their daily energy expenditure.  

Unfortunately, there are no data describing the relative daily locomotor activity of RMS 

pups compared to control pups. However, ultrasonic vocalizations (USVs) also require 

energy to produce and have been studied in RMS animals. USVs are a form of pup behaviour 

that serve to command the attention of the dam and are expressed under conditions of pup 

distress (Kaidbey et al., 2019; Burenkova et al., 2020). While several studies have measured 

differences in USV expression between RMS and control pups while pups from both groups 

are separated for testing (Ognibene et al., 2007; Kaidbey et al., 2019; Granata et al., 2021; 

Park et al., 2021), to my knowledge only one study has examined USVs before, during, and 
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after RMS in comparison to control animals kept in their home cage during USV recording 

(Burenkova et al., 2020). In this study, USVs were higher in RMS animals than controls 

during the 30 minutes before an RMS episode was due to start, over a 30-minute separation 

period, during 5 minutes in a novel environment, and during the first 30 minutes following 

reunion with the dam. USVs were highest during the brief novel environment exposure, 

followed by the beginning of the separation and post-reunion periods. Altogether, it seems 

plausible that, particularly during this time of near-total dependence on their mothers to meet 

basic physiological needs, RMS animals may have greater energy expenditure during the 

RMS period, but uncertainty remains, especially given findings in adult chronic stress models 

of eventually-reduced daily locomotor activity (Li et al., 2019). 

3.4.2 RMS, anxiety-like behaviour, and response to novelty 

Here, I used the elevated plus maze (EPM) to measure anxiety-like behaviour so that if it 

was affected by RMS, the findings from the PRL testing could be interpreted in this context. I 

found no effect of RMS on anxiety-like behaviour on this task. Findings regarding the effects 

of RMS on anxiety-like behaviour in classic tests, such as the EPM, OFT, and light-dark box 

are deeply inconsistent, as discussed previously by others (Rees et al., 2006). In adulthood, 

where no further stressor was documented, some studies have reported that RMS animals had 

increased anxiety-like behaviour on the OFT, as indicated by lower time, entries, or distance 

moved in the centre region (Huot et al., 2001; Roque et al., 2014; Shu et al., 2015), but many 

studies have reported no effect on EPM open arm time (Kaneko et al., 1994; Maniam and 

Morris, 2010b; Borges-Aguiar et al., 2018) or OFT centre activity (Shalev and Kafkafi, 2002; 

Harrison et al., 2014; Roque et al., 2014; Dimatelis et al., 2016; Borges-Aguiar et al., 2018), 

and decreased anxiety-like behaviour on the EPM and light-dark box has even been reported 

(Zhang et al., 2014). Even results regarding the short-term effects of RMS on anxiety-like 

behaviour are conflicting. In the absence of further stress, there are some reports of increased 

anxiety-like behaviour on the EPM (Salzberg et al., 2007; Veenema et al., 2008; Amini-

Khoei et al., 2019; Dallé et al., 2020) and light-dark box (Majcher-Maślanka et al., 2019), but 

decreased anxiety has also been reported (Pierce et al., 2014). A recent systematic review of 

findings in mice that did not stratify findings by time since MS or the presence or absence of 

other stressors nevertheless summarised this situation well. While 60% of studies in C57BL/6 

or BALB/c mice reported increased anxiety-like behaviour in RMS or SEMS animals on one 

or more tests, 35% reported the opposite: that maternally separated animals exhibited reduced 

anxiety-like behaviour (Tractenberg et al., 2016). 
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In addition to the EPM, I also used two other arena-based tasks, the NRT and the NPT, 

both intended as exploratory measurements to probe whether RMS has effects on response to 

novelty, which has relevance to the propensity to develop addiction. I observed no effect of 

RMS on either of these tasks. While novelty preference has not been examined in RMS 

animals before, several investigators have measured locomotor response to novelty and 

returned inconsistent results. Into adulthood without the application of any further stress, 

while RMS has occasionally been reported to either increase (Kaneko et al., 1994) or 

decrease (Shu et al., 2015) distance moved in an open field, most studies have reported no 

effect (Shalev and Kafkafi, 2002; O'Mahony et al., 2009; Harrison et al., 2014; Roque et al., 

2014; Dimatelis et al., 2016; Gracia-Rubio et al., 2016). In the short-term without further 

stress, results are inconsistent, with increased (Gracia-Rubio et al., 2016) and decreased 

(Amini-Khoei et al., 2019) novelty-induced locomotor activity having been reported. 

No clear cause for these discrepancies has been identified. Methodological differences 

between studies are presumably central to the variability in results, but at present it remains 

unclear which of these many differences are primarily responsible. One likely contributor to 

the variance is the nature of the control group – specifically, the degree to which control 

animals were handled during early and later life, if at all. For example, although the EPM is 

sensitive to inter-individual differences in unconditioned fear of open spaces and heights, 

handling history and stress exposure history have both been repeatedly shown to also affect 

putative anxiety-like behaviour on the EPM (Walf and Frye, 2007). Thus, perhaps 

particularly once the eyelids unseal at PND 13-15 and pups begin to be able to see 

experimenter-associated visual cues preceding RMS episodes (Langston et al., 2010), those 

episodes could potentially result in an experimenter-associated conditioned fear response, 

particularly when compared to equally-handled but unseparated animals. Or, by contrast, 

despite the associated stress, the repeated handling involved in most RMS protocols could 

lead to RMS animals having a reduced fear response to future handling compared to animals 

that have a comparatively low or non-existent handling history. Indeed, compared to leaving 

animals completely undisturbed during rearing, “early handling”, which involves maternal 

separation for 5 minutes or less per day (often less than a minute), and even “animal facility 

rearing”, which typically involves weekly or twice weekly cage changes, have been reported 

to have beneficial effects on stress-related physiology and ethanol consumption (Nylander 

and Roman, 2013). Similarly, there is evidence that very brief periods of maternal separation, 

such as for 10 or 15 minutes, significantly reduce anxiety-like behaviour on the EPM and 
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OFT compared to non-handled animals (Maniam and Morris, 2010b; Oines et al., 2012). As 

Tractenberg et al. (2016) lay out in their meta-analysis, other possible culprits include 

whether pups were separated from one another duration separation episodes, the duration of 

separation, the genders studied, whether animals were provided with an external heat source 

during separation, whether separation and reunion occurred during the light or dark phase of 

the light cycle, which species and strain was used, how much environmental enrichment 

animals had in their home cage during early and later life, and whether animals were 

isolation-, pair-, or group-housed following weaning. Another possible contributor is 

methodological variation in the conduct of the behavioural tests themselves, such as in the 

lighting intensity and extent of habituation procedures utilised (Cosquer et al., 2005; Walf 

and Frye, 2007). 

3.4.3 RMS and anhedonia 

In the present experiment, RMS did not cause a long-lasting anhedonia. I found no 

differences between RMS and control animals in any of the following measures: sucrose 

preference at any sucrose concentration tested (including after the novel chronic adult stress), 

breakpoint on the progressive ratio task, and trial count on the PRL task. Adult RMS animals 

were just as motivated to take action to consume sucrose as controls were, both in a lower-

effort context (the sucrose preference test) and higher-effort contexts (the progressive ratio 

and PRL tasks). These findings are largely consistent with the existing literature. 

When the short-term (pre-adulthood) effects of RMS on the SPT have been examined, a 

depressive-like effect has commonly been reported (Kundakovic et al., 2013; Gracia-Rubio et 

al., 2016; Dallé et al., 2020), although in one case reduced sucrose preference was found only 

in males and not in females (Maniam and Morris, 2010b), and no effect has also been 

reported (Majcher-Maślanka et al., 2019). However, reported results concerning the long-

term effects of RMS on SPT are quite different. The vast majority of studies have reported 

that RMS has no persistent effect on sucrose preference in the absence of further chronic 

stress (Shalev and Kafkafi, 2002; Zhang et al., 2013; Harrison et al., 2014; Hill et al., 2014; 

Chocyk et al., 2015; Feldcamp et al., 2016; Gracia-Rubio et al., 2016; Mrdalj et al., 2016; 

Borges-Aguiar et al., 2018; Wei et al., 2018; Stuart et al., 2019), although a depressive-like 

effect has been reported (Shu et al., 2015; Huang et al., 2021), and an anti-depressive-like 

effect has been reported in females (Chocyk et al., 2015). 
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Several studies have measured the effects of RMS on motivation for appetitive reward 

using PR schedules. All have done so in adulthood, and most have reported no long-lasting 

effect of RMS (Shalev and Kafkafi, 2002; Zhang et al., 2005; Cruz et al., 2008; Stuart et al., 

2019; Thornton et al., 2021). There have been some reports of long-lasting alterations in 

effort expended to obtain appetitive reward (Rüedi-Bettschen et al., 2005; Kosten et al., 2006; 

Campbell et al., 2017), but there are some notable limitations. In one of these cases, where 

RMS was conducted during the dark phase of the light cycle, the control group had a mean 

body weight over 70 g larger than that of the RMS animals at the time of PR testing, 

indicating larger energy needs and potentially explaining the larger effort for caloric reward 

(Bosy-Westphal et al., 2004; Rüedi-Bettschen et al., 2005). In the same paper, no effect on 

PR was found in a separate cohort of animals where RMS was conducted in the light rather 

than dark phase, but the true cause for the discrepancy between the light and dark phase 

cohorts may have been that the light phase control group was not disproportionately heavy 

compared to the RMS group, unlike for the dark phase cohort. Indeed, apart from the reported 

effect on PR in the dark phase group, no other notable long-lasting effects of either type of 

RMS were reported on a variety of behavioural and physiological metrics, including weight. 

In Kosten et al. (2006), the daily duration and total length of RMS was shorter than almost all 

other RMS studies, at one hour per day over PND 2-9, and an effect was only found on the 

exponential PR schedule and not the linear PR5 schedule, even though the eventual 

breakpoints and reward counts were similar for these two schedules. And finally, one study 

found a trend effect for increased rather than decreased motivation for appetitive reward on 

PR (Carlyle et al., 2012). 

The idea that RMS results in short-term but not long-term anhedonia is consistent with 

studies of the duration of the depressive-like effects of other chronic stressors, such as 

chronic unpredictable stress (CUS) and chronic social defeat stress (SDS). Systematic 

reviews have revealed that these stressors have been shown in many dozens of studies to have 

depressive-like effects on sucrose preference or sucrose consumption (Vasconcelos et al., 

2015; Antoniuk et al., 2019), but studies of the time-course of this effect have shown that the 

depressive-like behaviour seems to worsen linearly over time with continued application of 

the stressor (Elizalde et al., 2008; Stedenfeld et al., 2011; Erburu et al., 2015; Papp et al., 

2016; Gao et al., 2017), and then begin to recover linearly with time as soon as the stressor is 

removed, generally in a similar or shorter amount of time than the total duration of stressor 

application (D'Aquila et al., 1997; Orsetti et al., 2006; Elizalde et al., 2008; Kinn Rød et al., 
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2012; Alves et al., 2017; Park et al., 2017). Similarly, chronic daily social defeat (Miczek et 

al., 2011; Bergamini et al., 2016) but not short-term intermittent social defeat (Miczek et al., 

2011), chronic unpredictable stress (Iguchi et al., 2015; Spierling et al., 2017; Picard et al., 

2021), chronic footshock (Scheggi et al., 2018), and chronic corticosterone (Olausson et al., 

2013; Dieterich et al., 2019) have all been shown to acutely reduce motivation for reward on 

the PR task. However, again there is evidence that these effects are short-lived, because while 

CUS caused reduced lever presses for saccharin solution on a progressive ratio task at 2 and 

11 days after CUS conclusion, these effects were no longer significant at 19 days, and that 

there was no trace of them by 4 weeks after CUS (Iguchi et al., 2015). Supporting 

mechanistic evidence has emerged from studies where the effect of both stressors on 

mesolimbic dopamine (DA) system functioning has been measured directly using ventral 

tegmental area self-stimulation paradigms. Dysfunction of the mesolimbic DA system, which 

has been robustly implicated in motivational anhedonia in both humans and animal models 

(Der-Avakian and Markou, 2010; Der-Avakian and Markou, 2012; Pizzagalli, 2014; 

Treadway et al., 2019), has been shown to progressively worsen with continued CUS or SDS 

application (Moreau et al., 1994; Gottschalk et al., 2018), and to then quickly recover linearly 

with time in under two weeks following stressor cessation (Moreau et al., 1994) or over four 

weeks of fluoxetine administration (Gottschalk et al., 2018). These converging lines of 

evidence suggest that given time, rodents usually recover from stress-induced anhedonia. 

Altogether, it appears that the effects of chronic stress paradigms such as RMS, CUS, and 

SDS on anhedonia are unlikely to persist very long under most experimental protocols. 

Indeed, the research community seems largely aware of this, given the findings of an 

informal survey I conducted of 50 consecutive recent papers in 5 major psychiatry journals 

(Molecular Psychiatry, Biological Psychiatry, Neuropsychopharmacology, Translational 

Psychiatry, and Brain, Behaviour, and Immunity) where the authors described measuring 

‘depressive’ or ‘depression-like’ behaviour in rodents. Among these 50 primary papers, only 

three classes of measure were used in more than three papers: sucrose preference or absolute 

sucrose consumption tests, the forced swim test, and social exploration or interaction tests. In 

almost 80% of cases, the authors chose to conduct their behavioural measurements during or 

within 1 week of the conclusion of the induction paradigm, whether it was a psychosocial 

stressor or another intervention like a pro-inflammatory stimulus. Further, among these 

comparisons, over 90% revealed a depression-like effect of the model relative to controls, 
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whereas for measurements taken over 1 week after the conclusion of the induction paradigm, 

the majority of comparisons were negative for a depressive-like effect of the model. 

3.4.4 RMS and punishment and reward sensitivity 

Here, I provided a detailed characterisation of the long-lasting PRL phenotype of RMS, no 

aspect of which has been previously described. RMS and control animals did not differ on the 

PRL task with respect to several traits measured: behavioural flexibility as measured by 

reversal count and perseverations per reversal, motivation for reward as measured by trial 

count, and locomotor functioning as measured by latency to collect reward. However, RMS 

had long-lasting effects on two distinct aspects of animals’ behaviour on the PRL task. First, 

RMS animals, regardless of gender, were considerably slower to select between the two 

stimuli across all seven initial PRL sessions (see Section 3.4.5 for a discussion of this effect). 

Second, RMS desensitised females and sensitised males to the negative possible outcomes of 

their decisions on the task, as indicted by their initially lower and higher incorrect-loss shift 

proportion respectively. This decreased and increased sensitivity to punishment appeared to 

drive parallel differences in overall task performance, with RMS females initially performing 

non-significantly worse than controls and RMS males initially performing significantly 

better. The fact that these initial differences between groups later converged suggests that 

groups had differing cognitive responses to punishment at baseline that were eventually 

updated after hundreds of trials through learning, the rate of which may have been unchanged 

or differed only as a function of the baseline difference. 

What is particularly fascinating about these alterations to RMS animals’ response times 

and responding to negative outcomes is that they persisted late into adulthood despite the 

absence of classical “depression-like” or “anxiety-like” behaviour. It is worth examining the 

evidence regarding the relation of these phenotypes to depression and anxiety in humans and 

other animal models, in order to establish whether they may represent endophenotypes or 

vulnerability factors for one or both of these disorders. If they represent either, then RMS 

may be a useful model with which to interrogate disease-related mechanisms. 

3.4.4.1 Punishment and reward sensitivity in human depression 

Several studies have attempted to interrogate the relationship between depression 

symptoms or diagnosis and punishment or reward sensitivity on PRL. Unfortunately, such 

studies have often only reported metrics that provide insight into one of these properties, but 

not both, and they often have serious other limitations. Two separate studies using 
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computational reinforcement learning of PRL data collected from MDD patients (Mukherjee 

et al., 2020) and healthy subjects with no psychiatric disorders (Ogishima et al., 2020) have 

reported that depressive symptoms are associated with a lower estimate of the value 

sensitivity parameter. How this is generally interpreted is that depressed subjects care less 

than healthy subjects whether their actions result in the positive outcome or the negative 

outcome. This finding could be explained by depressed people exhibiting reduced “wanting” 

(with or without reduced “liking”) of the positive outcome, reduced aversion to the negative 

outcome, or both. Mukherjee et al. (2020), representing the largest study of PRL in MDD to 

date, provides considerable evidence for reduced reward sensitivity in depressed subjects on 

the PRL task, including among other findings a significantly lower last-trial-win stay 

proportion on two different versions of the task. Unfortunately, punishment sensitivity was 

not robustly probed. Last-trial-loss shift proportion was reported, and was non-significantly 

lower in depressed subjects, suggesting the possibility of reduced punishment sensitivity. 

However, as discussed earlier, given that these subjects display lower reward sensitivity, they 

will be more likely to shift following correct-losses, so it is possible that the lower reward 

sensitivity is pushing the last-trial-loss shift proportion upward in depressed subjects, 

masking what would otherwise be a significant reduction in punishment sensitivity (e.g. a 

lower incorrect-loss-shift proportion). Indeed, in line with the hypothesis that depressed 

patients have a lower punishment sensitivity on PRL, a further study featuring a well-

matched control group reported that MDD patients had a reduced last-trial-loss shift 

proportion (Bakic et al., 2017). In another study, in children and adolescents, while MDD 

patients had a lower correct-win stay proportion, they did not have a lower incorrect-loss-

shift proportion, suggesting reduced reward sensitivity but unaffected punishment sensitivity 

(Dickstein et al., 2010). However, in this study, the MDD patients were highly 

heterogeneous, with most also having a diagnosis of one of four different anxiety disorders. 

Prior to these relatively recent studies, the prevailing hypothesis was that MDD patients 

had elevated, rather than reduced or unchanged, sensitivity to punishment on the PRL task. 

Two early studies reported increased correct-loss-shift proportion in depressed patients, and 

in both cases this was interpreted as reflecting greater sensitivity to punishment (Murphy et 

al., 2003; Taylor Tavares et al., 2008). However, as discussed earlier, correct-loss-shift 

proportion is under the influence of both punishment and reward sensitivity, and neither study 

provided metrics capable of indicating sensitivity to reward, so it is unclear whether lower 

reward sensitivity may have been driving the higher correct-loss-shift proportion. Indeed, in 
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the one study of MDD where correct-loss behaviour was reported alongside correct-win and 

incorrect-loss behaviour, correct-loss-shift proportion was increased in MDD, but correct-

win-stay proportion was decreased while incorrect-loss-shift proportion was unaffected, 

suggesting that the larger correct-loss-shift proportion was a result of lower reward sensitivity 

rather than higher punishment sensitivity (Dickstein et al., 2010). In another study, among 

several small groups of elderly depressed patients, the group with a history of suicide 

attempts had increased last-trial-loss shift count (Dombrovski et al., 2010). However, because 

shift tendency was not reported as a proportion of losses, it is unclear whether this result was 

simply driven by a greater number of losses, which they likely exhibited given that those 

patients performed worse on the task than controls. In that study, the other two groups of 

depressed patients did not have a different mean last-trial-loss shift count to controls. 

Additionally, the depressed groups (and especially the suicide-attempter group) were 

disproportionately female and had a greater lifetime history of substance use disorders. These 

authors later found the same result, i.e. increased absolute last-trial-loss shifts, in a sample of 

roughly 30 depressed patients, but the same limitations apply, and additionally the depressed 

patients were significantly older than the controls, and it seems that many of the subjects 

were the same as those in the previous study (Dombrovski et al., 2015). Another two studies, 

also not using proportions and only reporting the confounded correct-loss behaviour, found 

no relationship between MDD presence and absolute correct-loss stays or shifts (Remijnse et 

al., 2009; Adoue et al., 2015). 

Altogether, the weight of the evidence now suggests that MDD is associated with reduced 

sensitivity to reward on the PRL task, and either reduced or unaffected punishment 

sensitivity. Further studies and re-analysis of published studies will be useful in establishing 

greater certainty regarding the PRL phenotype(s) of MDD. 

3.4.4.2 Punishment and reward sensitivity in human anxiety 

To date, only one study of the relationship between anxiety and reward and punishment 

sensitivity on PRL has been conducted that has no major limitations (Xia et al., 2021). In this 

study, among university students with no neuropsychiatric diagnoses, 40 subjects (20 male, 

20 female) with high trait anxiety were compared to 40 subjects with low trait anxiety (20 

male, 20 female). High-anxiety individuals had a significantly lower last-trial-loss shift 

proportion (51% vs 64%), but with no difference in last-trial-win stay proportion. Given that 

most wins would likely have occurred on the correct target, the absence of a last-trial-win 

stay proportion difference suggests no group difference in reward sensitivity, which in turn 
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suggests that the lower last-trial-loss shift proportion truly reflects a lower punishment 

sensitivity in the high-anxiety group. 

Other studies of the PRL task in anxiety are difficult to interpret. In a study of children and 

adolescents where the mean ages of the groups were between 12.5-13.5 years, no significant 

differences were reported in incorrect-loss shift proportion between subjects with anxiety 

disorders (n = 30) and controls (Dickstein et al., 2010). However, the anxiety disorder group 

was very heterogeneous, with less than half of the subjects having a diagnosis of generalized 

anxiety disorder, and most having social phobia, separation anxiety, or simple phobia. 

Further, the anxiety disorder group was 16% more female than the control group, although 

this difference was not statistically significant. In another study, there were no differences 

between a small group of generalized anxiety disorder patients in correct-loss shift count or 

correct-loss stay count (Szabó et al., 2013), but as previously discussed, these metrics are 

essentially uninterpretable because they are not proportions and are under considerable 

influence by both reward and punishment sensitivity. 

Overall, the best evidence suggests that trait anxiety in humans is associated with lower 

negative outcome sensitivity on the PRL task, but more high-quality studies are required to 

definitively establish whether this is the case, and which anxiety disorders, if any, also exhibit 

this association. 

3.4.4.3 Punishment and reward sensitivity in rodent depression models 

The effects of animal models of depression and anxiety on PRL metrics have not been 

exhaustively investigated. In one study of chronic social defeat in mice, stressed animals had 

a lower correct-win stay proportion, together with a lower correct-loss shift proportion than 

controls (Bergamini et al., 2016). The lower reward sensitivity would, if anything, drive the 

correct-loss shift proportion upwards, so the fact that it was significantly reduced in stressed 

animals means that punishment sensitivity was considerably decreased as well. In the only 

other relevant study, mice subjected to chronic corticosterone administration had a trend for a 

lower correct-win stay proportion, with no suggestion of difference in correct-loss shift 

proportion (Dieterich et al., 2019), suggesting a possible small reduction in reward sensitivity 

but providing no insight into the presence or absence of an effect on punishment sensitivity. 

3.4.4.4 In summary 

Depression in humans and non-RMS rodent models is commonly associated with a reward 

sensitivity deficit on PRL and other tasks, which was not present in RMS animals of either 
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gender, indicating that there is a key element of the depressive PRL phenotype that RMS 

does not produce, at least not persistently. Reduced punishment sensitivity, however, is 

strongly associated with anxiety in humans, and there is some evidence that it may also be 

associated with depression. Given that RMS resulted in long-lasting sexually dimorphic 

effects on punishment sensitivity on the PRL task, it appears that the RMS may cause long-

lasting alterations to cognitive processes relevant at a minimum to human anxiety, and 

possibly to human depression. 

3.4.5 RMS and attentional control 

On the PRL task, RMS animals were considerably slower than controls to respond on one 

of the two stimulus choices, across all seven initial PRL sessions. Simultaneously, there was 

no association (Spearman’s ρ = 0.07) between latency to respond and task performance, or 

indeed between latency to respond and any other calculated PRL metric. Accordingly, there 

were many timepoints where RMS animals exhibited a prolonged latency to respond with no 

concurrent compromise to task performance. Further, there was no effect of RMS on latency 

to collect reward on any task, indicating that the latency to respond effect was not a function 

of differences in locomotor functioning. There is large body of evidence from the human and 

non-human primate literature in support of the hypothesis that the isolated response time 

effect is due to altered attentional control. 

In one conceptualisation of attention as it relates to anxiety, there are two systems that 

underpin not attention in its entirety but specifically attentional control (Eysenck et al., 2007). 

There is a bottom-up system that is stimulus-driven, commands the initial orienting to 

information signalling possible threat, and is sometimes equated with vigilance (Shi et al., 

2019). Then, there is a top-down system that controls when attention is disengaged from the 

stimulus. Subjects can either disengage from a stimulus: (1) relatively quickly, exhibiting 

“fast disengagement” or, in the case of threat, “avoidance”, (2) at an equal pace to other 

subjects, or (3) relatively slowly, exhibiting “difficulty disengaging”. In another 

conceptualisation of attentional control, there is an inhibition function of the central 

executive, responsible for limiting distraction from the task at hand by irrelevant information, 

and a shifting function, responsible for flexibly moving attention between relevant stimuli 

(Eysenck and Derakshan, 2011).  

Attentional Control Theory (ACT) is an attempt to describe the relationship between 

anxiety and certain aspects of cognition. It arose in response to early data linking anxiety to 
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delayed responding without concomitant impairments in performance on certain tasks 

(Eysenck, 1979; Eysenck et al., 2007). ACT has two main tenets. Firstly, it posits that anxiety 

is associated with impaired attentional control, in both the inhibition and shifting functions, 

resulting in either premature or delayed disengagement from stimuli, particularly but not 

exclusively in the context of tasks where a subset of the stimuli are threat-associated or have 

a negative valence. Secondly, it argues that because the deficit in question can theoretically 

be overcome by simply spending more time before making a response, that anxiety will be 

associated with reduced task efficiency, defined as increased time (or other resources) 

expended relative to accuracy or performance level achieved. Thus, it claims that in many 

circumstances, task performance may be preserved while only response time is compromised. 

Since it was first conceptualised decades ago (Eysenck, 1979), a large mass of evidence 

has accumulated that has largely supported both of these claims (Eysenck et al., 2007; 

Derakshan and Eysenck, 2009; Eysenck and Derakshan, 2011; Shi et al., 2019). For example, 

a recent meta-analysis of 58 studies involving over 8000 subjects concluded that anxiety 

(state and trait not analysed differentially) was associated with medium to large deficits in 

attentional control efficiency, and that this slower responding relative to achieved 

performance was exacerbated under conditions of higher cognitive load (Shi et al., 2019).  

There is even some prior evidence that the PRL task specifically can capture anxiety-

associated differences in attentional control. In one PRL study, subjects with generalised 

anxiety disorder (GAD) had slower responses on several trial types compared to subjects 

without GAD, but nevertheless achieved an equivalent number of correct responses (Szabó et 

al., 2013). In the only other PRL study in anxiety that reported analysis of response time, 

among a sample of undergraduate students, high trait anxiety was associated with faster 

responding by roughly 100 ms, but also with impaired performance, and thus likely 

unaffected efficiency (Xia et al., 2021). 

In addition to its association with anxiety, impaired attentional control has also been 

associated directly with early life stress, both in humans and non-human primates. In one 

study, a large sample of children aged 6-12 performed the Flanker task, in which they had to 

identify the direction of the middle arrow in a row of arrows on a screen, and then indicate its 

direction using buttons (Fields et al., 2021). Attentional control was measured as the 

difference in response time between trials where the arrows all pointed in the same direction 

compared to where they pointed in different directions, i.e. where there were greater 

distracting stimuli. In this study, a greater number of caregiver changes was associated with 
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greater deficits in attentional control, i.e. a larger effect of distractor stimuli of slowing 

response time. Meanwhile, there was no relationship between caregiver changes and 

performance on the task. In another study, among a large sample of adults, greater exposure 

to an adverse early environment as measured by the Childhood History Questionnaire was 

associated with lower attentional control as measured by the Attentional Control Scale, which 

measures perceived ability to focus and limit distraction, and to flexibly shift attention 

between tasks (Crouch et al., 2012). Finally, in 4.5-5.5 year old macaques, early life 

maltreatment, consisting of rejection and physical abuse by the mother, was associated with 

globally slower reaction times on a dot-probe task involving a social threat visual stimulus, 

but not on a nearly-identical task involving no threat-associated stimulus (Morin et al., 2019). 

Interestingly, in this study, while there was evidence of an attentional bias (as measured by 

response time) towards the social threat-associated stimulus for both maltreated and control 

animals, there was no suggestion that this bias was increased or decreased by maltreatment. 

Thus, while the presence of the negatively valenced stimulus was responsible for the slowed 

responding, this effect did not seem to be mediated by an attentional bias towards or away 

from the threat-associated stimulus. It therefore did not seem to affect the inhibition function 

of attentional control (unless the presence of the threat stimulus resulted in equally greater 

distraction of attention to both the threat and non-threat stimulus), and perhaps instead 

affected the shifting function, which would have been necessarily recruited once the visual 

stimuli were removed and the cue was presented for the animal to respond on. Regardless of 

the precise mechanism, this study makes clear that early life stress interacts with the presence 

or absence of negatively valenced stimuli to modify attentional control and thus reaction 

time.  

In addition to the effect of RMS on PRL response latency that I observed here, there was 

also an effect of RMS on response latency on the PR task. On that task, the inter-trial interval 

was 5 seconds, meaning that after each animal made a head entry for reward, the stimulus 

reappeared 5 seconds later, and they were free to begin responding on it anytime from that 

point onwards. On the PR4 and PR16 tasks, RMS animals were faster to resume responding 

on the stimulus than controls following the start of reward collection. There are two obvious 

possible explanations for this effect. One possibility is that RMS animals were more 

motivated for reward than controls. However, there was no evidence for this hypothesis from 

diverse other measures, including breakpoint on the PR4, PR8, or PR16 schedules, trial count 

on the PRL task, and sucrose preference on the SPT. Further, there was no evidence of 
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differential reward sensitivity on the PRL task, given the lack of effect on correct-win stay 

proportion. Thus, if RMS animals were more motivated for reward, the magnitude of this 

difference appeared to be so small as to be functionally insignificant. The other possible 

explanation is that RMS animals were less attentive to non-touchscreen stimuli during the 

period following pellet delivery and associated light and tone signalling. For example, it is 

possible that during this period, RMS animals spent less time searching the pellet receptacle 

for additional pellets, exploring the chamber, or simply processing stimuli. Given the volume 

of disconfirmatory evidence for the first hypothesis, this latter hypothesis appears 

comparatively likely, especially given that altered attention is also a plausible explanation for 

the PRL response latency effect. Unfortunately, none of the eight prior studies of RMS and 

PR for appetitive reward have reported latency to respond, much less probed animal 

behaviour following reward delivery, so additional experiments are certainly required to 

further investigate this latency effect. 

Altogether, it seems likely that RMS had a long-lasting impact on attentional control, 

likely responsible at a minimum for slowing responding in the presence of a negatively 

valenced outcome and associated cues, but not itself meaningfully affecting performance. 

The precise cognitive mechanisms mediating the attentional effects of RMS are yet to be 

determined, just as there is still much uncertainty regarding the mechanisms mediating the 

neuro-cognitive relationship between anxiety and compromised task efficiency in humans 

(Eysenck and Derakshan, 2011; Berggren and Derakshan, 2013). 

3.4.6 RMS and sensitisation to adult stress 

In addition to measuring the long-lasting behavioural effects of RMS without any further 

stress, I also investigated whether RMS made animals susceptible to adult stress-induced 

behavioural changes. These measurements revealed that, compared to control animals, a 

novel subchronic footshock stressor caused a transient impairment in performance on the 

PRL task, with a near-significant concurrent effect of decreasing incorrect-loss shift 

proportion. Further, the adult stress caused a much larger slowing of the response time in 

RMS animals than it did in controls. Thus, the adult stress seemed to have the same effects on 

PRL in RMS males and females to those that RMS alone had in females. Meanwhile, the 

stressor had no differential impact on any other PRL metric, including trial count and latency 

to collect. Because PRL has never been conducted in RMS before, these second-hit (RMS 

then adult stress) results are entirely novel. However, because the parameters that were 
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differentially affected by the adult stress are the same as those that were affected by RMS 

alone, the interpretation is similar. It appears that RMS predisposed animals to a transient 

adult stress-induced desensitisation to negative feedback, with consequent transient 

impairment of task performance. Further, if attentional control deficits were responsible for 

the comparatively slow response time of RMS animals over their first seven sessions, then 

the second stress exacerbated these pre-existing attentional control deficits, given that it 

resulted in much greater slowing of responding in RMS animals than in controls, even at days 

6 and 11 of stress when task performance was equal between the groups. 

The other notable post-stress results were those with the potential to give insight into 

anhedonia. On PRL trial count, sucrose preference on stress day 17 or 18, and body weight 

(which should be capable of reflecting differential motivation to consume chow, if present, 

unless concurrent changes in energy expenditure cause confounding), there was no 

differential effect of the novel stress between RMS and control animals. Thus, there was no 

evidence from this experiment that RMS causes a greater susceptibility to adult stress-

induced anhedonia. However, to gain insight into differential susceptibility to stress-induced 

anhedonia, it is probably more appropriate to examine studies in which the second hit is one 

that has been demonstrated to, if implemented well, be capable of inducing anhedonia if 

applied in isolation, i.e. without prior RMS. Several such studies have measured the 

differential effect of the second hit on sucrose preference, but none have measured it on tasks 

such as PR or PRL. Unfortunately, there is no consensus in the literature regarding the 

interaction between RMS and later-life stress. For example, following 3-4 weeks of chronic 

unpredictable stress, several studies have found no difference in sucrose preference between 

RMS and control females (Wei et al., 2018; Huang et al., 2021) or males (Mrdalj et al., 2016; 

Wei et al., 2018), but decreased (Zhang et al., 2013) and increased (Shu et al., 2015) 

preference has also been reported in males. Although not primarily acting via chronic stress, 

3 weeks of around-the-clock corticosterone application via drinking water was reported to 

decrease sucrose preference to a greater degree in RMS animals than controls, but only in 

females and not males (Hill et al., 2014). These inconsistencies are likely a function of the 

many possible discrepancies in experimental protocols between these studies, such as in the 

RMS protocol (as previously discussed) and SPT protocol (for example, the degree of food 

and/or water deprivation applied prior to the test session). Altogether, it seems that under 

certain yet-to-be-determined conditions, RMS animals may be more susceptible to 
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developing anhedonia following an additional psychosocial or biological insult, but at present 

this is far from established. 

3.5 Limitations 

The results I have shown here imply that RMS animals had altered processing of negative 

information, potentially driving both altered learning from that negative information, and 

altered attentional control in the context of it. However, it was not possible using this task to 

determine precisely what the attentional disturbance consisted of, including whether 

attentional bias towards or away from stimuli associated with the negative outcome played a 

role. Additionally, it is not evident from these experiments alone whether or not the delayed 

responding in RMS animals is exclusive to decisional contexts involving negative outcomes 

and associated signals, or whether it would also have been evident on a task involving a 

similar number of potential distractor stimuli but without any having a negative valence. 

Indeed, in at least one study, humans with ELS have been shown to have delayed responding 

due to excessive distraction by even non-emotional distractor stimuli (Fields et al., 2021). 

Additional, carefully-designed studies are needed to resolve these questions regarding the 

precise effects of RMS on the directing of attention. 

An additional limitation is the fact that there was not a no-shock (i.e. no adult stress) 

control condition. Regarding the measurements collected following the adult stress, the only 

significant effects of RMS were on PRL outcomes, for which baseline measurements were 

collected immediately before the adult stress, and these pre-adult-stress measurements are co-

varied for in all behavioural post-adult-stress measurements. Throughout this thesis, I 

interpret these analyses as testing for a differential response to stress by RMS vs control 

animals. However, there are other possible explanations for these significant findings. 

Specifically, RMS and control animals may have had a differential response to the mere 

passage of time or to continued exposure to the behavioural tasks. In my view, these latter 

possibilities are unlikely because the differences between RMS and control animals are 

apparent at the very first post-stress measurement on the PRL task and then either remain 

stable in magnitude or are not present at any later time point. If there was a differential effect 

of time or task exposure, I would expect the difference between groups to increase over time 

rather than remain stable or decrease. However, these explanations cannot be definitively 

ruled out because all animals (RMS and control alike) received the adult stress. 
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3.6 Conclusion 

In this chapter, I showed that RMS may cause long-lasting altered sensitivity to negative 

outcomes, with RMS males initially sensitised to the negative PRL outcome compared to 

controls, but with RMS females initially de-sensitised to the negative outcome compared to 

controls. Suggestive of altered attentional control, on the progressive ratio task, RMS animals 

were slightly faster than controls to respond for reward on the single available stimulus, while 

on the PRL task, RMS animals were much slower than controls at selecting between the two 

probabilistically rewarded stimuli, even where groups achieved equivalent performance. In 

response to a chronic adulthood stress, RMS animals exhibited greater de-sensitisation to the 

negative PRL outcome than controls, and their response time deficit was exacerbated.  

In humans, reduced punishment sensitivity has been reported in both anxiety and 

depression, and attentional control deficits have been extensively positively associated with 

anxiety, yet here I show that rodent ELS caused the persistence of both of these effects in the 

absence of any long-term effects on conventional measures of anxiety- and depression-like 

behaviour. This suggests firstly that sophisticated cognitive measures should be used more 

frequently in translational studies of anxiety and depression. Secondly, these findings support 

the notion that impaired attentional control and altered sensitivity to punishment may be 

independent of other aspects of anxiety and depression and could potentially play a causal 

role in their development. 

Finally, I provided novel insights regarding the accurate interpretation of the results of 

PRL testing. I first showed that correct-loss shift proportion is flawed as measure of 

punishment sensitivity, which is better measured with incorrect-loss shift proportion. 

Additionally, I showed that punishment and reward sensitivity are independently varying 

properties of animal behaviour that together account for almost all of the variability in animal 

success at the task.  
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4 Repeated maternal separation causes 

a long-lasting sensitisation of 

neuroimmune stress responsiveness 

4.1 Introduction 

Many studies have demonstrated that people with a history of ELS have higher 

inflammatory responses to acute stress, and higher peripheral pro-inflammatory signalling in 

general. It has repeatedly been shown that people who have experienced considerable early 

life stress have exaggerated immune responses to psychosocial stress in adulthood, with an 

acute stressor resulting in a larger change in circulating interleukin (IL)-6 (IL-6) than in 

control subjects (Carpenter et al., 2010; Gouin et al., 2012b; Janusek et al., 2017). 

Additionally, a recent large meta-analysis showed that individuals exposed to ELS had 

significantly elevated circulating IL-6, tumour necrosis factor alpha (TNF-a), and C-reactive 

protein (CRP) compared to controls, even in the absence of any specific laboratory stressor 

(Baumeister et al., 2016). 

What is not clear, however, is whether this propensity to higher inflammation in later life, 

especially or perhaps exclusively in the face of subsequent stress, plays a causal role in the 

neuropsychiatric or physical health consequences of ELS. Such questions of causality are 

well-suited for investigation using animal models because elements of the immune system 

may be selectively targeted using pharmacological or genetic interventions during early life 

stress, adult stress, or both. In investigating the biological mechanisms linking ELS with its 

neuropsychiatric consequences specifically, research in animals holds the additional 

advantage compared to work in humans of allowing access to brain tissue at any point during 

and after ELS, enabling precise characterisation of its molecular and cellular consequences in 

the central nervous system (CNS). 

Repeated maternal separation (RMS) represents a potentially useful model with which to 

study these effects. However, while many studies have examined the effects of RMS on the 

immune system, the results of these are seemingly inconsistent. Even within the same tissues, 

there are many reports of increased, decreased, or no change in the expression of many 

important cytokines (Kruschinski et al., 2008; Roque et al., 2016; Wang et al., 2017). 
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In this chapter, I sought to establish a clearer picture of the effects of RMS on the immune 

system. I did this in two ways: by measuring cytokines at various time-points following 

RMS, both without and with further stress, and by conducting a systematic review of others’ 

findings. 

In my own experiment, I measured cytokines only in plasma, because this is generally 

how inflammation associated with stress or psychopathology is measured in humans (Miller 

and Raison, 2016). However, there is considerable evidence that stress-induced inflammation 

is not limited to the blood (Pinheiro et al., 2015; Tang et al., 2017; Ganguly et al., 2019), so 

when conducting the systematic review of key immunological effects of RMS, I included 

findings from blood as well as non-blood tissue. 

In my own experiment, I used a multiplex cytokine quantitation kit capable of measuring 

23 cytokines and chemokines at once, specifically: interleukin (IL) 1 alpha (IL-1a), IL-1 beta 

(IL-1b), IL-2, IL-4, IL-5, IL-6, IL-7, IL-10, IL-12, IL-13, IL-17A, IL-18, interferon gamma 

(IFN-g), tumour necrosis factor alpha (TNF-a), granulocyte colony-stimulating factor (G-

CSF), granulocyte-macrophage colony-stimulating factor (GM-CSF), growth-regulated 

oncogene - keratinocyte chemoattractant (GRO-KC), macrophage colony-stimulating factor 

(M-CSF), monocyte chemoattractant protein 1 (MCP-1), macrophage inflammatory protein 1 

alpha (MIP-1a), macrophage inflammatory protein 3 alpha (MIP-3a), regulated upon 

activation, normal T cell expressed and secreted (RANTES), and vascular endothelial growth 

factor (VEGF). Most of these proteins, including IL-1a, IL-1b, IL-4, IL-5, IL-6, IL-7, IL-12, 

IL-13, IL-17A, IL-18, IFN-g, G-CSF, GM-CSF, MCP-1, MIP-1a, MIP-3a, RANTES, TNF-a, 

and VEGF are known to in some way, directly or indirectly, facilitate certain types of 

inflammatory responses (Dieu-Nosjean et al., 2000; Ferrara et al., 2003; Wynn, 2003; Maurer 

and Stebut, 2004; Roberts, 2005; Iwakura et al., 2008; Deshmane et al., 2009; Levy, 2009; 

Michel et al., 2012; Dinarello et al., 2013; Filippo et al., 2013; Francisco-Cruz et al., 2014; 

Miller and Raison, 2016; Bou-Dargham et al., 2017; Tait Wojno et al., 2019). However, some 

of these, particularly IL-4 and IL-13, shift immune responses away from a phagocyte-

dominant response mediated by cytokines such as IL-1b, IL-6, and TNF-a, and instead 

towards an eosinophilic-type inflammation mediated by cytokines such as IL-5 and other 

molecules such as histamine, bradykinin, and leukotrienes (Yang et al., 2002; Wynn, 2003; 

Luzina et al., 2012; Chatterjee et al., 2014). IL-10, meanwhile, is known to have 

predominantly anti-inflammatory activity (Pestka et al., 2004; Sabat et al., 2010; Chatterjee et 

al., 2014), while IL-2 has nuanced roles as a regulator of the adaptive innate immune system, 
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important both for facilitating adaptive immune system responses and for facilitating adaptive 

immune tolerance (Malek, 2008). I chose to measure such a large array of cytokines because 

one goal of the joint behavioural and immunological characterisation of the RMS model is to 

identify possible pharmacological intervention targets, and there is little reason to expect that 

the most commonly measured cytokines will represent the best intervention targets (Miller 

and Raison, 2016). 

In the systematic review, I limited my search to a manageable subset of the immunological 

parameters that have been measured in RMS. I sought to systematically identify and report on 

all findings of the effects of RMS on the four cytokines most commonly assayed in RMS 

studies (IL-1b, IL-6, IL-10, and TNF-a), as well as on interpretable measures of effects on 

microglia, the resident immune cells of the CNS (Graeber, 2010), including the density of 

microglia in brain tissue and their degree of activation. The systematic review was 

comparatively focused because there, the central goal was to understand when, where, and 

under what conditions RMS induced a pro-inflammatory response, rather than to identify 

particular mediators most implicated in such a response. 

Regarding my experimental work, which was conducted before the systematic review, I 

hypothesized that RMS would increase pro-inflammatory signalling in the blood at all three 

measurement time points. This was based on meta-analytic findings indicating that humans 

with ELS had elevated circulating cytokines even in the absence of any specific laboratory 

stressor (Baumeister et al., 2016), together with reports that both RMS (Lennon et al., 2013; 

Do Prado et al., 2016; Banqueri et al., 2019) and foot shock (Deak et al., 2005; Maslanik et 

al., 2012; Maslanik et al., 2013) cause pro-inflammatory signalling in adulthood. 

Subsequently, regarding the systematic review, I hypothesized despite our null results in 

blood that RMS would increase pro-inflammatory signalling in both blood and non-blood 

tissue in the presence of recent stress, but not in the absence of it. This was based on several 

positive results regarding the short-term effects of RMS, including in blood in one study 

(O'Malley et al., 2011; Roque et al., 2016; Li et al., 2017), and several null results regarding 

the long-term effects of RMS on cytokines in the absence of later-life stress (Kruschinski et 

al., 2008; Lennon et al., 2013; Grassi-Oliveira et al., 2016), together with evidence suggesting 

that the sympathetic nervous system (SNS) is sensitized by ELS (Loria et al., 2013) and that 

the SNS in turn can regulate neuroimmune physiology (Ulrich-Lai and Herman, 2009; Irwin 

and Cole, 2011; Weber et al., 2017). I sought to demonstrate this by comparing, through both 

my experimental work and in my systematic review, immunological measurements collected 
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under three conditions: (1) during or shortly following RMS, (2) long after RMS without any 

further stress, and (3) long after RMS but with further stress. Because of the possibility that 

measurements may differ between blood and non-blood tissue (Roque et al., 2016; Moya-

Pérez et al., 2017; Wang et al., 2017), I treated these results separately in the systematic 

review. 

4.2 Methods 

4.2.1 Experimental methods 

4.2.1.1 Sample collection 

Blood was collected from each animal at three timepoints: PND 20 (the day after the 

conclusion of RMS), PND 54 (median; range: 53-55), and at sacrifice on PND 294 (median; 

range: 279-323). For the first two timepoints, animals were anaesthetised with isoflurane and 

venous access was gained via the sublingual vein. At sacrifice, animals were decapitated 

without anaesthesia (for rapid collection of non-ischemic brains), and truncal blood was 

immediately collected using a funnel. Blood was collected in ethylenediaminetetraacetic acid 

(EDTA)-coated tubes which were immediately placed on ice. Tubes were centrifuged within 

30 minutes of sample collection at 15,000 g and 4 °C for 15 minutes. Plasma was collected 

and stored at -80 °C until the cytokine assay was performed.  

4.2.1.2 Cytokine assay 

For measurement of plasma cytokines, a magnetic bead-based multiplex assay capable of 

measuring 23 cytokines and chemokines at once was used (Cat. 12005641, Bio-Rad, 

Watford, UK). The assay was performed in accordance with the manufacturer’s instructions, 

except that for incubation steps, an orbital shaker rather than microplate shaker was used, at 

150 rpm rather than 850 rpm. In brief, the following reagents were sequentially added to the 

wells of a 96-well plate, with wash and incubation stages in between: capture antibody-coated 

magnetic beads, diluted samples or serially diluted standards, detection antibody, 

streptavidin-phycoerythrin, and assay buffer. The standards were diluted four-fold seven 

times, for eight total concentrations. All samples, standards, and blanks were plated in 

duplicate. The plate was read using a Luminex MAGPIX system (Austin, TX, USA).  



104 

 

4.2.1.3 Fluorescence analysis 

The drLumi package (Sanz et al., 2017), designed specifically for analysis of Luminex 

multiplex bead immunoassays, was used for standard curve fitting, standard curve outlier 

detection, estimation of the lower and upper limits of quantitation (LLOQ and ULOQ), and 

estimation of sample concentration using the inverse standard curve function.  

First, self-starter functions were used to fit a 5-parameter logistic regression model to the 

standard curve data for each analyte, predicting log median fluorescence index (MFI) from 

log concentration. Where convergence was not achieved, a 4-parameter logistic regression 

model was fit instead. Blanks were included in curve fitting by assuming a concentration half 

that of the most dilute standard. After initial curve fitting, outlying standard wells were 

detected by identifying wells with a standardised residual > 2, and where a well yielded an 

outlier result for at least one analyte, all standard curves were re-fit excluding that well. The 

lower and upper limits of detection (LLOD and ULOD) were defined as the upper and lower 

standard concentrations. The LLOQ and ULOQ bounded the range of concentrations in 

which the estimates of concentration using the inverse standard curve function had an 

expected coefficient of variation (CV) ≤ 0.2. 

For each analyte, this curve fitting process was followed using five different subsets of 

standard data: all subsets included the blanks and the four lowest concentrations, but each 

subset other than the first one omitted an additional high-concentration level, such that the 

fifth subset excluded the fourth highest concentration levels. For each curve, the percentage 

of unusable samples was calculated, where an unusable sample was defined as one yielding 

an estimated concentration of analyte that was below the LLOQ or LLOD, above the ULOQ 

or ULOD, or incalculable because the average MFI was below the y-intercept and thus 

unable to be passed through the inverse function to yield the estimated concentration. The 

curve yielding the lowest proportion of unusable samples was selected for use in generating 

estimated concentrations. For a given analyte at a given timepoint, if none of the five 

standard curves yielded adequate performance, defined as ≤ 20% unusable samples and ≤ 

30% samples that were either unusable or had a CV > 0.2, that analyte was excluded from 

analysis at that timepoint.  

4.2.1.4 Data analysis 

Estimated log concentrations of analyte per sample were exponentiated, multiplied by the 

sample dilution factor (either 4 or 4.5), and converted back to log (base 10) concentrations. 
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For each analyte, a simple linear regression was used to regress out any effect of plating order 

on the estimated log concentration.  

Linear mixed-effects models were then constructed to analyse the effects of group, gender, 

and timepoint (PND 20, 54, or 294) on cytokine concentration. Model residuals were often 

non-normal, so non-parametric statistics were conducted in all cases, although parametric 

statistics are also provided in Appendix 7.1.2. Because cytokine concentration was often non-

linear over time, timepoint was treated as a categorical predictor. For granulocyte colony-

stimulating factor (G-CSF), because assay performance was only adequate for one timepoint, 

a fixed-effects linear model was used, and because model residuals were normal, only 

parametric statistics were calculated. Unusable samples as defined above were excluded from 

analyses.  

4.2.2 Systematic review methods 

A search was conducted of the PubMed and Embase databases via Scopus to identify 

publications for which the title, abstract, and keywords together contained any of the terms 

“maternal separation”, “early deprivation”, or “maternal deprivation”, with at least one of the 

following additional terms: cytokine*, chemokine*, interleukin*, microglia*, monocyt*, 

“immune”, “immunological”, “immunity”, “neuro-immunological”, “mononuclear”, “toll-

like”, and “toll like”. Publications were limited to those classified as articles. The search was 

performed on 18 December 2019 and results were not restricted by date range. Articles were 

included if they performed either single-episode or repeated maternal separation (MS) in rats 

or mice and specifically reported on measures of microglial activation or density, or the 

expression of IL-1β, TNF-α, IL-6, or IL-10 in any tissue. Measurements were classified as 

reflecting short-term effects of MS if the measurement was taken within three weeks of the 

conclusion of MS, or as reflecting long-term effects if they were taken over three weeks after 

MS concluded. Three weeks was selected as the cut-off because many disruptions to 

behavioural and non-immune physiological parameters normalize by this time following 

chronic stress in rodents, but not reliably by earlier times (Zhao et al., 2012; Alves et al., 

2017; Park et al., 2017; Jacobson et al., 2018). Short-term measurements were excluded from 

this review if they were taken from animals subjected to any potentially stressful procedure 

other than MS, except for intraperitoneal saline injection. Findings were excluded if the 

approximate age of the animals at the time of measurement was unclear (general descriptions 

such as “adulthood” were acceptable) or if potentially therapeutic interventions were 
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administered to animals, and articles were excluded if the full text was inaccessible. I did not 

restrict my search to particular tissues, because nervous-to-immune communication is 

thought to occur via altered autonomic nervous and neuro-endocrine signalling (Miller and 

Raison, 2016; Fleshner and Crane, 2017; Weber et al., 2017), and stress-induced effects on 

these pathways are known to occur concurrently in numerous organ systems and tissues 

throughout the body (Lupien et al., 2009; Ulrich-Lai and Herman, 2009). The search yielded 

220 results, which were screened against the inclusion and exclusion criteria by the reading 

of abstracts and full text as appropriate. Ultimately, 46 articles met criteria for inclusion.  

The findings of included articles were described in two ways. A written synthesis of the 

articles was created, and reference was made in writing to every finding that met the above 

criteria. The written descriptions and summaries were organized according to whether the 

findings measured short-term or long-term effects as defined above, and in the latter case, 

whether or not animals experienced stressful conditions or procedures following the 

conclusion of RMS. A semi-quantitative summary table was then created, containing the 

most commonly reported outcome (increase, decrease, or no change) for each cytokine under 

each time-stress condition: short-term without stress, long-term without stress, and long-term 

with stress. Microglial outcomes were not counted due to the low number of applicable 

studies. Because several studies reported a discrepancy between the short-term effect of RMS 

on cytokine expression in the blood compared to in a non-blood tissue (Roque et al., 2016; 

Moya-Pérez et al., 2017; Wang et al., 2017), measures in blood (plasma, serum, or 

supernatant of cultured whole blood) and non-blood tissue were treated separately. For each 

cytokine under each condition, each study’s findings were reduced to a single summary 

finding for non-blood tissue and a single finding for blood. Where a study reported an 

applicable measurement and found an increase or decrease in expression in at least one non-

blood tissue or blood product, that study was counted as supporting either an increase or 

decrease respectively in that particular tissue class, and otherwise the study was considered to 

support no change. Where a study reported the same measurement at two or more times 

within the same time-stress condition, only the first measurement was counted. No within-

study conflicts were encountered using this process. The single most common outcome was 

reported for each combination of cytokine, time-stress condition, and tissue type, except 

where there was a tie or where two outcomes had the support of at least three studies, in 

which case both outcomes were reported. Where outcomes had the support of at least three 

studies, this was indicated as a measure of higher confidence in the summary outcome. 
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Reported measurements of cytokine expression in blood always refer to protein level. For 

non-blood tissues, because protein and mRNA results were generally concordant (Figure 

S4.1, and see Avitsur et al., 2006 and Ganguly et al., 2019), the assay substrate may not be 

specified in the main text but can be found in Figure S4.2, along with the species and gender 

of the animals in each included study. 

4.3 Results 

4.3.1 Experimental results 

Blood was collected from RMS and control animals at PND 20, 54, and 294. A multiplex 

bead-based assay was then used to measure protein levels in plasma of 23 different cytokines. 

Some assayed cytokines, such as IL-1b, IL-6, and TNF-a, are known to be pro-inflammatory 

(Miller and Raison, 2016), while others, including IL-10 and IL-4, are known to have at least 

some anti-inflammatory activity (Yang et al., 2002; Pestka et al., 2004; Sabat et al., 2010; 

Luzina et al., 2012; Chatterjee et al., 2014). Assay performance varied across batches, 

permitting the analysis of some cytokines only at specific timepoints (Figure 1). 

Linear mixed-effects models were conducted to assess the effect of group and gender on 

cytokine levels across timepoints (Figure 1). Ultimately, no significant main or interaction 

effects involving group were observed. 
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Figure 1. Maternal separation (MS) had no effect on pro- or anti-inflammatory cytokines in 

plasma at any timepoint. Plasma was collected at three timepoints for cytokine protein quantitation: 

PND 20 (MS n = 17-21, control n = 13-16), PND 54 (MS n = 16-17, control n = 19-22), PND 294 

(MS n = 18-22, control n = 15-19). No significant differences between MS and control animals were 

identified.  
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4.3.2 Systematic review results 

4.3.2.1 Overview 

The most frequently reported effects of RMS on cytokine expression were determined and 

are displayed in Figure 2. In the short-term, RMS generally increases TNF-α, IL-6, and IL-10 

in non-blood tissue while leaving these unaffected in blood (plasma, serum, or the 

supernatant of cultured whole blood). Without further stress, RMS has no long-term effect on 

cytokine expression in both non-blood tissues and blood. However, if further stress is applied, 

RMS animals exhibit increased IL-1β, TNF-α, IL-6, and IL-10 in non-blood tissue, although 

studies also regularly reported no change in TNF-α or IL-6, and a decrease in IL-10. In both 

contexts involving recent stress, increases in cytokine expression were much more commonly 

observed in non-blood tissue than in blood. The effects of RMS on microglia are described in 

the subsequent sections and summarised in Figure S4.3. 

 

Figure 2. Effects of repeated maternal separation (RMS) on cytokine expression. The most 

commonly reported outcomes (increase, decrease, or no change) are summarized for each cytokine 

under each condition. Dark blue shading indicates a high level of confidence (three or more studies 

supporting each outcome), whereas light blue shading indicates low confidence. Measurements were 

considered short-term if tissue samples were collected within three weeks after the conclusion of 

RMS, and long-term otherwise. In the absence of later-life stress, RMS most commonly had no long-

term effect on the expression of any cytokine in either non-blood tissues or blood products. In the 

period shortly after RMS and when further stress was applied in later life, RMS animals most 

commonly had greater pro-inflammatory signalling than controls. Finally, pro-inflammatory signals 
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were much more likely to be observed in non-blood tissue than in blood products. IL-1b: interleukin-

1b; IL-6: interleukin-6; IL-10: interleukin-10, TNF-a: tumour necrosis factor alpha. 

4.3.2.2 Short-term effects 

IL-1b 

Several studies have examined the short-term effects of maternal separation on 

hippocampal IL-1b, in a range of different RMS and single-episode maternal separation 

(SEMS) cohorts. In animals subjected to RMS and sacrificed immediately after the final MS 

episode, it was found that hippocampal IL-1b mRNA levels were roughly 20 times higher 

than in animals that had never been stressed (Roque et al., 2016). In the same study, in 

animals sacrificed 24 hours after the final episode, IL-1b expression was still significantly 

elevated, but by this point the expression level was only roughly 2 to 2.5 times the level of 

the unstressed animals. In animals given IP saline injections immediately after their final 

RMS episode and sacrificed 90 minutes later, another report found a trend for increased 

hippocampal IL-1b protein in RMS animals, and suggested that the study may have been 

underpowered to detect this effect (Saavedra et al., 2017); here, because both RMS and 

control animals received IP injections, both groups experienced a brief stressor which may 

have reduced the statistical power to detect an RMS-induced effect on cytokine expression. A 

further study reported no effect of RMS on hippocampal IL-1b protein in animals sacrificed 

at an unclear duration following their final RMS episode, although it is worth noting that the 

study used a shorter RMS protocol than the other two studies and that a multiplex protein 

assay was used rather than a single-target protein or quantitative polymerase chain reaction 

(qPCR) assay (Giridharan et al., 2019). Animals sacrificed immediately after SEMS were not 

found to have increased hippocampal IL-1b expression relative to unstressed animals (Roque 

et al., 2016). However, among animals sacrificed immediately at the conclusion of an episode 

of maternal separation, those who had undergone RMS had roughly five times the 

hippocampal IL-1b level that SEMS animals had, suggesting that hippocampal IL-1b 

production in response to the acute stress of an MS episode increases progressively with 

repeated daily application of that acute stress (Roque et al., 2016). Altogether, in repeated 

maternal separation, these findings suggest that hippocampal IL-1b may undergo a daily 

cycling in which it peaks at the end of or shortly after each MS episode, and then rapidly 

returns towards normal until the stress is applied again. The daily peak seems to rise with 

each additional repetition such that eventually, after enough exposures, the daily elevation 

becomes so high that it does not normalize even by the start of the next day’s episode. 



111 

 

The findings to date regarding IL-1b expression in other brain regions are quite different 

to the findings in the hippocampus. In the hypothalamus, in RMS animals sacrificed 

immediately after the final RMS episode, the same study that demonstrated a drastic increase 

in hippocampal IL-1b simultaneously found no effect of RMS on hypothalamic IL-1b (Roque 

et al., 2016). Another study found no effect of RMS on prefrontal cortex (PFC) IL-1b in 

animals sacrificed at an unclear time on the day of the final RMS episode (Giridharan et al., 

2019). Two studies showed no effect of SEMS on hypothalamic IL-1b (Roque et al., 2016; 

Zajdel et al., 2019), although as mentioned above, no effect of SEMS was reported in the 

hippocampus either. In the prelimbic PFC (plPFC), at almost three weeks following the final 

RMS episode, one study found that IL-1b gene expression was decreased (Majcher-Maślanka 

et al., 2019). Another study performed an unusual whole-brain digestion at 48 hours after the 

final RMS episode, and though the statistical methodology used is unclear, including whether 

or not correction for multiple comparisons was performed on their many statistical tests, this 

study reported decreased IL-1b gene expression (Dimatelis et al., 2012). Overall, all these 

findings in the brain suggest that SEMS likely has no effect on brain IL-1b in any region, and 

that the effects of RMS are probably region-specific. Further work is required in animals 

exposed to at least two weeks of RMS and sacrificed immediately following the final RMS 

episode in order to determine whether regions other than the hippocampus may too undergo 

large increases in IL-1b expression followed by a rapid return to normal. 

Three studies have measured the short-term effects of RMS on plasma IL-1b. In RMS 

animals sacrificed immediately after the final episode, IL-1b protein was significantly 

decreased to roughly 65-70% of the level of unstressed animals (Roque et al., 2016). By 24 

hours after the final episode, RMS animals still had significantly lower IL-1b, although at 

approximately 80-85% the level of unstressed animals, possibly suggesting that this change 

to plasma IL-1b may quickly return to normal once the application of chronic stress is 

stopped (Roque et al., 2016). In another study, in animals given an IP saline injection shortly 

after the final episode and sacrificed 90 minutes later, no statistically significant effect on 

plasma IL-1b was reported (Saavedra et al., 2017). The effect of repeated maternal separation 

of decreasing the plasma IL-1b level was found to be something that developed with time, 

given that a single episode of maternal separation did not elicit this effect in animals 

sacrificed immediately after the episode, and in fact non-significantly increased the IL-1b 

plasma level compared to unstressed animals (Roque et al., 2016). These findings suggest 

that the effects of maternal separation on plasma IL-1b may to some extent inversely mirror 
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the effects on hippocampal IL-1b. There may be a daily cycling in which plasma IL-1b 

reaches its daily nadir during or shortly after each day’s MS episode, but normalizes or near-

normalizes by 24 hours later. The daily nadir may become progressively lower each day as 

more MS episodes are applied. Supporting the hypothesis that plasma IL-1b quickly 

normalizes following RMS conclusion, a further study found no effect of RMS on plasma IL-

1b at 5 or 15 days following the final RMS episode (Grassi-Oliveira et al., 2016). 

Only one study has looked at the short-term effects of MS on IL-1b in a tissue other than 

the brain or plasma. That study, in animals injected with saline and then either separated or 

kept with the dam for three hours until sacrifice, found no effect of SEMS on liver IL-1b 

mRNA (Zajdel et al., 2019). 

TNF-a 

Only two studies have so far examined the short-term effects of maternal separation in the 

hippocampus. The study by Roque et al. (2016) found in animals that underwent SEMS and 

were sacrificed immediately afterward that hippocampal TNF-a gene expression was 

approximately 2.5 times greater on average than in unstressed animals. This suggests that in 

stress-naïve animals, the first episode of maternal separation can rapidly increase 

hippocampal TNF-a expression. However, the study also showed, among animals that were 

sacrificed immediately after an episode of maternal separation, that those who had undergone 

repeated separation had roughly half the hippocampal TNF-a expression that animals who 

had just undergone their first-ever episode had. In fact, the mean hippocampal TNF-a level in 

RMS animals sacrificed immediately following the final episode was essentially the same as 

the mean level in animals that had never been stressed. This suggests that with repeated 

episodes of MS, the ability of each daily episode to raise TNF-a expression may decrease, 

which is the opposite of the finding regarding hippocampal IL-1b expression, which seems to 

increase with chronicity. Finally, this study did find a significant increase in hippocampal 

TNF-a in RMS animals at 24 hours following their final episode compared to animals that 

had never been stressed, although the magnitude of this difference was very small, at on 

average only 1.3 times the level of unstressed animals. Corroborating this finding, a further 

study reported increased hippocampal TNF-a in animals sacrificed at some point on the final 

day of RMS (Giridharan et al., 2019). Altogether, these results suggest that RMS probably 

increases hippocampal TNF-a, but that this increase may be modest and lagging compared to 

the increase in IL-1b, and that the peak daily hippocampal TNF-a level may decrease rather 

than increase with repeated exposure. 
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Two studies have measured the short-term effects of MS on TNF-a expression in brain 

regions other than the hippocampus. One study found increased TNF-a expression in the PFC 

in animals sacrificed at an unclear time after their final RMS episode (Giridharan et al., 

2019). Another study found that RMS animals sacrificed immediately after their final episode 

had higher hypothalamic TNF-a than SEMS animals sacrificed at the same time, suggesting 

that hypothalamic TNF-a expression may increase with repeated MS exposures. However, 

importantly, this increase in RMS animals was not significant when compared either to 

animals that were never stressed or to animals that were sacrificed at 24 hours following their 

final RMS episode. Additionally, there was no suggestion of a difference in hypothalamic 

TNF-a between RMS animals sacrificed 24 hours after their final episode and never-stressed 

animals, suggesting that any increases in hypothalamic TNF-a normalize by 24 hours after 

the final episode. These findings suggest that RMS may cause modest increases in TNF-a 

expression in the hypothalamus and PFC, but, contrary to the hippocampal finding, that these 

increases may be greater at the conclusion of RMS rather than 24 hours later, and that peak 

expression may increase with chronicity. 

The short-term effects of RMS have been examined in a variety of non-brain tissues. 

Studies to date have consistently found no significant effect of RMS or SEMS on plasma 

TNF-a (Barouei et al., 2015; Roque et al., 2016; Saavedra et al., 2017). In the liver, one study 

reported no effect of SEMS on TNF-a mRNA (Zajdel et al., 2019). In colon tissue, in animals 

that underwent RMS from only PND 5 through 9, an increase in TNF-a mRNA was reported 

at sacrifice immediately after the final MS episode (Li et al., 2017). However, these RMS 

animals also received daily intraperitoneal saline injections on each RMS day, while the most 

relevant control group did not. It is possible that this second methodological divergence 

might account for the differences in TNF-a expression, given that intraperitoneal injections 

involve trauma to the structures that the colon rests on, specifically the peritoneum and 

abdominal wall, and carry a risk of trauma even to the colon itself (Morton et al., 2001; 

Turner et al., 2011). Overall, to date, most studies find no short-term effect of MS on TNF-a 

expression in non-brain tissues, but more measurements are needed particularly in non-blood 

tissues at the conclusion of RMS. 

IL-6 

Most studies examining the short-term effects of MS on IL-6 have measured it in the 

blood. Roque et al. (2016) demonstrated that both RMS and SEMS cause similar increases in 

plasma IL-6 at the immediate conclusion of an MS episode, suggesting that IL-6 release into 
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plasma during acute stress may not habituate or potentiate with repeated application of that 

stress. This study also demonstrated that by 24 hours following the conclusion of an RMS 

episode, plasma IL-6 had decreased to below the level of unstressed animals. If these findings 

suggesting that plasma IL-6 rapidly changes from elevated to decreased within a 24-hour 

period following the conclusion of an MS episode are accurate, this implies that it possible to 

collect plasma at certain times within this 24-hour period that could lead experimenters to 

incorrectly conclude that MS is likely having no effect on plasma IL-6. Indeed, in one study 

in which animals were sacrificed at an unclear duration following their final RMS episode, no 

effect on serum IL-6 was observed (Moya-Pérez et al., 2017). Another study in which 

animals were given IP saline injections immediately after the final episode of RMS, and then 

sacrificed 90 minutes later, also reported no effect of RMS on plasma IL-6 (Saavedra et al., 

2017). A final study measured plasma IL-6 ten days following RMS conclusion and found no 

effect of RMS (Barouei et al., 2015). Altogether, if RMS does increase plasma IL-6, this 

increase is likely very short-lived, perhaps detectable only at the conclusion of an MS 

episode. 

The effects of RMS on IL-6 expression have been examined in a range of non-blood 

tissues. In the hypothalamus, among animals sacrificed immediately following an episode of 

MS, one study demonstrated that RMS animals had elevated hypothalamic IL-6 mRNA 

compared to unstressed animals, while SEMS animals did not (Roque et al., 2016). 

Interestingly, hypothalamic IL-6 was found to return to normal by 24 hours following the 

final RMS episode (Roque et al., 2016). Another study confirmed the lack of an effect of 

SEMS on hypothalamic IL-6, but also liver IL-6, even in animals sacrificed immediately 

following the episode (Zajdel et al., 2019). In the PFC, one study found increased IL-6 at 

sacrifice on the final day of RMS (Giridharan et al., 2019). Two studies of RMS have 

reported increased colon tissue IL-6 mRNA or protein, although in one of these studies the 

RMS animals received an IP saline injection before each episode, whereas the control 

animals did not (O'Malley et al., 2011; Li et al., 2017). One of these studies sacrificed 

animals on the day of their final episode (Li et al., 2017), whereas for the other study, the 

duration between the final MS episode and sacrifice is unclear, but given the methods of 

similar papers by the authors, it was likely a maximum of three days (O'Malley et al., 2011). 

Only in the hippocampus has RMS been found to not have an effect on IL-6 expression, even 

in animals sacrificed immediately following the final episode (Roque et al., 2016; Giridharan 

et al., 2019). Findings regarding the effect of MS on IL-6 in non-blood tissues generally seem 
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to suggest that RMS but not SEMS increases IL-6 expression in a variety of tissues, at least at 

the conclusion of the final RMS episode if not for much longer. 

IL-10 

Four studies have measured the short-term effects of RMS on IL-10 expression. In one 

study, in animals sacrificed on the day of their final RMS episode, no effect on IL-10 in 

serum was found, but an increase was observed in small intestine tissue (Moya-Pérez et al., 

2017). In another study, plasma was collected from both males and females at 5, 15, and 35 

days following RMS, and in almost all cases no effect on IL-10 was reported, with the 

exception being an isolated finding in males at 15 days following RMS of increased IL-10 

(Grassi-Oliveira et al., 2016). In animals sacrificed on the final day of RMS, IL-10 was found 

to be increased in the PFC but unchanged in the hippocampus (Giridharan et al., 2019). One 

study found a decrease in IL-10 in RMS animals, specifically in the digested whole brain in 

animals sacrificed two days after RMS conclusion, although this study used qPCR arrays 

with 84 distinct gene expression targets and did not report key details of the statistical 

methods used, such as whether correction for multiple comparisons was performed 

(Dimatelis et al., 2012). Overall, studies investigating the short-term effects of MS on IL-10 

expression have generally found either an increase or no change in RMS animals. 

Microglial activation 

Three studies examined microglial activation at some point within the three days after the 

conclusion of repeated maternal separation, and all three demonstrated increased microglial 

activation on morphological analysis, regardless of whether they used a binary classification 

system (Roque et al., 2016; Saavedra et al., 2017), or directly assessed soma area and 

arborization area (Baldy et al., 2018). This finding was consistent across both CNS regions 

examined: in the hippocampus, specifically the hilus (Roque et al., 2016; Saavedra et al., 

2017) and CA3 (Saavedra et al., 2017), and in the medulla (Baldy et al., 2018). Together, 

these studies make it clear, at least in the short term in certain parts of the CNS, that maternal 

separation leads to microglial activation. 

Microglia density 

Four studies measured microglia density shortly after the conclusion of RMS. Two of 

these reports found that maternal separation decreased microglia density. One of these, 

looking at CA3 and the hippocampal hilus at PND 14 or 15 (Saavedra et al., 2017), found this 

decrease despite simultaneously finding greater microglial activation. The other study 
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measured only microglial cell density, and found it was decreased in MS animals in the 

plPFC at PND 35 (Majcher-Maślanka et al., 2019). An additional study examining the 

hippocampal hilus, again while simultaneously finding increased microglial activation, found 

no hint of an effect of RMS on microglial cell density at PND 15 (Roque et al., 2016). In the 

brainstem, specifically in the medulla, one study observed increased microglia density at 

PND 14-15 in RMS animals, although this finding was only marginally significant (p = 0.03), 

and was 60-300 fold less significant than this study’s concurrent findings demonstrating 

increased average microglial activation (Baldy et al., 2018). Overall, there is no strong 

agreement in the literature regarding the effects of RMS on microglia density in the short-

term, and further work is required to account for these different results. 

4.3.2.3 Long-term effects in absence of later-life stress 

IL-1b 

All but one study of the long-term impact of RMS on IL-1b expression in animals not 

subjected to any further potentially stressful procedures have reported no effect. In the 

plasma, no effect was found of RMS on IL-1b protein at either PND 120 or 150 (Kruschinski 

et al., 2008). Similarly, studies have found no long-term effect on expression in the lung 

(Avitsur et al., 2006; Kruschinski et al., 2008), kidney (De Miguel et al., 2018), colon 

(Lennon et al., 2013), spinal cord (Genty et al., 2018), and hippocampus (Zhu et al., 2017). 

However, one older study in eight RMS and eight control animals reported increased IL-1b in 

RMS animals at roughly PND 84 in the colon, liver, and spleen (Barreau et al., 2004). This 

study quantified gene expression of IL-1b, IL-2, IL-4, IL-10, and interferon gamma using a 

conventional polymerase chain reaction procedure with gel electrophoresis and reported 

significant increases in RMS animals in all five targets in all three tissues examined with the 

exception of IL-2 in the liver. It is possible that these consistent increases in diverse targets 

and tissues may be an artefact of technical factors such as batch effects. 

TNF-a 

In the absence of later-life stress, almost all studies examining the long-term effects of 

RMS on TNF-a expression have found no significant effect, whether they have looked at the 

hippocampus (Zhu et al., 2017; Banqueri et al., 2019), the dorsal striatum (Banqueri et al., 

2019), the PFC (Banqueri et al., 2019), the lung (Avitsur et al., 2006), the colon (Lennon et 

al., 2013; Pierce et al., 2014), the genitourinary tract (Pierce et al., 2014), splenocytes (Kiank 

et al., 2009), or plasma (Barouei et al., 2015; Grassi-Oliveira et al., 2016). Three studies from 
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two groups comprise the exceptions to this general lack of effect. Do Prado et al. (2016) 

sought to investigate the extent to which housing conditions could affect the long-term 

trajectory of certain inflammatory and behavioural parameters following RMS, so all animals 

were housed in either a non-enriched or enriched environment from PND 21 through to 

sacrifice at PND 56. This study reported that RMS males but not females had increased 

plasma TNF-a protein at sacrifice if they were subjected to the non-enriched condition, but 

that they had a normal TNF-a level if subjected to the enriched condition. The non-enriched 

condition was described as same-sex pair housing in “standard animal facility clear 

polypropylene cages”. Pair housing differentiates these animals from those measured in more 

than 75% of the studies discussed in this review, which generally employed group housing. 

However, pair housing is less stressful than isolation housing (Westenbroek et al., 2005; 

Baker and Bielajew, 2007; Nakayasu and Ishii, 2008), which itself is much less stressful than 

the chronic stress paradigms commonly used to induce anhedonia in animals (Wallace et al., 

2009; Sarkar and Kabbaj, 2016). Together with the description of the cages, it seems 

responsible to assume for the purposes of this review that the animals in the non-enriched 

environments were housed in reasonably typical conditions. However, it is possible that the 

environment that these animals experienced was substantially less enriched than the cage 

environment used in the other studies described here, perhaps even to the extent that it 

represented a stressor, or at least to the extent that the relative lack of enrichment and 

opportunity for social play prevented the normal recovery of the stress, reward, and/or neuro-

immune circuitry from the effects of the significant chronic stress of RMS. Riba et al. (2017; 

2018) reported in two publications that RMS animals seemingly not subjected to any further 

stressful procedures were found to have elevated small intestine TNF-a. The most unique 

things about these studies are the use of inbred C3H/HeN mice and sacrifice at PND 50, 

which is closer to the conclusion of RMS than almost all other studies of its long-term 

effects, and again these animals were pair-housed and the degree of enrichment provided is 

unclear. It is possible that the lesser opportunity for play resulted in slower recovery from the 

effects of the chronic stress of RMS than the recovery of the animals in other studies 

discussed here, and so may not have occurred by the relatively early time of sacrifice (Brenes 

Sáenz et al., 2006; Veena et al., 2009; Hui et al., 2011; Odeon and Acosta, 2019). 

IL-6 

In general, studies measuring IL-6 in adult animals that have experienced no stress in 

adolescence or adulthood have found no effect of RMS. A lack of a long-term effect has been 
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reported in the hippocampus (Zhu et al., 2017), dorsal striatum (Banqueri et al., 2019), PFC 

(Banqueri et al., 2019), plasma (Barouei et al., 2015), spinal cord (Genty et al., 2018), colon 

(Pierce et al., 2014; Fuentes et al., 2016), genitourinary tract (Pierce et al., 2014), and lung 

(Avitsur et al., 2006). Two studies, however, did report increased IL-6 mRNA in RMS 

animals in adulthood, specifically in the hippocampus (Banqueri et al., 2019) and colon tissue 

(Lennon et al., 2013), although in the latter study the difference was driven by the non-

representative elevated measurements of two of nine RMS animals. 

IL-10 

Studies measuring IL-10 expression in animals not subjected to any stress since RMS have 

almost all found no effect, specifically in: plasma at PND 55 (Grassi-Oliveira et al., 2016), 

plasma at roughly PND 90 in animals housed in either a highly-enriched environment or a 

relatively unenriched one (Do Prado et al., 2016), the supernatant of splenocytes cultured 

with LPS (Kiank et al., 2009), and the colon and genitourinary tract (Pierce et al., 2014; 

Pierce et al., 2016). The one exception is the study by Barreau et al. (2004), which reported 

increased IL-10 in the colon, liver, and spleen at 12 weeks of age, and the limitations of 

which are described in the IL-1b section above. 

Microglial activation 

Only one study has so far examined microglial activation in adulthood in RMS animals 

not subjected to further stress, and that study found no effects at PND 55 of RMS on plPFC 

microglial soma area, summed microglial process length, or microglial process end-point 

count (Ganguly et al., 2018). 

Microglia density 

Two studies have examined the long-term impact of maternal separation on microglia 

density. One found no effect on microglia density in the plPFC at PND 55 (Ganguly et al., 

2018), while another found increased microglia density in CA3, the dorsal striatum, and the 

nucleus accumbens (NAc) at PND 100 (Banqueri et al., 2019).  

4.3.2.4 Long-term effects in presence of later-life stress 

IL-1b 

Studies measuring the effects of RMS on IL-1b expression in animals subjected to further 

stress near-universally report increased IL-1b expression in RMS animals, representing a 

stark contrast to the findings in unstressed animals. 
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Increased expression in RMS animals has been reported in: the hippocampus and colon in 

animals subjected to anxiogenic behavioural testing such as the forced swim test (Amini-

Khoei et al., 2017; Amini-Khoei et al., 2019), the hippocampus, PFC, and serum in animals 

that received IP saline injections for three weeks followed by behavioural testing (Wang et 

al., 2017), the serum and cerebrospinal fluid in animals injected for two weeks followed by 

aversive behavioural testing (Réus et al., 2013), the hippocampus in animals subjected to a 

two-hour sevoflurane anaesthetic three to five days prior to sacrifice, but not among animals 

exposed to 100% oxygen for the same period (Zhu et al., 2017), the hypothalamic 

paraventricular nucleus in animals that underwent a procedure to assess sensitivity to pain 

shortly before sacrifice (Tang et al., 2017), the striatum in animals that underwent 

intracerebral injection of the neurotoxin 6-hydroxydopamine in adulthood (Dallé et al., 2017), 

the kidney among animals injected with LPS but not among those injected with saline (De 

Miguel et al., 2018), and the lung in animals inoculated with an influenza virus nine days 

prior to sacrifice, but not in those inoculated with saline (Avitsur et al., 2006). 

Several studies have reported either no effect or decreased IL-1b expression in RMS 

animals, although usually in the context of psychosocial stressor that is more directly a 

physical inflammatory insult. In one study in which animals experienced just one day of 

isolation housing then a single IP injection of saline or low-dose LPS, together likely 

representing a very mild stress, no effect of RMS on serum IL-1b was found (Avitsur et al., 

2013). However, in animals administered high-dose LPS, RMS males but not females had 

lower serum IL-1b than controls, suggesting that RMS animals may have been more 

responsive to the mild stress of new isolation housing, but that the suppressive effect of this 

greater pre-activation on the ability of immune cells to potently respond to LPS was so mild 

that it was only apparent statistically at one but not both LPS doses. A further study reported 

no long-term effect of RMS on IL-1b in LPS-injected animals, specifically in the serum in 

animals that experienced three weeks of ligature-induced periodontitis and then received an 

LPS injection two hours before sacrifice (Breivik et al., 2015). A final study reported that in 

control but not RMS animals, compression trauma to a large nerve increased IL-1b mRNA in 

the nearby spinal cord at four days following trauma, although by 21 days following trauma, 

there was no difference between groups (Genty et al., 2018).  

TNF-a 

In contrast to the findings in unstressed animals, most but not all studies where animals 

underwent some likely-stressful procedure in adolescence or adulthood have shown an 
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increase in TNF-a in RMS animals, although generally in non-blood tissues rather than the 

blood. Regarding just the brain, an increase in TNF-a expression in RMS animals was 

reported in: the hippocampus in animals that underwent intraperitoneal saline injections daily 

for two weeks in late adolescence or adulthood (Pinheiro et al., 2015), in animals that had 

undergone aversive behavioural testing including the forced swim test shortly before sacrifice 

(Amini-Khoei et al., 2017), in animals that had been recently anaesthetized for two hours 

with sevoflurane but not those simply exposed to 100% oxygen (Zhu et al., 2017), and in 

animals that had undergone two weeks of saline injections and then two weeks of two hours 

of daily restraint, although this difference was conveyed in a heat map and was not tested 

statistically (Han et al., 2019); the PFC in animals injected either repeatedly (Pinheiro et al., 

2015) or, in males but not females, once four hours before sacrifice (Ganguly et al., 2019); 

the hypothalamic paraventricular nucleus (PVN) in animals that underwent an invasive 

assessment of sensory sensitivity to colorectal distension shortly before being sacrificed 

(Tang et al., 2017); the striatum in animals that underwent lesioning of the dopaminergic 

projections passing through the medial forebrain bundle (Dallé et al., 2017); and the NAc in 

males but not females injected with saline four hours before sacrifice (Ganguly et al., 2019). 

Several studies did not find any effect of RMS in the brain, however, in: the hippocampus or 

PFC in animals that had undergone three weeks of saline injections, although over two weeks 

had passed following the conclusion of the injections before these animals were sacrificed 

(Wang et al., 2017); the hippocampus in animals that had recently undergone the forced swim 

test and elevated plus maze (Amini-Khoei et al., 2019); and the medial PFC in animals that 

had undergone a poly-(I:C) injection five hours prior to sacrifice (Viola et al., 2019). 

Reports measuring TNF-a expression in non-blood tissues other than the brain generally 

find either increased expression or no change in RMS animals. One study found increased 

TNF-a protein in RMS animals in large intestine tissue, among animals that had recently 

undergone the forced swim test and elevated plus maze testing (Amini-Khoei et al., 2019). 

Another study found in animals that underwent abdominal wall electrode implantation a week 

prior to sacrifice that RMS animals had increased TNF-a expression in the reproductive tract, 

although significant effects in the bladder and colon were not found (Pierce et al., 2014). Two 

studies examined the effect of RMS on lung TNF-a level. The first found no effect of RMS 

on TNF-a levels in lung tissue in animals that had undergone immune sensitization to an 

antigen by two injections finishing a week before sacrifice and then intratracheal instillation 

of that antigen shortly before sacrifice (Kruschinski et al., 2008). The second study found 
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lung TNF-a mRNA was increased in RMS males and decreased in RMS females, but found 

both effects only in animals that had been inoculated with an influenza virus rather than 

saline nine days prior to sacrifice (Avitsur et al., 2006). If the cumulative distress experienced 

during an active influenza infection is greater than that caused by a weekly injection and then 

intratracheal instillation of a substance, this might explain some of the discrepancy between 

the findings in the lung of these two studies. Another study found no effect on the LPS-

induced production of TNF-a by splenocytes taken from animals that had recently undergone 

five days of restraint and acoustic noise stress for two to four hours daily (Kiank et al., 2009), 

In most studies that have looked at TNF-a in blood in animals exposed to some sort of 

later-life stress, no effect of RMS has been shown. In two studies, the stress consisted simply 

of aversive behavioural testing, in one case the forced swim test (Desbonnet et al., 2010), and 

in another an open field test considered to be a “novel stress” (O'Mahony et al., 2009), and in 

both cases there was no effect of RMS on whole blood TNF-a level, with or without ex vivo 

stimulation with LPS (O'Mahony et al., 2009; Desbonnet et al., 2010) or concanavalin A 

(Desbonnet et al., 2010). Other studies reported no effect of RMS on: serum TNF-a in 

animals that had undergone three weeks of IP injections and then a variety of behavioural 

tests (Wang et al., 2017), plasma TNF-a in animals subjected to four days of 30 minutes of 

restraint or isolation stress immediately before sacrifice (Barouei et al., 2015), serum TNF-a 

in depression-prone rats that underwent the forced swim test and then were sacrificed roughly 

a week later (Carboni et al., 2010), and the serum in animals individually housed for 24 hours 

then given either saline or high-dose LPS two hours before sacrifice (Avitsur et al., 2013). 

However, a few studies have found a long-term effect of RMS on plasma or serum TNF-a 

in the context of further stress. The study by Do Prado et al. (2016) described in the previous 

section reported elevated plasma TNF-a in RMS animals that had lived for the five weeks 

between weaning and sacrifice in a relatively unenriched environment, which may or may not 

have been stressful, but not in RMS animals that had lived in a highly enriched environment. 

Similarly, another study reported increased serum and CSF TNF-a in RMS animals sacrificed 

immediately after two weeks of daily IP injections culminating in the forced swim test on the 

final two days before sacrifice (Réus et al., 2013). In contrast, but still consistent with the 

hypothesis that RMS confers a vulnerability to psychosocial stress hyper-responsiveness, the 

study by Avitsur et al. (2013) reported decreased serum TNF-a animals housed in isolation 

for a day before receiving LPS two hours before sacrifice, although only in females but not 

males, and oddly only at the lower of the two LPS doses examined.  
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IL-6 

Interestingly, in animals subjected to later-life stress, in contrast to the reasonably 

consistent findings of increased IL-1b and TNF-a in RMS animals, the findings regarding IL-

6 are mixed. Many studies have found no effect on IL-6, even in non-blood tissues.  

No effect of RMS was reported in: lung tissue, bronchoalveolar lavage fluid, or plasma in 

animals sensitized to and then inoculated with a respiratory antigen (Kruschinski et al., 2008; 

Vig et al., 2010), the genitourinary tract and colon in animals who had undergone abdominal 

wall surgery and visceral organ distension a week prior (Pierce et al., 2014), the bladder or 

colon in animals who had been subjected to water avoidance stress one or eight days prior 

respectively, which involved being placed on a body-sized platform surrounded by water for 

one hour (Fuentes et al., 2016; Pierce et al., 2016), the kidney or spleen in LPS-treated 

animals (De Miguel et al., 2018), the hypothalamic PVN in animals who had recently 

undergone colorectal distension for visual pain sensitivity scoring (Tang et al., 2017), the 

medial PFC in animals injected with poly-(I:C) five hours earlier (Viola et al., 2019), the 

spinal cord following trauma to a nearby nerve (Genty et al., 2018), plasma in animals 

subjected to once-daily exposure to 30 minutes of restraint or isolation stress for four days 

(Barouei et al., 2015), serum in animals isolated for 24 hours then injected with either saline, 

low-dose, or high-dose LPS (Avitsur et al., 2013), serum in depression-prone animals 

exposed to the forced swim test a week before sacrifice (Carboni et al., 2010), or whole blood 

cultured ex vivo with LPS in animals recently subjected to forced swim testing on two days or 

open field testing on four days (O'Mahony et al., 2009; Desbonnet et al., 2010).  

However, there are a number of studies that have reported an increase in IL-6 in RMS 

animals, specifically in: the colon but not bladder or bladder but not colon respectively in 

animals that underwent one WAS exposure and sacrifice the day later or one WAS exposure 

a week before sacrifice and several tail vein bleeds over the same period (Pierce et al., 2016), 

the lung in animals inoculated with an influenza virus but not saline (Avitsur et al., 2006), the 

striatum in animals that received neurotoxic striatal lesions (Dallé et al., 2017), the 

hippocampus in animals that had undergone sevoflurane anaesthesia 3-5 days prior but not 

100% oxygen exposure for the same duration (Zhu et al., 2017), the hippocampus in animals 

that received two weeks of IP injections then two weeks of restraint, albeit not tested 

statistically (Han et al., 2019), and whole blood cultured with concanavalin A but not saline 

from animals who had undergone recent repeated open field testing (Desbonnet et al., 2010). 
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Finally, one study reported decreased IL-6 expression in RMS animals, specifically in the 

medial PFC, five hours following a saline injection (Viola et al., 2019).  

IL-10 

Many studies of the effects of RMS expression on IL-10 expression in animals subjected 

to later-life stress have reported no effect. This has been found in: whole blood cultured with 

or without LPS or concanavalin A in animals that had undergone recent repeated forced swim 

or open field testing (O'Mahony et al., 2009; Desbonnet et al., 2010), serum in depression-

prone animals the underwent forced-swim testing a week before sacrifice (Carboni et al., 

2010), the serum in animals that experienced three weeks of dental pain and inflammation 

followed by LPS injection two hours before sacrifice (Breivik et al., 2015), to the colon in 

animals that had been subjected to a one hour water avoidance stress exposure either one or 

eight days prior (Pierce et al., 2016) or abdominal wall surgery a week prior (Pierce et al., 

2014), the bladder in animals that had undergone a WAS exposure eight days prior (Pierce et 

al., 2016), the serum and PFC in animals that experienced three weeks of IP saline injections 

and then a range of behavioural tests (Wang et al., 2017), the PFC in animals exposed to two 

weeks of IP injections then brief behavioural testing (Pinheiro et al., 2015), or the lung or 

plasma in animals sensitized to ovalbumin by IP injection one and two weeks before sacrifice 

then challenged via tracheal instillation of ovalbumin a day before sacrifice (Kruschinski et 

al., 2008). 

An increase in IL-10 in RMS animals has been reported in: the genitourinary tract in 

animals that underwent abdominal wall surgery then underwent testing for sensitivity of the 

tract to pain (Pierce et al., 2014), the hippocampus in animals subjected to two weeks of IP 

injections then brief behavioural testing (Pinheiro et al., 2015), and the bladder in animals 

exposed to water avoidance stress the day before sacrifice (Pierce et al., 2016). It is important 

to note that an increase in IL-10 does not imply an anti-inflammatory state. For example, one 

study reported in animals housed in unenriched environments since weaning that RMS 

animals had a mean plasma IL-10 level roughly 1.5 times that of controls (non-significant), 

but simultaneously had a mean plasma TNF-a level roughly 5 times that of controls (Do 

Prado et al., 2016). The study mentioned earlier in this paragraph that reported a significant 

increase in hippocampal IL-10 in MS animals subjected to repeated IP injections also 

reported a significant increase in hippocampal TNF-a of a similar magnitude (Pinheiro et al., 

2015). That study unfortunately did not measure IL-1b, which in the hippocampus seems to 

be considerably more responsive to stress than TNF-a (Roque et al., 2016).  
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Finally, five studies have reported decreased IL-10 expression in RMS animals. Among 

animals that had undergone dopaminergic pathway lesioning, one study reported that RMS 

animals had decreased IL-10 mRNA in the striatum, concurrently with increased IL-1b, IL-6, 

and TNF-a (Dallé et al., 2017). In animals that had undergone three weeks of IP injections 

then various behavioural tests, it was reported that RMS animals had lower IL-10 in the 

ventral hippocampus, together with higher IL-1b (Wang et al., 2017). In animals subjected to 

five days of restraint and noise stress for two to four hours daily, when splenocytes were 

cultured with LPS, the splenocytes of RMS animals produced significantly less IL-10, along 

with non-significantly more TNF-a (Kiank et al., 2009). In animals injected daily with saline 

for two weeks and then exposed to the forced swim test on the final two days, serum IL-10 

was found to be decreased in RMS animals (Réus et al., 2013). Finally, among animals 

implanted with abdominal wall electrodes five days prior to sacrifice and later tested for 

sensitivity to organ distension, RMS animals were reported to have decreased colon tissue IL-

10, but increased interferon gamma (Shao et al., 2019).  

Altogether, there are two main conclusions that can be drawn regarding IL-10 expression 

in RMS models. Firstly, RMS does not have a consistent effect on IL-10 expression in the 

face of later-life stress, and the drivers of this variability are currently unclear. Secondly, 

even where pro-inflammatory cytokines are elevated, IL-10 expression can be decreased, 

increased, or unchanged, suggesting that it should not be over-interpreted as a representative 

indicator of the inflammatory state of a tissue. 

Microglial activation 

Only one study has examined microglial activation in RMS animals in the context of later-

life stress. This study, in which animals received daily intraperitoneal saline injections from 

PND 28-42, found at two weeks after the conclusion of the injections that RMS animals had 

slightly but significantly reduced hippocampal microglial process length and process number, 

consistent with a more activated phenotype on average (Han et al., 2019). Despite these 

findings, differences in microglial morphology between groups were not robust enough to 

also be apparent using a classification-based approach, as the study found no differences 

between MS and control animals in the proportion of microglia manually classified into any 

of three levels of activation (Han et al., 2019). However, this study also examined the impact 

of an additional stress following the two weeks of IP injections. Among animals subjected to 

two weeks of daily two-hour restraint stress from PND 42-56, the study reported the same 

effects of maternal separation on process length and number described above, but in this case, 
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the effects were robust enough to also be detected using a classification-based approach, in 

that MS animals had a larger proportion of highly activated microglia than controls.  

Microglia density 

One study examined the impact of maternal separation on microglia density in the context 

of an adulthood stressor. Specifically, it was found that maternal separation confers a 

vulnerability lasting at least into young adulthood to greater increases in spinal cord 

microglia in response to compression trauma of a nearby nerve (Mizoguchi et al., 2019).  

4.4 Discussion 

In this chapter, I sought to establish a clearer picture of the effects of ELS on the innate 

immune system, by conducting plasma cytokine measurements and systematically surveying 

others’ measurements of cytokines and microglia in the most widely used animal model of 

ELS. My own measurements aligned entirely with the high-confidence findings of the 

systematic review, with both finding no effect in either the short term or long term with 

further stress of RMS on blood cytokine levels. 

The systematic review, however, revealed additional, important findings. Overall, RMS 

did not appear to cause a persistent production of a pro-inflammatory state by immune cells, 

given that among instances where animals experienced no later-life stress, generally no long-

term effect of RMS on cytokine expression was found. However, in the context of later-life 

stress, RMS animals very commonly exhibited a more pro-inflammatory cytokine expression 

profile than controls. The contrast between these two sets of findings suggests that RMS 

causes a long-lasting sensitization of the mechanism by which an active psychosocial stressor 

results in pro-inflammatory signalling in tissues (Figure 3). In this mechanism as presently 

understood, (1) the CNS makes an assessment of stressor intensity and generates a 

proportional systemic production of neurotransmitters and hormones, particularly 

noradrenaline and adrenaline, which then act directly and indirectly on (2) innate immune 

cells, which respond by increasing their production of pro-inflammatory cytokines (LeDoux, 

2003; Roozendaal et al., 2009; Ulrich-Lai and Herman, 2009; Irwin and Cole, 2011; Hodes et 

al., 2015; Miller and Raison, 2016; Fleshner and Crane, 2017; Weber et al., 2017). It is 

possible that the sensitizing effects of RMS are mediated through modification of either or 

both parts of this mechanism. To my knowledge, only one study has been conducted to date 

that directly assessed these two possibilities. Kiank et al. (2009) harvested splenocytes, a rich 

collection of innate and adaptive immune cells, from RMS and control rats and performed an 
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ex vivo assessment of their cytokine production in response to LPS, avoiding the confounding 

of the stress caused by in vivo LPS administration. They found differences in cytokine 

production by immune cells between RMS and control animals only when both groups 

experienced later-life stress; in the absence of later-life stress, LPS-stimulated cytokine 

production by immune cells was completely unaffected by RMS. This suggests that rather 

than priming innate immune cells to effect a greater pro-inflammatory response to activating 

signals, RMS may instead result in greater nervous and/or neuroendocrine production of 

activating signals in response to later-life stress. Indeed, many studies in both humans and 

animals have reported long-lasting effects of ELS on the brain which could result in increased 

autonomic and endocrine responsiveness to stress. For example, RMS has been reported to 

increase neuron density in the amygdala (Gondré-Lewis et al., 2016; Bassey and Gondré-

Lewis, 2019) and decrease parvalbumin-positive interneuron density in the mPFC (Wieck et 

al., 2013; Do Prado et al., 2016; Grassi-Oliveira et al., 2016), while human ELS has been 

shown to decrease dorsal mPFC volume in adulthood (van Harmelen et al., 2010). However, 

in rodent models of adulthood stress, stress-induced priming of immune cells has been 

demonstrated both to subsequent stressors (Audet et al., 2011) and inflammatory stimuli 

(Wohleb et al., 2012; Frank et al., 2014), indicating that further work is required to 

understand the role of immunological priming in the elevated neuroimmune responsiveness 

that follows early life stress. 

 

Figure 3. Hypothesized effects of early life stress (ELS). The findings of this review suggest that 

ELS exerts a long-lasting augmentation to individuals’ physiological responsiveness to stressors. 

When exposed to stressors later in life, individuals with a history of ELS may exhibit elevated 

autonomic nervous or endocrine signalling, and/or elevated immune cell responses to that signalling, 

and in turn elevated pro-inflammatory cytokine expression. 

Another implication of my findings is that the elevated inflammation that has been 

identified in humans with a history of ELS may be a direct result of (1) ongoing adulthood 

stress, on a background of (2) increased responsiveness to stress. Ongoing adulthood stress 
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may for example result from everyday occupational, financial, or relationship stressors, or 

from the consequences of one or more of the psychiatric disorders that individuals with a 

history of ELS are at increased risk of developing. It is also possible that individuals with a 

history of ELS exhibit a more intense stress–immune response to sample collection itself, in 

which case findings suggesting elevated inflammation should be interpreted not necessarily 

as reflecting a stable elevated baseline, but instead as suggesting increased variability and 

peak daily pro-inflammatory signalling, or increased average inflammation over time. These 

findings point towards opportunities for therapeutic intervention in patients with a history of 

ELS, aimed at preventing or treating disorders thought to be caused or exacerbated by 

inflammation, such as major depression and cardiovascular disease (Batten et al., 2004; 

Nanni et al., 2012; Steptoe and Kivimäki, 2012). Identification and reduction of ongoing 

stressors, as well as certain psychotherapeutic, meditation, and relaxation regimens, represent 

readily available non-pharmacological interventions that, given my findings, may be 

particularly beneficial for patients with a history of ELS (Pace et al., 2009; Antoni et al., 

2012; Creswell et al., 2012; Morgan et al., 2014). 

While I did not collect data directly examining the causal role of ELS-associated 

inflammation with respect to any particular disorders, my findings have some generalisable 

implications regarding causality. Where long-term non-immunological effects of RMS have 

been identified in animals not subjected to any further stress, such as neurobiological effects 

(Matthews et al., 2001), my results suggest that ongoing pro-inflammatory signalling may be 

unlikely to play a causal role in those effects. However, the immune system may still be 

causally involved in that the early life inflammation may have long-lasting effects on other 

systems or processes, for example neurodevelopment, that persist beyond the resolution of 

the early life inflammation (Knuesel et al., 2014; Estes and McAllister, 2016). Intervention 

studies targeting the immune system, particularly in early life, are necessary to elucidate the 

precise consequences of RMS-associated inflammation, and this review provides clear 

guidance for such studies. In RMS animals, it should be expected that pro-inflammatory 

signalling will peak during or immediately after early-life or later-life stress exposure, and 

rapidly decline in the absence of stress. Normalization of inflammatory signalling should be 

expected within several weeks if not within one day (Roque et al., 2016), although recovery 

may be slowed if animals are deprived of standard stress-relieving cage elements such as 

tunnels, nesting, and littermates (Do Prado et al., 2016). Therefore, both inflammation and its 

hypothesized consequences should be measured during or immediately after stress, and 
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interventions targeting the immune system will likely be most effective if administered 

during early-life or later-life stress, or both. Additionally, measurement of inflammatory 

signalling in non-blood tissues relevant to disorders of interest is encouraged as this appears 

to be more sensitive than measurement in blood. For three out of four cytokines, the most 

common short-term effect in non-blood tissues was an increase, whereas in the blood, no 

change was most common. Additionally, while most included studies measured cytokine 

expression in either non-blood tissue or blood, but not both, four studies did simultaneously 

measure a particular cytokine in both types of tissue, and three of these detected at least one 

change in non-blood tissue that was not detected in plasma (Roque et al., 2016; Moya-Pérez 

et al., 2017; Wang et al., 2017).  

4.5 Limitations 

Regarding my own experimental results, during the conduct of the assay, I performed the 

incubation steps using an orbital shaker at 150 rpm rather than a microplate shaker at 850 rpm 

as advised by the product manual. This approach was recommended to me by a highly 

experienced operator of the machine, but not of the specific assay kit I used, and I now have 

reason to believe that this discrepancy compromised assay performance. Specifically, data 

analysis often revealed considerable intra-duplicate variance exclusively at the highest 

standard curve concentrations, and fluorescence readings were often similar between the third 

highest concentrations, whereas they should have continued increasing with increasing 

analyte concentration. This suggests that there was under-incubation that particularly affected 

the very highest analyte concentrations, which in general were vastly above expected tissue 

concentrations. To overcome this issue, I generated multiple standard curves for each analyte 

and permitted only standard curves and individual measurements which passed stringent 

quality requirements, consistent with norms in the literature (Sanz et al., 2017). Most analytes 

at most timepoints met these standards. Additionally, the values I have observed here for 

many cytokines are similar to those others have observed (Carboni et al., 2010; Do Prado et 

al., 2016; Felger et al., 2016; Grassi-Oliveira et al., 2016). Finally, the negative results at all 

timepoints are wholly consistent with the results of my systematic review. For all these 

reasons, I have high confidence that the data I have presented are reliable. 

 Regarding the systematic review, the main limitation is that it was relatively focused. 

There are many more aspects of the immune system that have been studied in relation to 

RMS, and in obtaining a full understanding of the immunological effects of RMS, it will be 
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important to take account of those findings. However, the central aim of the systematic 

review was narrower: it was to robustly elucidate the circumstances and general tissue type in 

which RMS can be expected result in elevated inflammatory signalling. 

4.6 Conclusion 

In summary, my findings in this chapter suggest that ELS results in a long-lasting 

sensitization of the neuroimmune response to stress, and consequently a propensity to 

elevated inflammation in response to later-life stress. Further, the finding that for ELS to 

result in elevated inflammation in later life, subjects must generally be exposed to ongoing 

stress, suggests that non-pharmacological interventions aimed at reducing stressor exposure 

or stress responsiveness may be particularly beneficial in reducing inflammation in people 

with a history of ELS. Finally, my findings guide the future use of RMS to interrogate the 

causal roles of ELS and inflammation in disorders such as depression and cardiovascular 

disease.  



130 

 

5 Repeated maternal separation has 

long-lasting effects on amygdala 

volume 

5.1 Introduction 

The adverse psychiatric consequences of ELS are necessarily mediated by effects of ELS 

on the brain, and the adverse physical health consequences may be mediated by CNS effects 

too. Depression and anxiety disorders are now known to at once be disorders of the mind and 

of the brain (Hilbert et al., 2014; Otte et al., 2016). Corticolimbic appraisal of threat can, via 

sympathetic nervous activation of immune cells, potentiate inflammatory processes (Ulrich-

Lai and Herman, 2009; Miller and Raison, 2016). Inflammation in turn is a key component of 

many of the physical illnesses associated with ELS (Kumar et al., 2015), and is currently 

thought to play a causal role in roughly a third of depression cases (Miller and Raison, 2016; 

Treadway et al., 2019). Thus, the central nervous consequences of ELS are important to 

understand, so that interventions may be best targeted in order to either prevent some of these 

outcomes, or to optimally treat them when they develop in individuals with a history of ELS 

exposure. One means of studying such consequences is the measurement of regional brain 

volumes (Whittle et al., 2013; Pagliaccio et al., 2014), which are capable of reflecting 

underlying alterations to neuronal or glial number or morphology (Fjell and Walhovd, 2010; 

Pirko et al., 2011; Heikkinen et al., 2017). 

In this chapter, I sought to describe the short- and long-term effects of RMS on the 

volumes of key brain regions of possible relevance to the relationship between human ELS 

and subsequent depression and anxiety. Except for the amygdala, these regions were selected 

because of reported associations between their structure or function and these human 

conditions. Thus, these analyses were not driven by RMS-specific hypotheses, but instead 

constituted a descriptive, exploratory characterization, intended to probe for relationships 

which, if present, may be able to contribute to an understanding of the mechanistic 

relationships between human ELS and its consequences. 

Regarding the amygdala, I hypothesized that RMS would increase its volume at all three 

time points, both because of findings of increased volume (Mehta et al., 2009; Tottenham et 
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al., 2010; Pechtel et al., 2014; van Rooij et al., 2020) and increased functional reactivity or 

connectivity (Steuwe et al., 2015; Peverill et al., 2019; van Rooij et al., 2020; Olsavsky et al., 

2021) following human ELS, as well as reports of increased amygdala neuronal count 

following RMS (Gondré-Lewis et al., 2016; Hegde et al., 2020). 

The other regions selected for measurement were: the hippocampus, because there is meta-

analytic evidence of reduced volume in recurrent major depression (Schmaal et al., 2016), 

and only one prior well-powered study had been conducted in RMS (Hui et al., 2010), and 

another had shown reduced hippocampus volume in early life following RMS (Herpfer et al., 

2012); the nucleus accumbens, because reduced reward reactivity has been reported in 

depression (Der-Avakian and Markou, 2012; Treadway et al., 2019), and because anxious 

avoidance critically depends on it (LeDoux and Daw, 2018); the dorsal striatum, because 

reduced caudate reactivity to reward has been reported in depression (Pizzagalli et al., 2009; 

Pizzagalli, 2014); and the insula and cingulate cortex because altered functional connectivity 

of both has been reported in both human depression (Sheline et al., 2010; Veer et al., 2010; 

Zeng et al., 2012) and anxiety, including in meta-analyses (Groenewold et al., 2013; 

Chavanne and Robinson, 2021). 

Quantitation was limited to six regions for several reasons. Firstly, limiting the number of 

comparisons avoids the need to correct for multiple comparisons, which would reduce power. 

Secondly, I did not have strong reason to suspect other regional volumetric differences. 

Finally, although some rat brain atlases segment the brain into several dozen regions (Valdés-

Hernández et al., 2011; Papp et al., 2014), these atlases have often been derived using several 

different structural and diffusion sequences simultaneously, sometimes ex vivo and thus in 

particularly high resolution. They thus have been derived using scans with tissue contrast that 

is impractical to obtain for a large number of live animals. Because many of the borders of 

the delineated structures are not visible on T1, magnetisation transfer (MT), or proton density 

(PD) images collected in vivo, algorithms which conduct registration, i.e. non-linearly 

transform subject images to a template image, cannot operate on these borders (Avants et al., 

2011). Therefore, while an argument can be made that these regional delineations can still be 

useful for functional analyses, because they will generally refer to roughly the same region 

across subjects, many are not reliable for volumetric quantitation.  
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5.2 Methods 

5.2.1 MRI scanning 

Rats underwent MRI scanning at three timepoints: PND 20 (immediately following blood 

collection), PND 62 (median; range: 61-62), and PND 285 (median; range: 271-309; median 

days of stress before scan day: 11, range: 9-13). 

For the PND 20 scan, rats were kept under isoflurane anaesthesia from before blood 

collection to the end of the MRI scan. One to two percent isoflurane was delivered in 100% 

oxygen at 1 L/min. During the scan, rats were monitored using a pulse oximeter, respiratory 

tracer pad, and rectal temperature probe (SA Instruments, Stony Brook, NY, USA). Vital 

signs (heart rate, respiratory rate, oxygen saturation, body temperature) were maintained at 

age- and gender-specific norms by adjustment of anaesthesia depth and the temperature of an 

adjustable heat pad secured atop the animal. 

5.2.2 Image acquisition 

MRI images were acquired using a 9.4 Tesla (T) horizontal bore MRI scanner (BioSpec 

94/20, Bruker, Coventry, UK). A three-dimensional gradient echo sequence was used to 

acquire structural images. The field of view of 25.60 × 20.48 × 30.72 mm3 was constrained 

within a matrix of 160 × 128 × 192 voxels, each with an isotropic resolution of 160 µm3. 

Three different image types were obtained, with each providing unique tissue contrast: 

magnetisation transfer (MT) images, proton density (PD) images, and T1-weighted images. 

PD images were acquired using a relaxation time (TR) of 25 ms and an echo time (TE) of 

2.41 ms, with a flip angle (FA) of 6°. MT images were acquired using the same parameters, 

but with the additional application of 4 ms radiofrequency (RF) pulses with a Gaussian shape 

(2 kHz frequency offset, bandwidth 685 Hz, 10 uT magnitude). T1 images were acquired 

using a TR of 18 ms, a TE of 2.41 ms, and an FA of 40°. Acquisition was accelerated by a 

factor of 1.55. Images were acquired every 2.1ms until 6 MT, 6 T1, and 8 PD images were 

acquired, and then for each image type, a single average image was produced. 

5.2.3 Image pre-processing 

All MRI processing operations were performed using tools included in: the Advanced 

Normalization Tools (ANTs) toolbox v2.3.4 (Avants et al., 2011; Tustison et al., 2014), 
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FMRIB Software Library (FSL) v6.0 (Smith et al., 2004; Jenkinson et al., 2012), MRTrix3 

v3.0.4 (Tournier et al., 2019), and convert3d v1.1.0 (Yushkevich et al., 2006). 

First, bias field correction was performed using N4BiasFieldCorrection (ANTs) (Tustison 

et al., 2010) on MT, T1, and PD images. Between 6-18 bias-corrected images were generated 

for each input image, each using a different b-spline mesh, and then corrected images were 

averaged without normalization to produce the final bias-corrected image. 

Because MT, T1, and PD images from the same animal at a given timepoint were not 

perfectly aligned with each other, the rigid transformation from bias-corrected T1 and PD to 

MT space was found for each set of those three images using antsRegistration. This 

transformation was then converted to MRTrix3 format using c3d_affine_tool (convert3d) and 

transformconvert (MRTrix3), and then applied to the header of the bias-corrected T1 or PD 

image using mrtransform (MRTrix3) to avoid resampling.  

5.2.4 Generation of study templates 

Tri-modal template generation was performed using 

antsMultivariateTemplateConstruction2 (ANTs). At each timepoint (PND 20, 62, and 285), 

one animal’s scan was selected to act as the initial reference space, and then sequentially for 

all other scanned animals, the three bias-corrected images (MT, T1, PD) were concurrently 

rigidly registered into the reference space. The transformed images were averaged with 

normalization to produce three modality- and study-specific template images (ANTs study 

templates), and then each animal’s original bias-corrected images were non-linearly 

registered to the new templates. This average-and-register step was performed a total of four 

times in sequence: twice with a three-stage symmetric normalization (SyN) registration, and 

then twice with a four-stage SyN registration involving 30-50 iterations at the final stage 

(Avants et al., 2008). In all multi-modal registrations, the MT, T1, and PD images were given 

relative weights of 2:1:1 in calculation of the image metric, due to the superior grey-white 

matter contrast in the MT images. 

Extensive optimisation of registration parameters, including whether and where to use 

brain masks, was performed. Ultimately, regarding masking and brain extraction, the 

following methods were used: For the PND 20 timepoint only, the template brain was 

manually masked, and the mask then inverse warped into subject space. Each subject brain 

mask was manually edited for accuracy, and then the entire template generation process was 

repeated using the brain-extracted images. For the PND 62 and 285 timepoints, template 
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generation was performed using whole-head images and without supplying antsRegistration 

with any masks. A final, additional registration to the template was then calculated for use in 

analyses. This registration used whole-head images, but the affine part was performed by 

supplying antsRegistration a mask of the fixed image only, while the non-linear part used no 

masks. 

5.2.5 ROI volume quantitation 

Region of interest (ROI) masks were derived from the Tohoku University Rat Brain Atlas, 

which was kindly provided by Dr Akira Sumiyoshi of the National Institutes for Quantum 

and Radiological Science and Technology, Japan (personal correspondence, January 2021). 

The creation of this atlas is described in Liang et al. (2018), although it has since been 

modified. The current atlas is a composite of 46 × 2 unilateral cortical ROIs from the original 

Tohoku University cortex-only atlas (Valdés-Hernández et al., 2011), together with 26 × 2 

unilateral subcortical ROIs derived from the Calabrese et al. (2013a) atlas, and 3 × 2 

unilateral cortical ROIs derived from the Schwarz et al. (2006) atlas. The Valdés-Hernández 

et al. (2011) and Calabrese et al. (2013a) segmentations were based on Paxinos and Watson 

(2007) while the Schwarz (2006) segmentations were based on Paxinos and Watson (1998). 

First, all ROI masks were extracted from the atlas. Then, the Cg1 and Cg2 masks dividing 

the cingulate cortex were merged into one, and the six masks dividing the insular cortex were 

merged. Non-linear transforms were found from the Tohoku template image to the PND 285 

MT study template image, and from the PND 285 template to the PND 20 and PND 62 

templates. These transforms were used to warp select ROI masks into each of the three study 

template spaces. A mask of grey and white matter was created for each study template, based 

initially on the range of voxel intensity values across these two tissue classes, then with 

further manual editing for accuracy. These intensity masks were applied to the ROI masks to 

remove any aberrant voxels in CSF, meningeal tissue, or air spaces. ROI visualizations were 

produced using MRIcroGL (Rorden and Brett, 2000). 

Six ROIs were selected for volume quantitation, including four subcortical ROIs 

(amygdala, nucleus accumbens, dorsal striatum, and hippocampal formation), and two 

cortical ROIs (cingulate cortex and insula). The amygdala mask encompasses all amygdaloid 

nuclei delineated in Paxinos and Watson (2007), including the basolateral, central, medial, 

intercalated, lateral, posterolateral cortical, and posteromedial cortical amygdaloid nuclei 

(Calabrese et al., 2013b). The nucleus accumbens (NAc) mask encompasses both the core 
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and the shell. Sub-segmentation of ROIs was not attempted because their internal boundaries 

are not visible using any of the three contrasts acquired here. Non-linear registration depends 

on intensity boundaries or gradients and cannot attend to invisible boundaries, and thus 

volume quantitation would be unreliable due to the considerable or predominant influence of 

the affine part of the registration on the size of the final, subject-space ROI mask.  

ROI masks were inverse-warped from each study template space back to subject space. 

The grey-white matter mask for each template space was also inverse-warped to subject 

space, to provide an index of total brain volume (TBV). All warping of ROI masks from the 

PND 285 template space onward was performed using linear interpolation, and ultimately 

ROI volumes were calculated by multiplying the mean intensity value (range 1 ≥ x > 0) of 

non-zero voxels by the total volume (in mm3) occupied by non-zero voxels. 

5.2.6 Data analysis 

A separate linear mixed-effects model was constructed for each ROI, which included the 

full interaction of group, gender, and timepoint, as well as TBV and its interaction with 

timepoint. Timepoint was treated as a categorical variable because there were only three 

timepoints and ROI volume was never linear across them. TBV was mean-centred around the 

mean TBV at each timepoint. For some ROIs, model residuals were modestly non-normal; 

for consistency, non-parametric statistics were calculated and presented in the main text for 

all models, but parametric statistics are similar and are also presented in Appendix 7.1.3. 

5.3 Results 

5.3.1 RMS increased amygdala size in late adulthood during 

adulthood stress 

RMS and control animals underwent MRI scans at three timepoints: the day following 

conclusion of MS (PND 20), in early adulthood (PND 62) in the absence of recent stress, and 

late adulthood (PND 285) during the application of a chronic adulthood stressor. Masks of six 

regions of interest (Figures 1 and 2) were warped into study template space for each of these 

timepoints, and from there into subject space for volume quantitation.  

Results are presented in Figure 3. In the mixed-effects model for amygdala volume, there 

was a significant group × timepoint interaction (F2,63.1 = 4.78, p = 0.016). On post-hoc testing 

within timepoints, there was a significant difference at PND 285 (t94.7 = -2.26, p = 0.043), 
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with RMS animals having an amygdala volume of 33.8 ± 0.173 mm3 compared to 33.4 ± 

0.164 mm3 for controls. There were no differences at PND 62 (t95.2 = -0.83, p = 0.319), where 

RMS animals had an amygdala volume of 29.5 ± 0.118 mm3 and controls had a volume of 

29.3 ± 0.126 mm3, or at PND 20 (t103.4 = 1.61, p = 0.143), where RMS animals had a volume 

of 27.7 ± 0.162 mm3 and controls had a volume of 28.1 ± 0.241 mm3. There were no other 

significant interactions involving group (Appendix 7.1.3). 

 

Figure 1. Three-dimensional renderings of region of interest (ROI) masks in PND 285 study 

template space. ROI masks were obtained by registering the Tohoku University Rat Brain Atlas 

template image to the PND 285 study template image, and then warping the Tohoku masks into study 

template space. The six ROIs depicted are: insula (green), cingulate cortex (orange), dorsal striatum 

(dark blue), ventral striatum (light blue), amygdala (red), and hippocampus (yellow).  
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Figure 2. Axial sections of the post-natal day (PND) 285 magnetisation transfer (MT) study 

template, overlaid with the region of interest (ROI) masks. The six ROIs depicted are: insula 

(green), cingulate cortex (orange), dorsal striatum (dark blue), ventral striatum (light blue), amygdala 

(red), and hippocampus (yellow).  
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Figure 3. Effects of maternal separation (MS) on regional brain volumes. Animals underwent 

MRI scanning on PND 20 (MS n = 17, control n = 12), PND 62 (MS n = 22, control n = 20), and 

PND 285 (MS n = 21, control n = 23), and this data was analysed to quantify the volumes of six 

regions of interest. Maternal separation resulted in increased grey matter volume in the amygdala at 

the timepoint in late adulthood during adulthood stress, but not in early adulthood or immediately 

following MS.  
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5.4 Discussion 

Here, I reported that RMS animals had a larger amygdala in late adulthood in the context 

of a later-life stress. Below, I will interrogate a breadth of literature in order to set this finding 

in context and probe the psychiatric, neuroendocrine, and autonomic nervous implications of 

larger or smaller amygdala volumes. 

5.4.1 RMS and regional brain volumes 

Six studies of regional brain structure following RMS have been conducted. To date, there 

has been a focus on the hippocampus, which is well-delineated on any structural MRI 

sequence and thus it is among the easiest structures to quantify the volume of. Thus, all six 

studies have, at a minimum, measured the effect of RMS on either whole hippocampus 

volume or dorsal and ventral hippocampus volume. Of the five that performed measurements 

in adulthood, all reported no effect of RMS on hippocampal volumes (Hui et al., 2010; Hui et 

al., 2011; Herpfer et al., 2012; González-Pardo et al., 2019; Guan et al., 2020), even in the 

context of large sample sizes (Hui et al., 2010). In one of these studies, in which early 

deprivation (i.e. separation of pups from one another in addition to from the dam) was 

conducted, reduced hippocampus volume was reported earlier in life, at both PND 15 and 

PND 30, but by PND 70 there was no difference between groups (Herpfer et al., 2012). 

However, another study reported no effect of RMS on dorsal or ventral hippocampus volume 

at PND 40, in either of two mouse strains examined and in either gender (Reshetnikov et al., 

2021). Regarding volumetric analyses in regions other than the hippocampus, one study 

found no effect of RMS on whole cortex volume or motor cortex thickness at PND 40 

(Reshetnikov et al., 2021), while another reported no effect of RMS on the volume of the 

dorsal striatum or medial prefrontal cortex (combined infralimbic and prelimbic cortex) at 

PND 90 (González-Pardo et al., 2019).  

To summarise: To date, only a small number of ROIs have been examined for volumetric 

effects of RMS, specifically: whole hippocampus, dorsal hippocampus, ventral hippocampus, 

whole cortex, motor cortex, dorsal striatum, and combined infralimbic and prelimbic cortex. 

All measured ROIs have been reported to be unaffected, with the exception of one report of a 

short-lived effect of decreased hippocampal volume. Most volumetric measurements have 

occurred in adulthood. 
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5.4.2 RMS and amygdala neuronal morphology 

While the volume of the amygdala has never before been measured following RMS, one 

possible cause of brain region enlargement is altered neuronal morphology, which has been 

previously examined in several studies. In one study, RMS animals were reported to have 

25% more neurons in the amygdala as a whole at age PND 70 (Gondre-Lewis 2016). In that 

paper, each experimental group was evenly split between males and females, but analyses did 

not model the effect of gender. In study using only male animals, RMS was reported to 

increase spine density on basolateral amygdala principal neurons in adulthood (PND 60-70) 

by 20% among animals reared in enriched home cage conditions, and by 30% in animals 

reared in standard conditions (Hegde et al., 2020). When projection neurons from frontal 

cortex to the basolateral amygdala (BLA) were identified and their bouton density in the 

amygdala was measured, RMS animals were reported to have greater frontal-BLA 

innervation at PND 35, although this effect was not statistically significant at PND 67-75 

(Thomas et al., 2020). Again in males, RMS animals were found to have greater total 

dendritic length and greater dendritic branch count at PND 84 (Koe et al., 2016), although in 

the only report of dendritic or axonal morphology in the amygdala specifically in females, 

neither effect was found (Lee et al., 2020). Altogether, while there is a paucity of evidence 

concerning the effects in females, RMS at least in males appears to result in long-lasting 

increases in the microstructural connectivity of the amygdala, which could potentially 

contribute to the finding of a larger amygdala in RMS animals in late adulthood. 

5.4.3 Non-RMS rodent manipulations and the amygdala 

To my knowledge, only two studies have conducted volumetry of the amygdala in non-

RMS models of chronic stress in rodents. In one of these studies, mice subjected to 5 weeks 

of chronic unpredictable stress (CUS) were found to have an enlarged amygdala even after 

adjustment for total brain volume, which did not differ between groups (Nikolova et al., 

2018). In the same article, investigators reported measuring regional brain volumes and 

conducting structural covariance analyses in a large sample of young adults, comparing those 

in the top 25% of the distribution of childhood maltreatment scores to those in the bottom 

25%. While not finding a relationship between human ELS and amygdala volume, they found 

patterns of volumetric covariance between brain regions in humans with high ELS that 

strongly paralleled those they identified in CUS mice, with the volumes of other brain regions 

collectively varying much more strongly with amygdala volume in both humans with high 
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ELS compared to those with low ELS and in mice exposed to CUS compared to those 

unexposed (Nikolova et al., 2018). In another study, Sprague Dawley (SD) rats and Fisher 

344 (F344) rats, which are known to be much more resistant to habituation of the 

corticosterone response to repeated exposure to the same stressor than SD rats, were both 

exposed to a 30 min stressor for two weeks, and then an ex vivo brain MRI scan was 

performed (Bourgin et al., 2015). There, in line with many of the findings from microscopy 

discussed below, it was reported that stress decreased hippocampal and medical prefrontal 

cortex (mPFC) volumes across both strains, while simultaneously greatly increasing 

amygdala volume in the F344 strain (Bourgin et al., 2015).  

Other relevant findings have come from microscopy. Firstly, glucocorticoid administration 

has been repeatedly reported to facilitate synaptic plasticity in the amygdala while impairing 

it elsewhere. For example, acute and chronic administration of corticosterone to mice have 

both been reported to increase dendritic length and number of dendritic branch points in the 

BLA (Mitra and Sapolsky, 2008). In another study, chronic corticosterone was reported to 

decrease dendritic spine density in the hippocampal CA1 subfield, the infralimbic cortex, and 

the orbitofrontal cortex, while increasing it in the amygdala (Gourley et al., 2013). 

Interestingly, in this latter study, most of these effects, including the effect in the amygdala, 

were also shown to normalize after a 1-week washout period. In another case, chronic 

corticosterone administration to rats via their drinking water for three weeks was reported to 

decrease hippocampal expression of the synaptic proteins GluR1 and synaptophysin, while 

increasing them in the lateral amygdala (Monsey et al., 2014). Here, in contrast to the earlier 

study, while the hippocampal changes normalized following a 2-week washout period, the 

amygdala changes only became larger.  

Corticosterone-based paradigms are only so informative, however, given that resultant 

levels of corticosterone may not correspond well to the glucocorticoid levels that typically 

result from chronic stress in humans or animals, and that the elevation does not result from 

HPA axis activation but instead will act to suppress it. Nevertheless, in this case, i.e. with 

respect to effects on dendritic morphology, chronic stress paradigms appear to have the same 

result as corticosterone administration. Using electron microscopy, chronic unpredictable 

stress (CUS) has been reported to simultaneously increase the thickness of the postsynaptic 

density and the length of the presynaptic active zone in the BLA, while decreasing both of 

these metrics in the prelimbic cortex (Li et al., 2015). In another study, CUS was reported to 

increase dendritic length of amygdala neurons, while decreasing dendritic length in prefrontal 
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cortical neurons (Hill et al., 2011). In another case, chronic restraint stress was reported to 

reduce dendritic length and arborization in hippocampal CA3 subfield pyramidal neurons, 

while simultaneously increasing dendritic length in BLA pyramidal neurons and dendritic 

length and branching in BLA stellate neurons (Vyas et al., 2002). Indeed, a recent review of 

the effects of rodent chronic stress paradigms on dendritic morphology concluded that, in 

general, these paradigms result in dendritic atrophy and spine loss in the hippocampus and 

PFC, while simultaneously increasing dendritic spine density in the amygdala (Qiao et al., 

2016). 

5.4.4 Human ELS and amygdala volume 

Numerous studies have reported a positive association between ELS and amygdala volume 

in childhood, adolescence, and adulthood. In a study of 18 adults exposed to ELS and 33 

healthy controls, subjects retrospectively reported the presence or absence of ten types of 

maltreatment or neglect for each year of childhood and adolescence from age 6 to age 18 

(Pechtel et al., 2014). The ELS subjects were found to have larger right but not left 

amygdalae in adulthood, and similarly, across all subjects, summed ELS across ages 6-18 

was positively associated with larger right amygdala volume in adulthood, even after 

controlling for age, gender, current perceived stress, current anxiety symptoms, and current 

depression symptoms, none of which were significantly related to right amygdala volume 

(Pechtel et al., 2014). In another study, among 139 adolescents mostly aged between 12-13 

years, lower socioeconomic status was significantly associated with higher right amygdala 

volume, and higher Childhood Trauma Questionnaire scores were non-significantly 

associated with larger right and left amygdala volumes (Whittle et al., 2013). Among 69 

children and adolescents aged 8-14 years who lived in unsafe, low SES areas in Atlanta, 

Georgia, USA and who generally reported high levels of trauma exposure, PTSD symptoms, 

and depression symptoms, the number of self-reported potentially traumatic events (including 

exposure to violence, abuse, and serious injuries) was associated with significantly and non-

significantly larger left and right amygdala volumes respectively (van Rooij et al., 2020). 

When adolescents aged roughly 16 years who were reared under extremely deprived 

conditions in institutions in Romania and then adopted into UK families were compared to 

age-matched non-institutionalised controls, they were found to have larger right amygdala 

volumes (Mehta et al., 2009). A similar study compared children aged roughly 10-12 years 

who were adopted from orphanages mostly in Asia but also in Eastern Europe into US 

families to age-matched never-institutionalised controls (Tottenham et al., 2010). That study 
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reported that children who had been adopted after 15 months of age (“late-adopted”) had 

larger average bilateral amygdala volume than both early-adopted children and never-adopted 

controls, which in turn did not differ from one another in amygdala volume (Tottenham et al., 

2010). In another case, maternal depression, which is associated with an increased rate of 

withdrawn, disengaged behaviours, was used as a putative proxy of emotional neglect 

(Lupien et al., 2011). Here, 10-year-old children who had been parented by depressed 

mothers had larger amygdalae than age matched unexposed controls. While the probability of 

antenatal depression represents a potential confound here (Buss et al., 2012; Graham et al., 

2018), this study nonetheless adds to the large body of evidence suggesting a positive 

association between ELS and later-life amygdala volume. 

However, several studies have also reported no relationship between amygdala volume 

and ELS exposure, or even a negative relationship. It has been observed, however, that many 

of these reports have come either from samples with high rates of psychiatric diagnoses, 

which introduces noise at a minimum, particularly if subjects across the sample have varied 

diagnoses, but also confounding if disorders that are more common in ELS-exposed subjects 

are themselves associated in some way with amygdala volume (Teicher and Samson, 2016). 

For example, in one study, the number of stressful life events experienced before age 3-5 

years did not predict left or right amygdala at age 7-12 years after controlling for total brain 

volume (Pagliaccio et al., 2014). However, the 120 subjects in this study were all recruited 

based on their elevated risk at age 3-5 for depression, based on a parent-report checklist for 

the presence or absence of certain behaviours, and 75% of them had at least one of 16 

different psychiatric diagnoses by the time of the MRI scan, representing considerable noise 

and potential for confounding. In another study, 110 post-institutionalised adolescents 

adopted from overseas into US families were compared with 62 never-institutionalised 

controls (Hodel et al., 2015). While control adolescents had a mean age of 12 years, adopted 

adolescents: had a mean age of 13, had experienced a mean of almost 12 years with their 

adoptive family, were from 15 different countries, and nearly 30% had an axis I psychiatric 

disorder. Mean left and right amygdala volume was technically lower than controls in late-

adopted adolescents, but this difference was not significant after adjustment for total 

supratentorial brain volume (Hodel et al., 2015). In the same vein, while several studies have 

reported negative associations between ELS and amygdala volume, these have often come 

from small studies in adult subjects that were primarily intended to study disorders, such as 

borderline personality disorder (Driessen et al., 2000; Schmahl et al., 2003), dissociative 
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identity disorder (Vermetten et al., 2006), MDD (Malykhin et al., 2012), and substance use 

disorder (van Dam et al., 2014). All of these are conditions which have been robustly 

associated with ELS exposure meta-analytically, but which do not follow necessarily from it 

(Teicher and Samson, 2013). 

Altogether, the balance of the purely clinical evidence likely supports the hypothesis that 

ELS, at least from some causes, can result in larger amygdalae in later life. However, most of 

the supportive studies have been small, and there have been conflicting findings, even though 

these studies have had clear limitations. Large studies, particularly those with the ability to 

look for a relationship between ELS and amygdala volume in subjects without 

psychopathology, or with sufficient inter-subject variability in psychopathology diagnosis 

that the influence of each diagnosis can be reliably modelled out, together with the use of 

rodent ELS paradigms, will be necessary to isolate the effects of ELS on the amygdala. 

5.4.5 Depression and amygdala volume 

Widely variable associations have been reported between amygdala volume and MDD. 

First, there were early reports of no relation (Bremner et al., 2000), increased amygdala 

volume (Lange and Irle, 2004), and decreased volume in females (Hastings et al., 2004). 

Then, an early meta-analysis suggested that unmedicated MDD patients have smaller 

amygdalae whereas medicated MDD patients have larger amygdale (Hamilton et al., 2008), 

but the reliability of this analysis is questionable given that it did not account for the 

influence of TBV in at least one included study, resulting in the true, null result of that study 

being misrepresented in the meta-analysis as a strong, significant result (Bremner et al., 

2000). In contrast to the findings of the meta-analysis, a small study conducted shortly 

afterwards found that mediation-naïve first-episode MDD patients had larger amygdalae than 

controls (van Eijndhoven et al., 2009). Most recently, the Enhancing Neuro-Imaging Genetics 

Through Meta-Analysis (ENIGMA) consortium conducted a meta-analysis using the raw 

MRI data from over 1,700 MDD patients and 7,000 controls from 15 research samples, 

looking for associations between MDD or various MDD subgroups and the volumes of seven 

subcortical grey matter regions as well as of the lateral ventricles (Schmaal et al., 2016). 

Overall, there was no significant relationship between amygdala volume and MDD. 

However, sensitivity analysis revealed that early-onset MDD patients, i.e. patients with onset 

at age 21 or earlier, had a smaller amygdala than controls, while the amygdalae of late-onset 

MDD patients were no different in size to controls (Schmaal et al., 2016). However, the size 
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of the effect in early-onset patients was small, with a Cohen’s d of -0.12, and after correction 

for multiple comparisons, it had only trend significance. No other sensitivity analyses 

revealed any significant effect on amygdala volume, including comparisons specifically of 

recurrent MDD to controls and first-episode MDD to controls, and sample-level analysis of 

the influence of antidepressant medication. Unfortunately, no analyses in this paper attempted 

to control for maltreatment history. However, the fact that there was only a significant 

relationship between MDD and amygdala size in subjects whose depression developed before 

or at age 21, which was only the case for 35% of patients, suggests that this subgroup may be 

enriched for chronic stress in adolescence, in which case this signal may really be an ELS 

signal rather than an MDD signal. Indeed, that observed volumetric changes in psychiatric 

disorders, and particularly in MDD, may actually be the result of failure to account for 

confounding introduced by maltreatment history continues to be strongly advocated by some 

investigators (Teicher and Samson, 2016). However, although demographic information was 

not provided in the ENIGMA meta-analysis for the early-onset subjects, because the mean 

age of MDD patients in most included studies ranged from 30-50 years and that early-onset 

patients were distributed across these studies, it is likely that early-onset also connotes a 

longer lifetime duration of MDD. Therefore, rather than reflecting ELS, it may be that the 

early-onset signal is one of high vs low total illness duration. On the other hand, the fact of no 

relationship with amygdala volume even specifically in individuals with recurrent MDD, who 

necessarily have longer illness histories than first-episode patients, provides some evidence 

against the illness duration hypothesis. Altogether, the extreme difficulty of finding a 

consistent, significant relationship between MDD and amygdala volume, particularly in the 

context of relative ease finding relationships with hippocampus volume, strongly suggests 

MDD is not itself associated with volumetric changes to the amygdala, and that any such 

relationships are likely a function of other factors that are themselves associated with MDD 

in some samples, such as ELS. 

5.4.6 Anxiety and amygdala volume 

Where studies of amygdala volume have reported significant associations with the 

presence of generalized anxiety disorder (GAD), these have all reported that GAD patients 

have larger amygdalae (Kolesar et al., 2019). Specifically, enlarged amygdalae have been 

reported in two samples of 16-17 adult GAD patients (Etkin et al., 2009; Schienle et al., 

2011), and one sample of 12 child and adolescent GAD patients (de Bellis et al., 2000). 

However, there have also been several reports of no difference, and while some were in small 
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samples (Mohlman et al., 2009; Hettema et al., 2012; Makovac et al., 2016), at least one null 

result has come from a sample including 50 patients and 90 controls (Suor et al., 2020).  

Similar to the case for GAD, results relating amygdala volume to trait and state anxiety are 

also variable. For example, the following associations have been reported: trait anxiety with 

larger left amygdala volume (Baur et al., 2012), trait and state anxiety with smaller left 

amygdala volume (Spampinato et al., 2009; Blackmon et al., 2011), and no association 

between trait anxiety and left or right amygdala volume (Kühn et al., 2011).  

As with depression, the fact of statistically significant positive and negative associations 

between amygdala volume and anxiety likely points to confounding, in that the inconsistency 

may well be driven by sample-to-sample differences in ELS history and the prevalence of 

psychopathology. Indeed, none of the GAD studies that reported positive associations with 

amygdala volume reported on or controlled for ELS history. 

5.4.7 Cortisol and amygdala volume 

Most studies investigating the relationship between cortisol stress reactivity and amygdala 

volume in humans have reported a negative association. For example, higher cortisol 

response to stress was associated with a smaller right amygdala in a sample of over 40 

children aged roughly 6 years (Fowler et al., 2021). In another study, a similarly negative 

relationship was identified between cortisol stress reactivity at ages 3-5 and left amygdala 

volume at ages 7-12 (Pagliaccio et al., 2014). Similarly, in healthy teenagers, elevated 

cortisol stress reactivity was associated with a smaller right amygdala (Klimes-Dougan et al., 

2014). In another study, although the relationship was not identified among controls, some of 

whom had a psychiatric history, among adult patients with a history of exposure in as 

neonates to mothers with post-natal depression, a smaller amygdala was again associated 

with greater cortisol stress reactivity (Barry et al., 2017). In a study in 51 healthy adults aged 

between 23 and 83 years, investigators found negative a relationship between total daytime 

cortisol output over 10 days and amygdala volume, but only in older adults, i.e. above age 

roughly 50 years (Ennis et al., 2019). While there was no laboratory stressor in this study, 

total daytime cortisol output will necessarily capture cortisol reactivity to daily stressors. 

Putting stress reactivity aside, to my knowledge, no relationship has been identified between 

basal HPA output and amygdala volume. For example, in a recent study across a sample of 

90 combat veterans, including some with and some without PTSD, no association was 

observed between morning salivary cortisol and amygdala volume (Babson et al., 2017). 
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Altogether, the central message from these studies is that greater stress reactivity is 

associated with a smaller amygdala, or, to frame it another way: that having a larger 

amygdala is associated with reduced stress reactivity as it relates to cortisol and the HPA 

axis. While this negative relationship might at first seem counter-intuitive, there are 

numerous plausible explanations, and indeed, the causality behind this relationship is 

presently entirely unclear (Pagliaccio et al., 2014; Fowler et al., 2021). There is a tendency in 

the literature to focus on two possibilities, which is perhaps aided by the fact that the “higher 

cortisol reactivity – smaller amygdala” framing of the relationship is prevalent: (1) that 

greater mean cortisol levels over time causes amygdala atrophy, or (2) that a smaller 

amygdala in some way facilitates greater cortisol release in response to stress. However, the 

“larger amygdala – lower cortisol reactivity” framing makes other possibilities more obvious: 

(3) that stressor exposure, perhaps particularly if it is in some way predictable, causes both 

decreased cortisol stress reactivity (i.e. blunted responding of the HPA system, whether due 

to habituation or an elevated baseline and thus a ceiling effect) and increased amygdala 

volume (due to greater recruitment leading to greater structural connectivity), or (4) that some 

other cause, such as genetic or epigenetic influences, is responsible for two parameters 

changing in opposing directions, again without the two themselves being directly causally 

related. 

Two main lines of evidence support the first hypothesis. Firstly, it has been reported that 

glucocorticoids can be toxic to neurons, particularly hippocampal neurons, in vivo and in 

vitro (Sapolsky et al., 1986), and that glucocorticoids increase the vulnerability of 

hippocampal neurons to death following exposure to other neurotoxins including beta 

amyloid and glutamate (Behl et al., 1997). Secondly, exposure of humans to high levels of 

glucocorticoids not by virtue of hypothalamic or pituitary overactivity has been associated 

several times with smaller amygdalae. For example, among both male and female children, 

congenital adrenal hyperplasia, which results in a hypocortisolaemic state necessitating 

lifelong exogenous glucocorticoid therapy from an early age, was associated with larger 

amygdalae at a mean age of 10.5 years for boys and 8.6 years for girls (Merke et al., 2003). 

Among a small group of children with Cushing’s syndrome, which involves elevated 

adrenocortical production of glucocorticoids, amygdala volumes were smaller than those of 

controls before surgical cure and still at one year after cure (Merke et al., 2005). And in a 

study among adults with rheumatic disease and/or asthma, those who had been treated with 
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glucocorticoids for between 7-360 months had smaller amygdalae than those who had never 

received glucocorticoid therapy (Brown et al., 2008).  

Nevertheless, there are strong arguments against the glucocorticoid toxicity hypothesis 

being responsible for the negative relationship between amygdala volume and cortisol 

reactivity. Firstly, while the story is different for hippocampal neurons, as far as I am aware, 

there is no direct in vitro evidence that glucocorticoids are toxic to amygdala neurons. 

Second, while hyperglucocorticoidism not resulting from hypothalamic or pituitary activity 

has been associated with smaller amygdalae, the levels of circulating glucocorticoids are 

often necessarily or unintentionally supraphysiologic, and should not be assumed to be equal 

to glucocorticoid levels following stress (Merke et al., 2003; Brown et al., 2008). 

Additionally, a supraphysiologic level of glucocorticoids has numerous effects on the brain 

which can manifest in numerous emotion, mood, and cognitive disturbances (Sonino et al., 

2010; Valassi et al., 2012), and which could potentially reduce alter brain functional 

connectivity in such a way as to reduce amygdala recruitment and thereby ultimately size 

(Blair et al., 2001; Rosenkranz et al., 2003; Shekhar et al., 2005). Further, the extensive pre-

clinical evidence described earlier in this chapter concerning the effects of stress on amygdala 

spinogenesis, dendritic length, and volume conflict with this idea that it is amygdala atrophy, 

rather than growth, that results from stress. Finally, there is evidence that antenatal maternal 

stress increases rather than decreases amygdala volumes, which must necessarily occur via 

hormonal or possibly cytokine-mediated mechanisms. Higher early-pregnancy cortisol level 

predicted larger right amygdala volumes in offspring 7 years later, although only in girls and 

not boys (Buss et al., 2012). In another study, average maternal serum interleukin-6 (IL-6) 

across pregnancy was associated with larger right amygdalae and stronger bilateral amygdala 

connectivity to numerous other brain regions in infants at 4 weeks of age (Graham et al., 

2018). However, this study did not measure antenatal maternal stress or serum cortisol, and 

so did not control for either in this analysis, which is important since psychosocial stress 

increases serum IL-6 (Pace et al., 2006; Janusek et al., 2017). This study may therefore offer 

additional support for the hypothesis that antenatal maternal stress increases offspring 

amygdala volume. Given the lack of direct neural connection to the mother and ability to 

process most of the stimuli she is processing, this relationship implicates seems to implicate 

blood-carried signalling molecules such as hormones or cytokines. Overall, there thus 

appears to be limited evidence for the idea that stress-evoked cortisol resulting in amygdala 
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atrophy is responsible for the negative relationship between amygdala volume and cortisol 

reactivity. 

A more likely explanation is that repeated stressor exposure leads to increased 

corticolimbic structural connectivity and thus amygdala enlargement, while also, particularly 

in the context of recent repeated exposure to predictable stressors, causing habituation of the 

HPA axis response to further stress (Onaka, 2020). Under this hypothesis, the two effects are 

dissociable, with one system sensitising to stressors while the other is habituating, even 

though they may often occur together, and even though the sensitisation may involve 

increased amygdala connectivity to the PVN (Ulrich-Lai and Herman, 2009). Both may be 

adaptive – increased corticolimbic connectivity may function to process a wider range of 

stimuli more effectively for potential threat, while in the context of repeated exposure to 

stressors, an extremely overactive HPA axis could be detrimental to an organism (McEwen, 

2012). Indeed, mechanisms of negative feedback on the HPA axis have been extensively 

described (Gjerstad et al., 2018; Onaka, 2020), and numerous studies have shown that either 

elevated baseline HPA activity or elevated stressor exposure can be associated with blunted 

cortisol responses to stress. For example, subjects with anorexia nervosa have been reported 

to have elevated cortisol at rest but blunted cortisol reactivity to the TSST (Schmalbach et al., 

2020). In another case, among healthy subjects, higher exposure to a large range of stressors 

was associated with lower corticotropin-releasing hormone (CRH)-induced 

adrenocorticotropic hormone (ACTH) and cortisol (Zhang et al., 2020). Similarly, in a study 

of healthy subjects who had experienced varying numbers of stressful life events over the 

past 12 months, among subjects who scored highly in their tendency to suppress rather than 

express emotions, greater recent stressor exposure was associated with blunted TSST cortisol 

responding (Roos et al., 2018). In another study of healthy subjects, lifetime stressor count 

was associated with decreased cortisol response to the Trier Social Stress Test for Groups 

(TSST-G) (Lam et al., 2019). Similarly, among a sample of 30 healthy individuals, an index 

of allostatic load derived from 15 biochemical and clinical parameters was positively 

associated with chronic stress, and the 40% of subjects meeting a threshold for high allostatic 

load were found to have lower awakening cortisol and blunted cortisol reactivity to the TSTT 

(Juster et al., 2011).  

The notion that a larger amygdala might imply blunted HPA axis responding at first 

appears to conflict with the findings in RMS animals, given that here I reported a larger 

amygdala in RMS animals, while RMS animals generally have elevated corticosterone 
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reactivity in adulthood. Specifically, 62% of studies of corticosterone reactivity in adulthood 

of RMS animals have reported increased reactivity, while 38% did not find a significant 

effect (Van Bodegom et al., 2017). One likely explanation for this discrepancy with the 

human literature is that HPA axis habituation may be relatively short-lived. Thus, in humans, 

where stressors may be experienced daily, individuals who have greater corticolimbic 

responses to stress will likely have greater total HPA axis stimulation, and thus habituation, 

and may thereby exhibit decreased cortisol responsiveness to stress unless the corticolimbic 

sensitisation exceeds the HPA axis habituation. In contrast, while animals subjected to ELS 

may have short-term habituation and a short-term reduction in corticosterone stress 

responsiveness, once the ELS paradigm has concluded, animals are often left unstressed to 

adulthood, reversing any habituation and enabling the enhanced corticolimbic responsiveness 

to give way to potent HPA axis responsiveness as well. 

5.4.8 SNS activity, cytokines, and amygdala volume 

The amygdala has direct and indirect projections to brainstem nuclei of the sympathetic 

nervous system (LeDoux, 2003; Roozendaal et al., 2009; Ulrich-Lai and Herman, 2009), 

which is the primary mediator of psychosocial stress-evoked pro-inflammatory signalling 

(Irwin and Cole, 2011; Hodes et al., 2015; Miller and Raison, 2016; Fleshner and Crane, 

2017; Weber et al., 2017). Therefore, studies measuring the association between amygdala 

volume and pro-inflammatory signalling may provide additional insight into sympathetic 

nervous activity. Across a sample of 40 depressed subjects and 40 healthy controls, larger 

amygdala volumes were associated with higher plasma IL-6 protein, even after controlling 

for the influence of MDD on amygdala volume, which was not significant regardless (Frodl 

et al., 2012). Among a sample of 75 human immunodeficiency virus patients, amygdala 

volume had a significant positive association with pro-inflammatory MCP-1, and a trend 

negative association with anti-inflammatory IL-10, again suggesting that larger amygdalae 

are associated with a more pro-inflammatory cytokine profile (Gongvatana et al., 2014). In 

another study in psychiatrically healthy females, a negative relationship was found, with 

smaller amygdalae being associated with higher plasma IL-6, but this relationship was also 

identified for several other brain regions, including the putamen and caudate, likely because 

the investigators appear to not have adjusted for total brain volume or controlled for any 

covariates in these analyses (Ironside et al., 2020). Altogether, there is some evidence that 

larger amygdala volumes are associated with higher pro-inflammatory signalling, and a likely 

explanatory mechanism for this association is that larger amygdala volumes often reflect 
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CNS stress circuitry that is more strongly connected to sympathetic nuclei, facilitating greater 

sympathetic outflow to the immune system in response to daily stressors. 

Several studies of yoga or mindfulness interventions provide a window into the 

relationship between amygdala volume and SNS reactivity, but also with stress. Among 

stressed but otherwise healthy subjects, reduction in perceived stress following an 8-week 

mindfulness-based stress reduction intervention was associated with reduction in right 

basolateral amygdala (BLA) volume (Hölzel et al., 2010). In line with this finding, in a large 

population-based observational study involving over 2,000 participants with MRI scans, 

including some at multiple timepoints, participation in meditation or yoga practice was 

associated cross-sectionally with a smaller right amygdala, and longitudinally with 

decreasing right amygdala size, even after controlling for the higher representation of women 

and depression among those who partook in yoga or meditation (Gotink et al., 2018). 

According to a recent systematic review, there is considerable evidence that these 

interventions, particularly yoga but also to a lesser degree for mindfulness-based stress 

reduction, reduce sympathetic relative to parasympathetic activity, as reflected in lower 

diastolic blood pressure following both interventions, and lower mean arterial pressure and 

resting heart rate following yoga interventions (Pascoe et al., 2017). The fact that benefit 

from these interventions on perceived stress has been associated with reductions in amygdala 

volume may thus imply an association between reduced amygdala volume and reduced 

sympathetic activity. Some explicit support for this hypothesis comes from another 

intervention study, here in subjects with Gulf War Illness (GWI), a condition characterised by 

a variable set of mood, cognitive, and physical symptoms which may be related to autonomic 

dysregulation (Mathersul et al., 2020). Across a small sample of GWI patients who received 

10 weeks of either a yoga intervention of cognitive behavioural therapy (CBT), pre- to post-

intervention reduction in self-reported symptoms of autonomic dysfunction was associated 

with reduction in right amygdala volume (Mathersul et al., 2020).  

Adding further support for this hypothesis are studies that directly examined relationships 

between amygdala volume and sympathetic or parasympathetic activity. Among combat 

veterans with above-the-median exposure to threatening combat situations, higher amygdala 

volume was associated with higher heart rate (Kang et al., 2020). However, it is worth noting 

that this analysis did not adjust for PTSD diagnosis, which was itself associated with larger 

amygdalae among this group. In another study among healthy individuals, larger left 

amygdala volume predicted larger skin conductance responses to fear-conditioned stimuli, 
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reflecting greater sympathetic nervous reactivity (Cacciaglia et al., 2015). Further supportive 

evidence comes from a study comparing individuals with temporal lobe damage to healthy 

controls (Gläscher and Adolphs, 2003). Most such subjects had undergone a partial resection 

of their anterior temporal lobe, including of the amygdala, to manage intractable epilepsy, 

and therefore had unilateral amygdala lesions. Subjects with unilateral left lesions had 

equivalent skin conductance responses (SCR) to emotional visual stimuli, while those with 

right amygdala lesions or bilateral lesions had significantly reduced SCR. Altogether, larger 

amygdala volumes appear to be associated with greater SNS responsiveness. 

5.5 Limitations 

The main limitation in the analyses conducted here is that the structures that were 

measured all have subregions with distinct structural connectivity and functional roles, but 

the divisions between these subregions are not discernible on the MRI sequences we 

acquired. For example, the amygdala region of interest quantified consists of several distinct 

nuclei, and so though we can say that the amygdala as a whole was enlarged in RMS animals, 

there was no way to determine which particular nuclei mediated this enlargement. Further 

studies will help to resolve this question. Amygdala nuclei can be individually examined 

microscopically for evidence of enhanced microstructural connectivity. Additionally, MRI 

studies using more powerful scanners, multiple sequences optimised for contrast between 

amygdala nuclei, and ex vivo scanning may volumetric measurement of these regions.  

5.6 Conclusion 

Here, I reported that while RMS animals had equivalent amygdala volume to controls in 

young adulthood at age 2 months in the absence of later-life stress, they had increased 

amygdala volume at age 9.5 months in the presence of a later-life subchronic stressor. This 

implies that RMS interacted either with ongoing neurodevelopment between early and late 

adulthood or, perhaps more likely, with the presence of later-life stress, to ultimately result in 

detectable amygdala enlargement. While further experiments are necessary to identify which 

of these interactions was responsible for this finding, similar results have been reported in the 

clinical ELS literature, particularly in studies not enriched for psychopathology and therefore 

less burdened statistically by a low signal to noise ratio and confounding. Meanwhile, the 

preclinical literature is particularly precise in supplying likely mechanisms for this effect, 

with numerous reports of increased numbers of key elements of neuronal microstructural 

connectivity, including neurons, dendritic spines, dendritic branches, and presynaptic 
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boutons. If enhancements to corticolimbic connectivity, including amygdala connectivity, 

give way to potentiated responses to further stress, including at the microstructural level, this 

could explain the apparent interaction. While amygdala volume has no clear relationship to 

depression or anxiety, it seems to predict elevated sympathetic nervous stress reactivity and 

thus immunological stress reactivity, and, in the context of ongoing stress, blunted HPA 

stress reactivity.  
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6 General discussion 

6.1 Summary of findings and interpretation 

In this thesis, I described my own experiments that revealed novel important and related 

differences between animals that had been exposed to 6 hours of separation from their mother 

each day between ages 5-19 days and those who were unseparated. Additionally, in Chapter 

4, I described a systematic review I conducted, representing the first systematic review to 

date on the neuroimmunology of RMS, that brought new clarity to questions that had 

previously been answered with a large array of inconsistent findings. The separation 

procedure referred to in all of these experiments is known to be stressful in that it reliably 

evokes a corticosterone response, and it is thought to do so through deprivation of the normal 

responding by the mother to pups’ distress in response to their needs, including their 

nutritional and thermoregulatory needs. 

In Chapter 5, I measured amygdala volume in RMS animals for the first time. I showed 

that at age 285 days, in the context of 14-16 recent exposures to a footshock chamber in 

which animals received 0-2 shocks, animals that had experienced ELS had larger amygdalae. 

I showed that amygdala volumes were not significantly different between RMS and control 

animals at PND 20 or PND 62, implying that the larger amygdala volume at PND 285 was 

the result of an interaction between RMS and either aging or with the later-life stress. I 

discussed a large number of findings indicating that both RMS and non-RMS chronic 

stressors cause increased microstructural connectivity of the amygdala, with it exhibiting 

more neurons, presynaptic boutons, dendritic branches, and dendritic spines, as well as 

greater dendritic length. I posited that increased connectivity to and from the amygdala at 

baseline could give way to greater subsequent increases in connectivity in response to further 

stress, and that these microscopic morphological changes likely explain the macroscopic 

volumetric change evident on MRI. I discussed that while amygdala volume has no clear 

relationship to anxiety or depression, there is nevertheless good evidence that it predicts 

elevated sympathetic nervous reactivity to threat, together with blunted cortisol reactivity to 

threat, with the latter finding likely a function of overstimulation of the hypothalamus by the 

amygdala and consequent habituation within the HPA axis. 

In Chapter 4, I measured over 20 cytokines in plasma from RMS and control animals at 

PND 20, PND 54, and PND 294. Despite the final measurement occurring in the presence of 
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recent stress, I did not find a significant difference between RMS and control animals in the 

levels of any cytokine at any timepoint. The systematic review I conducted set these findings 

in context, revealing that they are consistent with others’ results. In blood, the only findings 

with support from three or more studies were those of no effect of RMS. Meanwhile, in non-

blood tissue, such as brain tissue, multiple studies reported increased pro-inflammatory 

cytokine protein or mRNA, both in the short-term following RMS and in the long-term with 

further stress. Regarding measurements taken more than three weeks after RMS without 

further stress, there was a robust consensus supporting no effect of RMS for all four 

cytokines examined.  

These findings imply that RMS potentiates at least one component of the mechanism by 

which a stressor leads to inflammation. Neatly, this mechanism critically depends on the 

exact structure implicated in Chapter 5: the amygdala. Potential threat is appraised by the 

corticolimbic circuitry, and the amygdala is an essential mediator of this appraisal. Further, if 

a stimulus is evaluated as threatening, efferent projections from the amygdala indirectly and 

directly to brainstem sympathetic nuclei are then activated. Sympathetic nervous 

dissemination of noradrenaline and adrenaline results in the activation of immune cells, 

encouraging their release of pro-inflammatory mediators. In theory, the long-lasting effect of 

RMS of sensitising this neuroimmune axis could potentially have resulted from the 

sensitisation of any one of its components. However, my finding and others’ findings 

suggestive of long-lasting effects of RMS, and ELS generally, on the amygdala strongly 

suggest that potentiated amygdala responding to stressors is likely a central mediator of this 

neuroimmune sensitisation.  

In Chapter 3, I reported a series of novel findings on the PRL task suggestive of altered 

responding of RMS animals to negative outcomes and associated stimuli, despite 

simultaneously finding no effect on classical tests of anxiety- and depression-like behaviour. 

Specifically, I showed the RMS caused an initial sensitisation of males to the negative 

outcome on the PRL task, while desensitising females to it. I further showed that a second 

stressor caused a brief desensitisation to the negative outcome specifically in RMS animals, 

and that this effect did not depend on gender. I reported that desensitisation to the negative 

outcome led to impaired task performance, while sensitisation improved it. Further, I showed 

that RMS animals were considerably slower at responding on this task, and that this deficit 

was exacerbated by a second stressor. Finally, I showed that even when RMS animals were 

just as accurate in selecting the correct target, they were still taking longer to do so, 
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suggestive of a deficit in attentional control. The directing and shifting of attention in the 

context of negatively valenced stimuli is known to depend critically on the amygdala and the 

prefrontal cortex (Bishop, 2008, 2009; Cisler and Koster, 2010; Malter Cohen et al., 2013), 

both of which exerts bidirectional control over the other (Arnsten, 2009; Gold, 2015). If a 

disproportionately large influence of the amygdala on the allocation or shifting of attention is 

responsible for the delayed responding or the altered learning from negative information, this 

would again fit neatly with the other findings described in this thesis, together all pointing to 

RMS-induced alterations to corticolimbic processing of negative stimuli.  

6.2 Future research directions 

The findings in this thesis raise several important questions that warrant further follow-up. 

Broadly, while it is clear from the findings in this thesis that RMS has long-lasting 

behavioural, immunological, and neurobiological effects, important questions remain about 

the precise localisation and mechanisms behind these effects. Although it is apparent that 

RMS increases connectivity of the amygdala to other structures, it is unclear exactly which 

structures these are, and what the directionality of that connectivity is. Further, it is unclear 

precisely what the functional implications of these connectivity changes are, including 

whether and how they contribute to the behavioural and immunological effects observed 

here. While there are plausible hypotheses regarding these questions, sometimes with good 

evidentiary support, this support often comes not from studies of RMS itself but from human 

studies or from other rodent stress paradigms. Thus, careful studies of the effects of RMS on 

the microstructural and functional connectivity of the amygdala to other structures, and of the 

role of these effects in the changes observed in this thesis on the PRL task and on the immune 

response to stress, are warranted. Additionally, the possibility that neuroimmune sensitisation 

is not exclusively neural, for example because immune progenitor cells undergo epigenetic 

modification that results in long-lasting sensitisation of their progeny to activating signals, 

should be examined. Cells of the innate immune system should be extracted from RMS 

animals in adulthood and subjected to in vitro stimulation experiments using noradrenaline 

and so-called danger- or pathogen-associated molecular patterns. If the most effective way to 

minimize harmful stress-induced inflammation is by targeting the source of the problem, such 

studies will inform therapeutic approaches aimed at this goal. If immune cells are themselves 

sensitised to activating signals, pharmacological agents that limit activation of those cells 

may be particularly useful. For sensitization of the CNS, cognitive interventions aimed at 

altering responses to negatively valenced stimuli, such as cognitive behavioural therapy, may 
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be most appropriate. Further interventions likely to be useful in either case include non-

pharmacological interventions aimed at limiting sympathetic nervous activation, such as 

meditation or deep breathing. Finally, several of the findings in this thesis are novel and 

should therefore be replicated.  

6.3 Conclusions 

The findings of this thesis collectively show that RMS has long-lasting effects on the 

physiological system that evaluates stimuli for potential threat and then effects behavioural, 

cognitive, immunological, and hormonal responses. I show that RMS interacts either with an 

additional stressor applied in later life, or with age, to result in enlargement of the amygdala, 

a critical component of the corticolimbic circuitry responsible for threat detection and 

response. I show that long after the application of RMS has concluded, RMS animals have 

potentiated immune responses to further stress, and suggest that hyper-responsiveness of the 

amygdala and broader corticolimbic circuitry to threat may play a key role in this long-lasting 

neuroimmune sensitisation. I show that RMS causes long-lasting gender dimorphic effects on 

learning from the negative outcome and associated stimuli on the PRL task, and that RMS 

animals are slower to respond on that task, even when their performance is unaffected. I 

hypothesise that altered corticolimbic processing of negatively valenced stimuli may be 

responsible for both behavioural effects, by affecting ability to learn from and shift attention 

towards or away from such stimuli. Finally, I show that RMS has face, etiological, construct, 

and predictive validity as a model of human ELS, and that therefore these findings in rodents 

are meaningful in understanding the human condition. 
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7 Appendices 

7.1 Statistics tables 

7.1.1 Behavioural analysis statistics 

7.1.1.1 Body weight 

Response 

(Weight [g]) 

Predictor F Df p 

(parametric) 

p 

(permutation 

test) 

EMMs 

(parametric) 

EMMs 

(bootstrap) 

Pre-stress Group 0.50 1,50.0 0.48 0.48 C 274.2 ± 3.3; 

RMS 277.5 ± 3.3 

C 274.2 ± 3.2; 

RMS 277.5 ± 3.4 

Pre-stress Gender 1023.52 1,50.0 6e-35 0 F 199.7 ± 3.5; M 

352.0 ± 3.1 

NA 

Pre-stress Age 2810.24 34,1535.1 0 NA NA NA 

Pre-stress G×G 0.10 1,50.0 0.76 0.75 NA NA 

Pre-stress Group×Age 1.57 34,1535.1 0.020 0.21 NA NA 

Pre-stress Gender×Age 524.71 34,1535.1 0 0 NA NA 

Pre-stress G×G×Age 0.70 34,1535.1 0.91 0.44 NA NA 

Post-stress Group 3.61 1,49.0 0.063 0.064 C 401.6 ± 2.3; 

RMS 396.3 ± 2.2 

C 400.5 ± 2.0; 

RMS 395.4 ± 2.4 

Post-stress Gender 2.27 1,48.6 0.14 0.15 F 410.2 ± 8.5; M 

387.7 ± 6.7 

NA 

Post-stress SD 6.12 1,278.9 0.014 NA NA NA 

Post-stress Baseline 399.34 1,48.6 4e-25 NA NA NA 

Post-stress G×G 0.43 1,49.0 0.52 0.52 NA NA 

Post-stress Group×SD 0.11 1,278.9 0.74 0.83 NA NA 

Post-stress Gender×SD 9.70 1,278.9 0.002 0.045 NA NA 

Post-stress Baseline×SD 16.39 1,278.9 7e-05 NA NA NA 

Post-stress G×G×SD 2.16 1,279.0 0.14 0.35 NA NA 

Abbreviations: G×G: group × gender; SD: stress day; EMMs: estimated marginal means; RMS: repeated maternal 

separation; C: controls; M: males; F: females 

7.1.1.2 Arena-based behavioural testing 

Response Predictor F Df p (parametric) EMMs (parametric) 

EPM Time in open arms (%) Group 0.32 1,53 0.58 C 41.3 ± 3.1; RMS 39.0 ± 3.1 

 Gender 13.72 1,53 5e-04 F 48.2 ± 3.2; M 32.0 ± 3.0 

 G×G 0.31 1,53 0.58 NA 

NP Time in novel area (%) Group 0.51 1,51 0.48 C 70.0 ± 1.7; RMS 71.6 ± 1.7 

 Gender 8.71 1,51 0.005 F 67.3 ± 1.7; M 74.3 ± 1.6 
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 Familiar colour 5.67 1,51 0.021 NA 

 Familiar texture 27.74 1,51 3e-06 NA 

 G×G 1.30 1,51 0.26 NA 

NR Distance moved (m) Group 0.00 1,53 0.96 C 174.2 ± 7.3; RMS 174.7 ± 7.2 

 Gender 1.52 1,53 0.22 F 180.8 ± 7.5; M 168.1 ± 7.1 

 G×G 0.03 1,53 0.87 NA 

Abbreviations: EPM: elevated plus maze; NP: novelty preference test; NR: novelty reactivity test; G×G: group × gender; 

EMMs: estimated marginal means; RMS: repeated maternal separation; C: controls; M: males; F: females 

7.1.1.3 Sucrose preference testing 

Response Predictor F Df p 

(parametric) 

p 

(permutation 

test) 

EMMs 

(parametric) 

EMMs 

(bootstrap) 

SPT PS Sucrose preference (%) Group 0.94 1,51.9 0.34 0.34 C 79.6 ± 1.4; 

RMS 77.9 ± 1.4 

C 79.6 ± 1.0; 

RMS 77.9 ± 1.1 

 Conc. 98.51 2,103.3 1e-24 NA NA NA 

 Gender 0.69 1,52.0 0.41 0.41 F 79.6 ± 1.4; M 

77.9 ± 1.3 

NA 

 G×G 1.24 1,52.0 0.27 0.26 NA NA 

 Group×C 0.14 2,103.3 0.87 0.83 NA NA 

 Gender×C 0.19 2,103.3 0.83 0.80 NA NA 

 G×G×C 2.11 2,103.3 0.13 0.13 NA NA 

SPT IS Sucrose preference (%) Group 2.68 1,48 0.11 NA C 75.5 ± 1.7; 

RMS 79.7 ± 1.7 

NA 

 Gender 2.20 1,48 0.14 NA F 79.5 ± 1.9; M 

75.7 ± 1.6 

NA 

 Baseline 1.96 1,48 0.17 NA NA NA 

 G×G 0.67 1,48 0.42 NA NA NA 

Abbreviations: SPT: sucrose preference test; PS: post-stress (adulthood stress); IS: intra-stress (adulthood stress); G×G: 

group × gender; ×C: × sucrose concentration (categorical); EMMs: estimated marginal means; RMS: repeated maternal 

separation; C: controls; M: males; F: females 

7.1.1.4 Operant behavioural testing session counts 

Response Predictor F Df p (parametric) p (permutation test) EMMs (parametric) 

FR1 STC Group 0.27 1,52 0.61 0.55 C 2.82 +/- 0.32; RMS 3.05 +/- 0.33 

 Gender 15.73 1,52 2e-04 4e-05 F 3.85 +/- 0.34; M 2.02 +/- 0.31 

 G×G 0.05 1,52 0.83 0.90 NA 

FR5 STC Group 0.94 1,52 0.34 0.30 C 5.93 +/- 0.84; RMS 7.07 +/- 0.85 

 Gender 5.30 1,52 0.025 0.018 F 7.88 +/- 0.88; M 5.12 +/- 0.84 

 G×G 0.04 1,52 0.84 0.91 NA 
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TTB STC Group 0.26 1,44 0.62 0.63 C 5.79 ± 0.81; RMS 5.08 ± 0.82 

 Gender 14.10 1,44 5e-04 2e-04 F 7.59 ± 0.90; M 3.28 ± 0.72 

 G×G 0.37 1,44 0.55 0.57 NA 

DRL STC Group 0.40 1,44 0.53 0.56 C 3.04 ± 0.25; RMS 2.87 ± 0.25 

 Gender 4.08 1,44 0.050 0.052 F 3.32 ± 0.28; M 2.59 ± 0.22 

 G×G 0.35 1,44 0.56 0.57 NA 

PRL Pre-stress SC Group 3.05 1,44 0.088 0.088 C 12.8 ± 0.9; RMS 15.3 ± 0.9 

 Gender 6.37 1,44 0.015 0.016 F 12.4 ± 1.0; M 15.6 ± 0.8 

 G×G 0.78 1,44 0.38 0.38 NA 

Abbreviations: FR1: fixed ratio 1; FR5: fixed ratio 5; TTB: touch training B; DRL: deterministic reversal learning; PRL: 

deterministic reversal learning; STC: sessions to criterion; SC: session count; G×G: group × gender; EMMs: estimated 

marginal means; RMS: repeated maternal separation; C: controls; M: males; F: females 

7.1.1.5 Progressive ratio schedules of reinforcement 

Response Predictor F Df p (parametric) p (permutation 

test) 

EMMs 

(parametric) 

EMMs 

(bootstrap) 

PR4 Breakpoint Group 1.07 1,52.0 0.31 0.31 C 62.3 ± 1.9; 

RMS 65.0 ± 1.9 

C 62.2 ± 1.7; 

RMS 65.0 ± 1.3 

 Gender 1.11 1,52.0 0.30 0.29 F 62.2 ± 2.0; M 

65.1 ± 1.8 

NA 

 Session 28.75 1,444.0 1e-07 0.71 NA NA 

 G×G 0.04 1,52.0 0.84 0.83 NA NA 

 Group×S 0.84 1,444.0 0.36 0.52 NA NA 

 Gender×S 1.10 1,444.0 0.29 0.46 NA NA 

 G×G×S 0.93 1,444.0 0.34 0.49 NA NA 

PR4 Latency to collect (ms) Group 1.11 1,52.0 0.30 0.30 C 1308.6 ± 

28.8; RMS 

1265.0 ± 29.1 

C 1308.7 ± 

24.3; RMS 

1264.8 ± 22.9 

 Gender 0.14 1,52.0 0.71 0.71 F 1279.1 ± 

29.9; M 1294.5 

± 27.9 

NA 

 Session 50.78 1,444.0 4e-12 NA NA NA 

 G×G 0.06 1,52.0 0.80 0.79 NA NA 

 Group×S 0.01 1,444.0 0.94 0.96 NA NA 

 Gender×S 2.09 1,444.0 0.15 0.32 NA NA 

 G×G×S 0.14 1,444.0 0.71 0.80 NA NA 

PR4 Latency to respond (s) Group 5.17 1,52.0 0.027 0.024 C 19.5 ± 1.1; 

RMS 15.8 ± 1.1 

C 19.5 ± 1.1; 

RMS 15.8 ± 0.6 

 Gender 0.65 1,52.0 0.43 0.43 F 18.3 ± 1.2; M 

17.0 ± 1.1 

NA 

 Session 33.59 1,444.0 1e-08 NA NA NA 
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 G×G 0.34 1,52.0 0.56 0.57 NA NA 

 Group×S 4.74 1,444.0 0.030 0.16 NA NA 

 Gender×S 0.43 1,444.0 0.51 0.69 NA NA 

 G×G×S 1.46 1,444.0 0.23 0.45 NA NA 

PR8 Breakpoint Group 0.01 1,52.0 0.92 0.92 C 82.2 ± 2.5; 

RMS 81.7 ± 2.6 

C 82.2 ± 1.9; 

RMS 81.7 ± 2.1 

 Gender 0.19 1,52.0 0.67 0.67 F 81.1 ± 2.6; M 

82.7 ± 2.5 

NA 

 Session 1.81 1,441.3 0.18 0.57 NA NA 

 G×G 0.05 1,52.0 0.82 0.83 NA NA 

 Group×S 0.97 1,441.2 0.32 0.43 NA NA 

 Gender×S 0.07 1,441.3 0.79 0.84 NA NA 

 G×G×S 1.31 1,441.3 0.25 0.36 NA NA 

PR8 Latency to collect (ms) Group 0.58 1,52.0 0.45 0.46 C 1256.7 ± 

33.8; RMS 

1219.7 ± 34.2 

C 1257.0 ± 

29.7; RMS 

1219.4 ± 25.1 

 Gender 0.69 1,52.0 0.41 0.41 F 1258.2 ± 

35.2; M 1218.3 

± 32.7 

NA 

 Session 0.18 1,441.1 0.67 NA NA NA 

 G×G 0.02 1,52.0 0.88 0.87 NA NA 

 Group×S 0.25 1,441.1 0.62 0.67 NA NA 

 Gender×S 0.33 1,441.1 0.57 0.63 NA NA 

 G×G×S 0.29 1,441.1 0.59 0.65 NA NA 

PR8 Latency to respond (s) Group 2.85 1,52.0 0.097 0.099 C 29.5 ± 1.7; 

RMS 25.3 ± 1.7 

C 29.5 ± 1.3; 

RMS 25.3 ± 1.5 

 Gender 0.09 1,52.0 0.77 0.77 F 27.0 ± 1.8; M 

27.8 ± 1.7 

NA 

 Session 2.36 1,441.2 0.13 NA NA NA 

 G×G 0.19 1,52.0 0.66 0.66 NA NA 

 Group×S 2.05 1,441.2 0.15 0.28 NA NA 

 Gender×S 1.33 1,441.2 0.25 0.39 NA NA 

 G×G×S 0.40 1,441.2 0.53 0.64 NA NA 

PR16 Breakpoint Group 1.45 1,51.0 0.23 0.23 C 87.9 ± 4.3; 

RMS 95.0 ± 4.3 

C 87.9 ± 3.6; 

RMS 95.0 ± 3.0 

 Gender 0.37 1,51.0 0.55 0.55 F 93.3 ± 4.5; M 

89.6 ± 4.1 

NA 

 Session 29.63 1,436.0 9e-08 0.92 NA NA 

 G×G 0.04 1,51.0 0.85 0.85 NA NA 

 Group×S 0.30 1,436.0 0.58 0.62 NA NA 

 Gender×S 0.01 1,436.0 0.91 0.92 NA NA 

 G×G×S 0.27 1,436.0 0.60 0.64 NA NA 
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PR16 Latency to collect (ms) Group 0.09 1,51.0 0.76 0.77 C 1237.6 ± 

41.6; RMS 

1220.2 ± 41.3 

C 1238.0 ± 

36.6; RMS 

1219.6 ± 29.2 

 Gender 0.07 1,51.0 0.79 0.78 F 1220.9 ± 

43.3; M 1236.9 

± 39.5 

NA 

 Session 0.38 1,436.0 0.54 NA NA NA 

 G×G 0.00 1,51.0 0.97 0.96 NA NA 

 Group×S 0.28 1,436.0 0.59 0.61 NA NA 

 Gender×S 0.10 1,436.0 0.76 0.76 NA NA 

 G×G×S 0.30 1,436.0 0.58 0.60 NA NA 

PR16 Latency to respond (s) Group 5.36 1,51.0 0.025 0.024 C 42.5 ± 2.7; 

RMS 33.3 ± 2.7 

C 42.5 ± 2.6; 

RMS 33.3 ± 1.6 

 Gender 0.25 1,51.0 0.62 0.63 F 37.0 ± 2.8; M 

38.8 ± 2.6 

NA 

 Session 4.79 1,436.0 0.029 NA NA NA 

 G×G 1.13 1,51.0 0.29 0.28 NA NA 

 Group×S 1.39 1,436.0 0.24 0.14 NA NA 

 Gender×S 0.65 1,436.0 0.42 0.31 NA NA 

 G×G×S 0.94 1,436.0 0.33 0.22 NA NA 

Abbreviations: SPT: sucrose preference test; PS: post-stress (adulthood stress); IS: intra-stress (adulthood stress); G×G: 

group × gender; S: session; EMMs: estimated marginal means; RMS: repeated maternal separation; C: controls; M: males; F: 

females 

7.1.1.6 Probabilistic reversal learning (pre-stress) 

Response Predictor F Df p 

(parametric) 

p 

(permutation 

test) 

EMMs (parametric) EMMs (bootstrap) 

Correct-loss shift % Group 0.21 1,44.0 0.65 0.65 C 59.4 ± 1.5; RMS 

58.3 ± 1.5 

NA 

 Gender 2.27 1,44.0 0.14 0.14 F 57.3 ± 1.6; M 

60.5 ± 1.3 

NA 

 Session 2.09 1,284.0 0.15 NA NA NA 

 G×G 0.17 1,44.0 0.68 0.68 NA NA 

 Group×S 1.48 1,284.0 0.23 0.21 NA NA 

 Gender×S 1.54 1,284.0 0.22 0.21 NA NA 

 G×G×S 0.88 1,284.0 0.35 0.35 NA NA 

Correct-win stay % Group 0.32 1,44.0 0.57 0.58 C 81.2 ± 1.1; RMS 

82.0 ± 1.1 

NA 

 Gender 15.66 1,44.0 3e-04 1e-04 F 78.6 ± 1.2; M 

84.6 ± 1.0 

NA 

 Session 5.87 1,284.0 0.016 NA NA NA 
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 G×G 0.14 1,44.0 0.71 0.71 NA NA 

 Group×S 0.00 1,284.0 1.00 1.00 NA NA 

 Gender×S 1.99 1,284.0 0.16 0.16 NA NA 

 G×G×S 0.63 1,284.0 0.43 0.43 NA NA 

Correct touch % Group 0.01 1,44.0 0.91 0.91 C 66.3 ± 0.6; RMS 

65.9 ± 0.6 

NA 

 Gender 16.96 1,44.0 2e-04 2e-04 F 64.4 ± 0.6; M 

67.8 ± 0.5 

NA 

 Session 5.64 1,284.0 0.018 NA NA NA 

 G×G 2.50 1,44.0 0.12 0.12 NA NA 

 Group×S 0.18 1,284.0 0.67 0.70 NA NA 

 Gender×S 0.20 1,284.0 0.65 0.69 NA NA 

 G×G×S 11.28 1,284.0 9e-04 0.001 NA NA 

Correct touch % [F] Group 1.16 1,17.0 0.30 0.30 C 65.2 ± 1.1; RMS 

63.5 ± 1.1 

C 65.2 ± 0.7; RMS 

63.5 ± 1.2 

 Session 1.02 1,112.0 0.31 NA NA NA 

 Group×S 4.17 1,112.0 0.044 0.099 NA NA 

Correct touch % [M] Group 1.14 1,27.0 0.29 0.29 C 67.4 ± 0.6; RMS 

68.3 ± 0.6 

C 67.4 ± 0.5; RMS 

68.3 ± 0.5 

 Session 5.64 1,172.0 0.019 NA NA NA 

 Group×S 7.52 1,172.0 0.007 0.004 NA NA 

Incorrect-loss shift % Group 1.88 1,44.0 0.18 0.18 C 63.0 ± 1; RMS 

60.6 ± 1 

NA 

 Gender 6.48 1,44.0 0.015 0.015 F 60.0 ± 1.1; M 

63.6 ± 0.9 

NA 

 Session 0.64 1,284.0 0.43 NA NA NA 

 G×G 3.20 1,44.0 0.081 0.079 NA NA 

 Group×S 0.87 1,284.0 0.35 0.39 NA NA 

 Gender×S 0.20 1,284.0 0.66 0.68 NA NA 

 G×G×S 15.24 1,284.0 1e-04 0 NA NA 

Incorrect-loss shift % [F] Group 5.08 1,17.0 0.038 0.040 C 62.4 ± 1.5; RMS 

57.6 ± 1.5 

C 62.4 ± 1.1; RMS 

57.6 ± 1.5 

 Session 0.81 1,112.0 0.37 NA NA NA 

 Group×S 6.25 1,112.0 0.014 0.015 NA NA 

Incorrect-loss shift % [M] Group 0.00 1,27.0 0.95 0.95 C 63.5 ± 1.2; RMS 

63.6 ± 1.2 

C 63.5 ± 1.1; RMS 

63.6 ± 1.0 

 Session 0.10 1,172.0 0.76 NA NA NA 

 Group×S 9.86 1,172.0 0.002 0.003 NA NA 

Incorrect-win stay % Group 0.46 1,44.0 0.50 0.51 C 70.5 ± 1.8; RMS 

72.6 ± 1.8 

NA 

 Gender 11.59 1,44.0 0.001 0.001 F 67.3 ± 2.0; M 

75.8 ± 1.6 

NA 
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 Session 2.83 1,284.0 0.093 NA NA NA 

 G×G 0.43 1,44.0 0.52 0.52 NA NA 

 Group×S 0.09 1,284.0 0.77 0.81 NA NA 

 Gender×S 1.71 1,284.0 0.19 0.30 NA NA 

 G×G×S 2.24 1,284.0 0.14 0.23 NA NA 

Latency to collect (ms) Group 0.65 1,44.0 0.43 0.42 C 1194.8 ± 41.2; 

RMS 1248.6 ± 41.9 

C 1194.9 ± 36.8; 

RMS 1248.8 ± 27.7 

 Gender 0.34 1,44.0 0.56 0.56 F 1204.8 ± 45.7; M 

1238.6 ± 36.9 

NA 

 Session 0.00 1,284.0 0.97 NA NA NA 

 G×G 0.38 1,44.0 0.54 0.54 NA NA 

 Group×S 1.12 1,284.0 0.29 0.35 NA NA 

 Gender×S 1.86 1,284.0 0.17 0.22 NA NA 

 G×G×S 2.29 1,284.0 0.13 0.17 NA NA 

Latency to respond (ms) Group 10.01 1,44.0 0.003 0.002 C 1202.2 ± 95.7; 

RMS 1653.9 ± 97.5 

C 1201.9 ± 46.5; 

RMS 1654.0 ± 89.2 

 Gender 0.07 1,44.0 0.80 0.80 F 1411.8 ± 106.2; 

M 1444.3 ± 85.9 

NA 

 Session 20.82 1,284.0 8e-06 NA NA NA 

 G×G 1.04 1,44.0 0.31 0.31 NA NA 

 Group×S 0.18 1,284.0 0.67 0.74 NA NA 

 Gender×S 0.02 1,284.0 0.90 0.92 NA NA 

 G×G×S 0.26 1,284.0 0.61 0.69 NA NA 

Perseverations per 

reversal 

Group 0.14 1,44.0 0.71 0.72 C 0.883 ± 0.086; 

RMS 0.967 ± 0.088 

C 0.884 ± 0.060; 

RMS 0.969 ± 0.099 

 Gender 0.82 1,44.2 0.37 0.38 F 0.983 ± 0.096; M 

0.867 ± 0.077 

NA 

 Session 0.47 1,280.7 0.49 NA NA NA 

 G×G 1.97 1,44.2 0.17 0.16 NA NA 

 Group×S 1.32 1,280.7 0.25 0.15 NA NA 

 Gender×S 0.00 1,280.9 0.97 0.97 NA NA 

 G×G×S 0.45 1,280.9 0.50 0.40 NA NA 

Reversal count Group 0.33 1,44.0 0.57 0.58 C 3.71 ± 0.20; RMS 

3.84 ± 0.21 

C 3.71 ± 0.13; RMS 

3.84 ± 0.19 

 Gender 17.38 1,44.0 1e-04 2e-04 F 3.16 ± 0.23; M 

4.38 ± 0.18 

NA 

 Session 7.83 1,284.0 0.005 NA NA NA 

 G×G 0.34 1,44.0 0.56 0.56 NA NA 

 Group×S 0.76 1,284.0 0.38 0.41 NA NA 

 Gender×S 0.75 1,284.0 0.39 0.40 NA NA 

 G×G×S 0.02 1,284.0 0.89 0.90 NA NA 
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Trial count Group 0.13 1,44.0 0.72 0.72 C 160.7 ± 4.0; RMS 

158.7 ± 4.1 

NA 

 Gender 15.24 1,44.0 3e-04 7e-04 F 148.6 ± 4.4; M 

170.8 ± 3.6 

NA 

 Session 7.23 1,284.0 0.008 NA NA NA 

 G×G 0.00 1,44.0 0.97 0.97 NA NA 

 Group×S 1.96 1,284.0 0.16 0.24 NA NA 

 Gender×S 0.65 1,284.0 0.42 0.51 NA NA 

 G×G×S 3.31 1,284.0 0.070 0.13 NA NA 

Abbreviations: TTA: touch training A; TTB: touch training B; DRL: deterministic reversal learning; PRL: probabilistic 

reversal learning; G×G: group × gender; S: session; SC: session count; EMMs: estimated marginal means; RMS: repeated 

maternal separation; C: controls; M: males; F: females; s: seconds; ms: milliseconds 

7.1.1.7 Probabilistic reversal learning (post-stress) 

Response Predictor F Df p 

(parametric) 

p 

(permutation 

test) 

EMMs 

(parametric) 

EMMs 

(bootstrap) 

Correct-loss shift % Group 0.10 1,40.9 0.75 0.75 C 59.9 ± 1.7; 

RMS 61.0 ± 1.8 

C 59.7 ± 1.2; 

RMS 60.8 ± 

1.7 

 Gender 1.96 1,40.4 0.17 0.17 F 58.8 ± 1.9; M 

62.1 ± 1.6 

NA 

 Session 3.33 1,86.0 0.072 NA NA NA 

 Baseline 2.74 1,41.2 0.11 NA NA NA 

 G×G 1.48 1,41.4 0.23 0.23 NA NA 

 Group×S 2.69 1,86.0 0.10 0.11 NA NA 

 Gender×S 0.25 1,85.7 0.62 0.63 NA NA 

 G×G×S 0.41 1,85.6 0.52 0.53 NA NA 

Correct-win stay % Group 0.14 1,42.2 0.71 0.71 C 80.9 ± 0.9; 

RMS 80.3 ± 0.9 

C 80.7 ± 0.7; 

RMS 80.2 ± 

0.9 

 Gender 0.01 1,42.7 0.93 0.92 F 80.5 ± 1.0; M 

80.7 ± 0.9 

NA 

 Session 0.01 1,85.7 0.91 NA NA NA 

 Baseline 25.63 1,45.7 7e-06 NA NA NA 

 G×G 0.09 1,42.5 0.76 0.76 NA NA 

 Group×S 0.22 1,85.7 0.64 0.57 NA NA 

 Gender×S 0.04 1,85.3 0.84 0.80 NA NA 

 G×G×S 0.44 1,84.8 0.51 0.43 NA NA 

Correct touch % Group 0.85 1,42.3 0.36 0.35 C 65.9 ± 0.6; 

RMS 64.9 ± 0.6 

C 65.7 ± 0.5; 

RMS 65.0 ± 

0.6 
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 Gender 4.30 1,42.9 0.044 0.040 F 64.4 ± 0.7; M 

66.4 ± 0.6 

NA 

 Session 1.94 1,87.1 0.17 NA NA NA 

 Baseline 9.90 1,51.4 0.003 NA NA NA 

 G×G 2.85 1,42.4 0.098 0.10 NA NA 

 Group×S 6.82 1,88.4 0.011 0.003 NA NA 

 Gender×S 0.00 1,86.8 0.95 0.94 NA NA 

 G×G×S 0.13 1,87.4 0.72 0.69 NA NA 

Incorrect-loss shift % Group 0.95 1,41.4 0.34 0.33 C 63.8 ± 1.1; 

RMS 62.3 ± 1.1 

C 63.7 ± 0.9; 

RMS 62.6 ± 

1.0 

 Gender 6.52 1,41.1 0.014 0.015 F 61.0 ± 1.2; M 

65.1 ± 1.0 

NA 

 Session 0.93 1,87.4 0.34 NA NA NA 

 Baseline 3.82 1,44.9 0.057 NA NA NA 

 G×G 0.00 1,40.9 0.96 0.96 NA NA 

 Group×S 3.24 1,87.9 0.075 0.055 NA NA 

 Gender×S 0.03 1,87.1 0.87 0.86 NA NA 

 G×G×S 0.37 1,87.4 0.54 0.52 NA NA 

Incorrect-win stay % Group 1.53 1,42.1 0.22 0.22 C 76.3 ± 2.2; 

RMS 72.8 ± 2.3 

C 75.7 ± 1.5; 

RMS 71.9 ± 

2.2 

 Gender 0.08 1,42.1 0.77 0.78 F 74.2 ± 2.5; M 

74.9 ± 2.1 

NA 

 Session 0.88 1,84.9 0.35 NA NA NA 

 Baseline 5.04 1,44.1 0.030 NA NA NA 

 G×G 0.45 1,42.5 0.51 0.51 NA NA 

 Group×S 2.15 1,85.0 0.15 0.18 NA NA 

 Gender×S 1.21 1,84.7 0.27 0.31 NA NA 

 G×G×S 0.32 1,84.6 0.57 0.61 NA NA 

Latency to collect (ms) Group 1.88 1,42.4 0.18 0.18 C 1281.8 ± 23.8; 

RMS 1322.4 ± 

25.1 

C 1278.5 ± 

21.1; RMS 

1315.0 ± 16.7 

 Gender 6.65 1,42.0 0.014 0.011 F 1256.7 ± 26.1; 

M 1347.5 ± 22.5 

NA 

 Session 0.06 1,82.8 0.81 NA NA NA 

 Baseline 150.62 1,41.1 2e-15 NA NA NA 

 G×G 0.89 1,41.8 0.35 0.36 NA NA 

 Group×S 1.62 1,82.8 0.21 0.19 NA NA 

 Gender×S 0.48 1,82.7 0.49 0.47 NA NA 

 G×G×S 0.01 1,82.6 0.94 0.93 NA NA 

Latency to first reversal (s) Group 0.14 1,40.6 0.71 0.71 C 626.0 ± 53.1; C 633.5 ± 54.7; 
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RMS 616.1 ± 

58.2 

RMS 617.6 ± 

38.7 

 Gender 0.67 1,39.9 0.42 0.42 F 656.6 ± 60.3; 

M 585.5 ± 50.1 

NA 

 Session 0.21 1,80.9 0.65 NA NA NA 

 Baseline 0.23 1,40.6 0.64 NA NA NA 

 G×G 1.13 1,39.2 0.29 0.30 NA NA 

 Group×S 0.00 1,80.8 0.99 0.99 NA NA 

 Gender×S 0.00 1,80.6 0.99 0.99 NA NA 

 G×G×S 0.50 1,79.8 0.48 0.36 NA NA 

Latency to respond (ms) Group 8.83 1,41.7 0.005 0.004 C 1286.0 ± 

100.3; RMS 

1688.5 ± 106.4 

C 1279.8 ± 

66.6; RMS 

1701.0 ± 98.8 

 Gender 3.07 1,41.4 0.087 0.087 F 1357.7 ± 

109.1; M 1616.8 

± 95.1 

NA 

 Session 0.06 1,85.9 0.81 NA NA NA 

 Baseline 23.12 1,40.1 2e-05 NA NA NA 

 G×G 0.59 1,41.2 0.45 0.45 NA NA 

 Group×S 0.00 1,85.9 0.95 0.95 NA NA 

 Gender×S 0.29 1,85.5 0.59 0.58 NA NA 

 G×G×S 1.61 1,85.5 0.21 0.18 NA NA 

Perseverations per reversal Group 0.67 1,39.8 0.42 0.41 C 0.843 ± 0.100; 

RMS 0.665 ± 

0.110 

C 0.867 ± 

0.123; RMS 

0.679 ± 0.108 

 Gender 8.73 1,38.9 0.005 0.004 F 0.958 ± 0.111; 

M 0.551 ± 0.093 

NA 

 Session 0.00 1,83.6 0.98 NA NA NA 

 Baseline 1.30 1,39.7 0.26 NA NA NA 

 G×G 1.75 1,38.6 0.19 0.19 NA NA 

 Group×S 0.63 1,83.3 0.43 0.42 NA NA 

 Gender×S 1.19 1,82.9 0.28 0.27 NA NA 

 G×G×S 0.91 1,82.8 0.34 0.34 NA NA 

Reversal count Group 0.26 1,42.5 0.61 0.61 C 3.45 ± 0.24; 

RMS 3.23 ± 0.25 

C 3.60 ± 0.24; 

RMS 3.32 ± 

0.19 

 Gender 0.65 1,42.8 0.43 0.42 F 3.48 ± 0.27; M 

3.20 ± 0.23 

NA 

 Session 0.18 1,83.1 0.68 NA NA NA 

 Baseline 10.17 1,45.3 0.003 NA NA NA 

 G×G 0.31 1,42.6 0.58 0.58 NA NA 

 Group×S 1.44 1,83.3 0.23 0.22 NA NA 
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 Gender×S 0.27 1,82.9 0.61 0.60 NA NA 

 G×G×S 0.97 1,83.0 0.33 0.31 NA NA 

Abbreviations: TTA: touch training A; TTB: touch training B; DRL: deterministic reversal learning; PRL: probabilistic 

reversal learning; G×G: group × gender; S: session; SC: session count; EMMs: estimated marginal means; RMS: repeated 

maternal separation; C: controls; M: males; F: females; s: seconds; ms: milliseconds 

7.1.1.8 Probabilistic reversal learning trial-by-trial 

Response Predictor Chisq p 

(parametric) 

EMMs (parametric) 

P|(same choice as 

last trial) 

Group 2.43 0.12 C 0.620 ± 0.007; RMS 0.637 ± 0.007 

 Gender 9.03 0.003 F 0.612 ± 0.008; M 0.645 ± 0.006 

 Session 2.98 0.084 NA 

 Past outcome 9306.53 0 NA 

 G×G 0.12 0.72 NA 

 Group×S 1.76 0.18 NA 

 Gender×S 4.21 0.040 NA 

 Group×PO 0.01 0.94 NA 

 Gender×PO 155.73 1e-35 NA 

 Session×PO 18.80 1e-05 NA 

 G×G×S 5.42 0.020 NA 

 G×G×PO 6.78 0.009 NA 

 Group×S×PO 1.39 0.24 NA 

 Gender×S×PO 2.60 0.11 NA 

 G×G×S×PO 5.61 0.018 NA 

P|(same choice as 2 

trials ago) 

Group 1.64 0.20 C 0.551 ± 0.004; RMS 0.559 ± 0.004 

 Gender 2.88 0.089 F 0.552 ± 0.005; M 0.558 ± 0.004 

 Session 2.09 0.15 NA 

 Past outcome 3783.91 0 NA 

 G×G 0.32 0.57 NA 

 Group×S 1.19 0.27 NA 

 Gender×S 2.29 0.13 NA 

 Group×PO 1.20 0.27 NA 

 Gender×PO 53.07 3e-13 NA 

 Session×PO 1.61 0.20 NA 

 G×G×S 0.91 0.34 NA 

 G×G×PO 2.00 0.16 NA 

 Group×S×PO 0.30 0.58 NA 

 Gender×S×PO 2.47 0.12 NA 

 G×G×S×PO 0.18 0.67 NA 

P|(same choice as 3 

trials ago) 

Group 0.72 0.40 C 0.539 ± 0.004; RMS 0.544 ± 0.004 

 Gender 0.45 0.50 F 0.541 ± 0.004; M 0.541 ± 0.003 
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 Session 0.01 0.93 NA 

 Past outcome 2120.98 0 NA 

 G×G 0.02 0.88 NA 

 Group×S 0.93 0.33 NA 

 Gender×S 0.07 0.79 NA 

 Group×PO 0.12 0.73 NA 

 Gender×PO 24.53 7e-07 NA 

 Session×PO 3.11 0.078 NA 

 G×G×S 2.26 0.13 NA 

 G×G×PO 1.01 0.31 NA 

 Group×S×PO 0.08 0.77 NA 

 Gender×S×PO 0.60 0.44 NA 

 G×G×S×PO 0.23 0.63 NA 

Abbreviations: G×G: group × gender; S: session; PO: past outcome; SC: session count; EMMs: estimated marginal means; 

RMS: repeated maternal separation; C: controls; M: males; F: females; s: seconds; ms: milliseconds 

7.1.1.9 Probabilistic reversal learning trial-by-trial post-hoc 

Pairwise comparison Z-

score 

p (parametric) Estimates (parametric) 

Slope between Groups within Female Punished 1.48 0.14 C 0.00151 ± 0.0179; RMS -0.0366 ± 0.0185 

Slope between Groups within Male Punished -3.46 5e-04 C -0.0425 ± 0.0145; RMS 0.0274 ± 0.0141 

Slope between Groups within Female Rewarded 0.07 0.94 C 0.00892 ± 0.0175; RMS 0.00702 ± 0.0186 

Slope between Groups within Male Rewarded -0.28 0.78 C 0.0477 ± 0.0150; RMS 0.0537 ± 0.0149 

EMMs between Groups within Female Punished -2.02 0.043 C 0.387 ± 0.012; RMS 0.424 ± 0.013 

EMMs between Groups within Female Rewarded -0.28 0.78 C 0.783 ± 0.009; RMS 0.787 ± 0.009 

EMMs between Groups within Male Rewarded -1.63 0.10 C 0.838 ± 0.006; RMS 0.852 ± 0.005 

EMMs between Groups within Male Punished Session 1 2.29 0.022 C 0.404 ± 0.015; RMS 0.358 ± 0.014 

EMMs between Groups within Male Punished Session 7 -2.60 0.009 C 0.345 ± 0.014; RMS 0.397 ± 0.014 

Abbreviations: EMMs: estimated marginal means; RMS: repeated maternal separation; C: controls; M: males; F: females  
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7.1.2 Cytokine analysis statistics 

Response 

(analyte log 

conc.) 

Predictor F Df p 

(parametric) 

p 

(permutation 

test) 

EMMs 

(parametric) 

EMMs (bootstrap) 

G-CSF Group 0.13 1,35 0.72 NA C 1.19 ± 0.05; 

RMS 1.22 ± 0.05 

NA 

 Gender 0.07 1,35 0.79 NA F 1.22 ± 0.05; M 

1.20 ± 0.05 

NA 

 G×G 0.02 1,35 0.90 NA NA NA 

GM-CSF Group 0.07 1,39.9 0.79 0.77 C 1.92 ± 0.06; 

RMS 1.95 ± 0.06 

C 1.92 ± 0.05; 

RMS 1.95 ± 0.06 

 Gender 1.38 1,40.0 0.25 0.20 F 1.99 ± 0.06; M 

1.88 ± 0.06 

NA 

 Timepoint 58.14 1,39.6 3e-09 NA NA NA 

 G×G 0.01 1,39.9 0.91 0.90 NA NA 

 Group×T 0.91 1,39.9 0.34 0.40 NA NA 

 Gender×T 2.05 1,40.0 0.16 0.20 NA NA 

 G×G×T 0.07 1,39.9 0.80 0.81 NA NA 

GRO-KC Group 0.44 1,44.0 0.51 NA C 1.94 ± 0.04; 

RMS 1.98 ± 0.04 

NA 

 Gender 0.32 1,44.2 0.57 NA F 1.98 ± 0.04; M 

1.94 ± 0.04 

NA 

 Timepoint 72.40 2,76.2 2e-18 NA NA NA 

 G×G 0.46 1,44.0 0.50 NA NA NA 

 Group×T 0.24 2,76.1 0.79 NA NA NA 

 Gender×T 1.32 2,76.3 0.27 NA NA NA 

 G×G×T 0.98 2,76.2 0.38 NA NA NA 

IFN-g Group 0.57 1,42.2 0.45 0.42 C 2.75 ± 0.05; 

RMS 2.82 ± 0.05 

C 2.75 ± 0.04; 

RMS 2.82 ± 0.05 

 Gender 3.70 1,42.6 0.061 0.042 F 2.85 ± 0.05; M 

2.72 ± 0.05 

NA 

 Timepoint 23.15 2,70.5 2e-08 NA NA NA 

 G×G 0.00 1,42.4 0.98 0.98 NA NA 

 Group×T 0.42 2,70.8 0.66 0.63 NA NA 

 Gender×T 0.93 2,71.3 0.40 0.40 NA NA 

 G×G×T 1.87 2,71.1 0.16 0.19 NA NA 

IL-1a Group 0.45 1,44.8 0.51 0.45 C 2.28 ± 0.04; 

RMS 2.31 ± 0.03 

C 2.28 ± 0.03; 

RMS 2.31 ± 0.03 

 Gender 2.47 1,45.0 0.12 0.077 F 2.34 ± 0.04; M 

2.25 ± 0.03 

NA 

 Timepoint 48.10 2,77.2 3e-14 NA NA NA 

 G×G 0.05 1,44.9 0.82 0.80 NA NA 

 Group×T 0.07 2,77.4 0.94 0.94 NA NA 
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 Gender×T 2.80 2,77.6 0.067 0.11 NA NA 

 G×G×T 0.72 2,77.6 0.49 0.52 NA NA 

IL-1b Group 0.43 1,44.0 0.52 0.48 C 2.05 ± 0.03; 

RMS 2.09 ± 0.03 

C 2.06 ± 0.03; 

RMS 2.09 ± 0.03 

 Gender 4.32 1,44.2 0.044 0.028 F 2.12 ± 0.03; M 

2.02 ± 0.03 

NA 

 Timepoint 43.72 2,75.4 2e-13 NA NA NA 

 G×G 0.40 1,44.3 0.53 0.50 NA NA 

 Group×T 0.92 2,75.6 0.40 0.39 NA NA 

 Gender×T 1.85 2,75.9 0.16 0.21 NA NA 

 G×G×T 0.83 2,76.0 0.44 0.43 NA NA 

IL-2 Group 0.00 1,44.1 0.94 0.94 C 3.21 ± 0.04; 

RMS 3.21 ± 0.04 

C 3.21 ± 0.04; 

RMS 3.21 ± 0.03 

 Gender 2.86 1,44.4 0.098 0.070 F 3.26 ± 0.04; M 

3.16 ± 0.04 

NA 

 Timepoint 45.71 2,74.7 1e-13 NA NA NA 

 G×G 0.60 1,44.6 0.44 0.42 NA NA 

 Group×T 0.04 2,75.1 0.96 0.96 NA NA 

 Gender×T 2.07 2,75.4 0.13 0.16 NA NA 

 G×G×T 0.29 2,75.7 0.75 0.74 NA NA 

IL-4 Group 0.11 1,44.8 0.74 0.71 C 2.26 ± 0.04; 

RMS 2.28 ± 0.04 

C 2.26 ± 0.03; 

RMS 2.28 ± 0.03 

 Gender 2.42 1,45.0 0.13 0.087 F 2.32 ± 0.04; M 

2.23 ± 0.04 

NA 

 Timepoint 27.01 2,76.7 1e-09 NA NA NA 

 G×G 0.39 1,44.9 0.54 0.49 NA NA 

 Group×T 0.69 2,76.8 0.51 0.47 NA NA 

 Gender×T 2.04 2,77.1 0.14 0.18 NA NA 

 G×G×T 0.50 2,77.0 0.61 0.57 NA NA 

IL-5 Group 0.37 1,44.8 0.54 0.49 C 3.02 ± 0.02; 

RMS 3.04 ± 0.02 

C 3.02 ± 0.02; 

RMS 3.04 ± 0.02 

 Gender 4.12 1,45.0 0.048 0.021 F 3.06 ± 0.02; M 

2.99 ± 0.02 

NA 

 Timepoint 68.25 2,77.2 8e-18 NA NA NA 

 G×G 0.15 1,44.9 0.70 0.66 NA NA 

 Group×T 0.27 2,77.4 0.77 0.77 NA NA 

 Gender×T 1.34 2,77.6 0.27 0.30 NA NA 

 G×G×T 0.44 2,77.6 0.64 0.65 NA NA 

IL-6 Group 0.01 1,42.1 0.93 0.92 C 2.76 ± 0.05; 

RMS 2.76 ± 0.05 

C 2.77 ± 0.03; 

RMS 2.76 ± 0.05 

 Gender 3.30 1,42.5 0.076 0.052 F 2.83 ± 0.05; M 

2.70 ± 0.05 

NA 

 Timepoint 20.99 2,67.9 8e-08 NA NA NA 

 G×G 0.12 1,42.4 0.73 0.71 NA NA 



172 

 

 Group×T 0.02 2,68.9 0.98 0.98 NA NA 

 Gender×T 1.44 2,69.3 0.24 0.27 NA NA 

 G×G×T 0.09 2,69.4 0.91 0.91 NA NA 

IL-7 Group 0.73 1,44.0 0.40 0.36 C 1.96 ± 0.04; 

RMS 2.01 ± 0.04 

C 1.96 ± 0.04; 

RMS 2.02 ± 0.04 

 Gender 2.29 1,44.1 0.14 0.11 F 2.04 ± 0.04; M 

1.94 ± 0.04 

NA 

 Timepoint 38.63 2,73.9 3e-12 NA NA NA 

 G×G 0.23 1,44.4 0.64 0.60 NA NA 

 Group×T 0.52 2,74.4 0.59 0.55 NA NA 

 Gender×T 2.56 2,74.6 0.084 0.13 NA NA 

 G×G×T 0.87 2,74.9 0.42 0.41 NA NA 

IL-10 Group 0.21 1,44.8 0.65 0.64 C 2.05 ± 0.03; 

RMS 2.07 ± 0.03 

C 2.05 ± 0.03; 

RMS 2.07 ± 0.03 

 Gender 3.49 1,45.0 0.068 0.052 F 2.11 ± 0.03; M 

2.01 ± 0.03 

NA 

 Timepoint 40.05 2,77.2 1e-12 NA NA NA 

 G×G 0.48 1,44.9 0.49 0.46 NA NA 

 Group×T 0.24 2,77.4 0.79 0.76 NA NA 

 Gender×T 2.03 2,77.6 0.14 0.17 NA NA 

 G×G×T 0.42 2,77.6 0.66 0.62 NA NA 

IL-12p70 Group 1.08 1,43.9 0.30 0.25 C 2.42 ± 0.04; 

RMS 2.48 ± 0.04 

C 2.42 ± 0.04; 

RMS 2.48 ± 0.04 

 Gender 1.59 1,44.1 0.21 0.16 F 2.50 ± 0.04; M 

2.41 ± 0.04 

NA 

 Timepoint 31.81 2,74.0 1e-10 NA NA NA 

 G×G 0.04 1,43.9 0.85 0.83 NA NA 

 Group×T 1.02 2,74.5 0.36 0.39 NA NA 

 Gender×T 3.07 2,74.7 0.052 0.11 NA NA 

 G×G×T 0.18 2,74.5 0.83 0.83 NA NA 

IL-13 Group 0.27 1,40.2 0.61 0.59 C 2.63 ± 0.07; 

RMS 2.59 ± 0.06 

C 2.63 ± 0.05; 

RMS 2.59 ± 0.07 

 Gender 2.07 1,40.5 0.16 0.14 F 2.68 ± 0.06; M 

2.54 ± 0.06 

NA 

 Timepoint 28.38 1,39.6 4e-06 NA NA NA 

 G×G 0.07 1,40.3 0.79 0.77 NA NA 

 Group×T 0.26 1,40.1 0.61 0.65 NA NA 

 Gender×T 1.58 1,40.4 0.22 0.26 NA NA 

 G×G×T 0.01 1,40.2 0.91 0.92 NA NA 

IL-17A Group 0.10 1,42.7 0.75 0.72 C 1.66 ± 0.04; 

RMS 1.69 ± 0.04 

C 1.66 ± 0.05; 

RMS 1.69 ± 0.04 

 Gender 3.32 1,42.7 0.076 0.054 F 1.74 ± 0.04; M 

1.61 ± 0.04 

NA 

 Timepoint 87.67 1,42.5 7e-12 NA NA NA 
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 G×G 0.00 1,42.7 0.95 0.95 NA NA 

 Group×T 1.72 1,42.7 0.20 0.24 NA NA 

 Gender×T 4.27 1,42.7 0.045 0.067 NA NA 

 G×G×T 0.18 1,42.7 0.67 0.70 NA NA 

IL-18 Group 0.18 1,43.8 0.68 0.59 C 3.46 ± 0.04; 

RMS 3.48 ± 0.04 

C 3.46 ± 0.03; 

RMS 3.48 ± 0.03 

 Gender 0.44 1,44.4 0.51 0.40 F 3.49 ± 0.04; M 

3.45 ± 0.04 

NA 

 Timepoint 43.22 2,73.0 4e-13 NA NA NA 

 G×G 1.25 1,45.0 0.27 0.17 NA NA 

 Group×T 0.98 2,73.7 0.38 0.42 NA NA 

 Gender×T 1.90 2,74.3 0.16 0.21 NA NA 

 G×G×T 0.69 2,74.9 0.50 0.54 NA NA 

M-CSF Group 0.01 1,41.9 0.94 0.94 C 1.68 ± 0.02; 

RMS 1.68 ± 0.02 

C 1.68 ± 0.02; 

RMS 1.68 ± 0.02 

 Gender 1.83 1,43.0 0.18 0.11 F 1.70 ± 0.03; M 

1.65 ± 0.02 

NA 

 Timepoint 359.05 1,41.8 4e-22 NA NA NA 

 G×G 0.04 1,43.0 0.84 0.82 NA NA 

 Group×T 3.85 1,41.8 0.057 0.076 NA NA 

 Gender×T 0.21 1,42.9 0.65 0.67 NA NA 

 G×G×T 0.08 1,43.0 0.77 0.80 NA NA 

MCP-1 Group 1.29 1,44.2 0.26 0.24 C 2.99 ± 0.03; 

RMS 3.03 ± 0.03 

C 2.99 ± 0.03; 

RMS 3.03 ± 0.03 

 Gender 0.24 1,44.2 0.63 0.62 F 3.00 ± 0.0; M 

3.02 ± 0.0 

NA 

 Timepoint 309.01 2,75.7 4e-37 NA NA NA 

 G×G 0.08 1,44.2 0.78 0.77 NA NA 

 Group×T 0.93 2,76.0 0.40 0.36 NA NA 

 Gender×T 2.44 2,75.9 0.094 0.13 NA NA 

 G×G×T 1.37 2,76.0 0.26 0.26 NA NA 

MIP-1a Group 0.03 1,44.3 0.87 0.87 C 1.62 ± 0.03; 

RMS 1.63 ± 0.03 

C 1.62 ± 0.04; 

RMS 1.63 ± 0.03 

 Gender 0.28 1,43.8 0.60 0.58 F 1.64 ± 0.03; M 

1.61 ± 0.03 

NA 

 Timepoint 5.53 1,43.3 0.023 NA NA NA 

 G×G 0.00 1,44.8 0.99 0.99 NA NA 

 Group×T 0.32 1,44.3 0.57 0.58 NA NA 

 Gender×T 1.24 1,43.8 0.27 0.27 NA NA 

 G×G×T 0.00 1,44.8 0.98 0.99 NA NA 

MIP-3a Group 0.10 1,44.8 0.75 0.72 C 1.47 ± 0.03; 

RMS 1.48 ± 0.03 

C 1.47 ± 0.03; 

RMS 1.48 ± 0.03 

 Gender 0.09 1,45.0 0.76 0.72 F 1.49 ± 0.03; M 

1.47 ± 0.03 

NA 
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 Timepoint 35.11 2,77.2 1e-11 NA NA NA 

 G×G 0.07 1,44.9 0.79 0.77 NA NA 

 Group×T 0.32 2,77.4 0.72 0.70 NA NA 

 Gender×T 4.21 2,77.6 0.018 0.049 NA NA 

 G×G×T 0.61 2,77.6 0.54 0.53 NA NA 

RANTES Group 0.32 1,44.1 0.58 0.56 C 2.66 ± 0.03; 

RMS 2.69 ± 0.03 

C 2.66 ± 0.03; 

RMS 2.69 ± 0.03 

 Gender 0.06 1,44.2 0.81 0.81 F 2.67 ± 0.03; M 

2.68 ± 0.03 

NA 

 Timepoint 19.49 1,44.3 6e-05 NA NA NA 

 G×G 0.47 1,44.1 0.50 0.48 NA NA 

 Group×T 0.69 1,44.1 0.41 0.41 NA NA 

 Gender×T 1.65 1,44.2 0.21 0.22 NA NA 

 G×G×T 1.83 1,44.1 0.18 0.19 NA NA 

TNF-a Group 0.03 1,44.8 0.86 0.86 C 2.98 ± 0.03; 

RMS 2.97 ± 0.03 

C 2.98 ± 0.03; 

RMS 2.97 ± 0.03 

 Gender 3.14 1,45.0 0.083 0.069 F 3.01 ± 0.03; M 

2.93 ± 0.03 

NA 

 Timepoint 49.39 2,77.2 2e-14 NA NA NA 

 G×G 1.42 1,44.9 0.24 0.22 NA NA 

 Group×T 0.14 2,77.4 0.87 0.86 NA NA 

 Gender×T 1.61 2,77.6 0.21 0.22 NA NA 

 G×G×T 0.64 2,77.6 0.53 0.51 NA NA 

VEGF Group 0.69 1,43.8 0.41 0.35 C 2.26 ± 0.05; 

RMS 2.33 ± 0.05 

C 2.26 ± 0.04; 

RMS 2.33 ± 0.05 

 Gender 1.61 1,43.7 0.21 0.16 F 2.34 ± 0.05; M 

2.24 ± 0.05 

NA 

 Timepoint 82.72 2,71.3 3e-19 NA NA NA 

 G×G 0.39 1,44.0 0.54 0.49 NA NA 

 Group×T 0.52 2,72.4 0.60 0.60 NA NA 

 Gender×T 1.69 2,72.3 0.19 0.26 NA NA 

 G×G×T 0.02 2,72.7 0.98 0.98 NA NA 

Abbreviations: G×G: group × gender; ×T: × timepoint; EMMs: estimated marginal means; RMS: repeated maternal 

separation; C: controls; M: males; F: females; G-CSF: granulocyte colony-stimulating factor; GM-CSF: granulocyte-

macrophage colony-stimulating factor; GRO-KC: growth-regulated oncogene - keratinocyte chemoattractant;  IFN-g: 

interferon gamma, IL: interleukin; M-CSF: macrophage colony-stimulating factor, MCP-1: monocyte chemoattractant 

protein 1; MIP-1a: macrophage inflammatory protein 1 alpha; RANTES: regulated upon activation, normal T cell expressed 

and secreted; TNF-a: tumour necrosis factor alpha; VEGF: vascular endothelial growth factor  
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7.1.3 MRI analysis statistics 

7.1.3.1 Regional brain volumes 

Response (ROI 

volume in mm3) 

Predictor F Df p 

(parametric) 

p 

(permutation 

test) 

EMMs 

(parametric) 

EMMs 

(bootstrap) 

Amygdala Group 0.77 1,44.2 0.38 0.39 C 30.3 ± 0.1; 

RMS 30.4 ± 

0.1 

C 30.3 ± 0.1; 

RMS 30.4 ± 0.1 

 Gender 15.96 1,75.5 1e-04 4e-04 F 29.9 ± 0.2; M 

30.7 ± 0.1 

NA 

 Timepoint 1062.64 2,62.6 5e-49 NA NA NA 

 TBV 118.01 1,80.6 2e-17 NA NA NA 

 G×G 0.46 1,44.9 0.50 0.50 NA NA 

 Group×T 4.78 2,63.1 0.012 0.016 NA NA 

 Gender×T 2.16 2,73.3 0.12 0.14 NA NA 

 TBV×T 1.83 2,65.6 0.17 NA NA NA 

 G×G×T 1.13 2,63.9 0.33 0.34 NA NA 

Cingulate cortex Group 0.28 1,43.3 0.60 0.59 C 27.4 ± 0.1; 

RMS 27.6 ± 

0.1 

C 27.4 ± 0.1; 

RMS 27.6 ± 0.1 

 Gender 0.66 1,69.5 0.42 0.42 F 27.7 ± 0.2; M 

27.3 ± 0.2 

NA 

 Timepoint 293.88 2,65.0 3e-33 NA NA NA 

 TBV 68.80 1,70.8 5e-12 NA NA NA 

 G×G 0.05 1,44.2 0.82 0.83 NA NA 

 Group×T 0.22 2,65.6 0.80 0.81 NA NA 

 Gender×T 0.77 2,75.5 0.47 0.49 NA NA 

 TBV×T 1.30 2,69.4 0.28 NA NA NA 

 G×G×T 0.51 2,66.6 0.60 0.62 NA NA 

Dorsal striatum Group 0.22 1,45.1 0.64 0.65 C 66.9 ± 0.2; 

RMS 66.7 ± 

0.2 

C 66.9 ± 0.2; 

RMS 66.7 ± 0.2 

 Gender 0.44 1,81.1 0.51 0.52 F 67.2 ± 0.3; M 

66.4 ± 0.3 

NA 

 Timepoint 6715.52 2,59.7 5e-71 NA NA NA 

 TBV 178.74 1,93.5 2e-23 NA NA NA 

 G×G 0.12 1,45.7 0.73 0.73 NA NA 

 Group×T 2.34 2,60.2 0.10 0.11 NA NA 

 Gender×T 3.19 2,70.5 0.047 0.050 NA NA 

 TBV×T 1.94 2,61.5 0.15 NA NA NA 

 G×G×T 0.13 2,60.8 0.88 0.89 NA NA 

Hippocampus Group 0.21 1,44.7 0.65 0.66 C 83.0 ± 0.2; 

RMS 82.9 ± 

C 83.0 ± 0.2; 

RMS 82.9 ± 0.2 
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0.2 

 Gender 0.39 1,78.5 0.53 0.54 F 82.8 ± 0.3; M 

83.1 ± 0.3 

NA 

 Timepoint 4961.62 2,61.2 2e-68 NA NA NA 

 TBV 239.62 1,86.7 1e-26 NA NA NA 

 G×G 0.00 1,45.3 0.98 0.98 NA NA 

 Group×T 0.06 2,61.7 0.94 0.95 NA NA 

 Gender×T 0.02 2,72.0 0.98 0.98 NA NA 

 TBV×T 0.25 2,63.6 0.78 NA NA NA 

 G×G×T 0.11 2,62.4 0.90 0.90 NA NA 

Insula Group 0.00 1,42.6 0.96 0.95 C 35.3 ± 0.1; 

RMS 35.4 ± 

0.1 

C 35.3 ± 0.1; 

RMS 35.4 ± 0.1 

 Gender 0.25 1,65.7 0.62 0.62 F 35.2 ± 0.2; M 

35.5 ± 0.2 

NA 

 Timepoint 818.06 2,66.5 2e-47 NA NA NA 

 TBV 169.86 1,65.6 7e-20 NA NA NA 

 G×G 0.18 1,43.6 0.67 0.67 NA NA 

 Group×T 0.53 2,67.2 0.59 0.57 NA NA 

 Gender×T 1.60 2,76.8 0.21 0.18 NA NA 

 TBV×T 2.83 2,72.0 0.066 NA NA NA 

 G×G×T 0.83 2,68.2 0.44 0.40 NA NA 

Nucleus 

accumbens 

Group 0.44 1,43.9 0.51 0.51 C 11.0 ± 0; 

RMS 11.1 ± 0 

C 11.0 ± 0.0; 

RMS 11.1 ± 0.1 

 Gender 0.38 1,73.3 0.54 0.54 F 11.0 ± 0; M 

11.0 ± 0 

NA 

 Timepoint 1070.74 2,63.5 1e-49 NA NA NA 

 TBV 70.56 1,76.7 2e-12 NA NA NA 

 G×G 0.00 1,44.7 0.95 0.95 NA NA 

 Group×T 0.01 2,64.1 0.99 0.99 NA NA 

 Gender×T 1.31 2,74.1 0.28 0.33 NA NA 

 TBV×T 0.08 2,67.0 0.92 NA NA NA 

 G×G×T 0.08 2,65.0 0.93 0.93 NA NA 

Abbreviations: G×G: group × gender; ×T: × timepoint; TBV: total brain volume (mean-centred within timepoint); EMMs: 

estimated marginal means; RMS: repeated maternal separation; C: controls; M: males; F: females  
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7.2 Supplementary figures 

7.2.1 Behavioural analysis supplementary figures 

 

 

Figure S3.1. Repeated maternal separation (MS) did not affect sessions-to-criterion for either of 

the training stages for the progressive ratio (PR) task. Before being tested on the three progressive 

ratio (PR) schedules of reinforcement, animals were trained on fixed ratio 1 and 5 schedules, in which 

they had to respond on the target one and five times respectively to earn a reward. There were no 

differences in sessions-to-criterion between MS (n = 28) and control (n = 28) animals. Histogram bins 

are one session in width. 
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Figure S3.2. Repeated maternal separation (MS) did not affect sessions-to-criterion on any 

training stages for probabilistic reversal learning (PRL) or PRL session count before adult 

stress. Among animals included in the pre-adult stress analysis, there were no significant differences 

between repeated maternal separation (MS, n = 24) and control (n = 24) animals in sessions-to-

criterion on the touch training A, touch training B, or deterministic reversal learning (DRL) training 

stages. Animals included in the post-stress analysis completed varying numbers of PRL sessions 

before being started on the adult stress (lower right panel; MS n = 25, control n = 23). Histogram bins 

are one session in width. 
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Figure S3.3. Repeated maternal separation (MS) had no effect on reversals attained or 

perseveration tendency on the probabilistic reversal learning (PRL) task. Across each animal’s 

first seven PRL sessions, there were no differences between MS (n = 24) and control (n = 24) animals 

in the number of reversals completed or the mean number of perseverations following each reversal. 

Similarly, there was no difference between MS (n = 24-25 at stress days 3-6, n = 18 at stress day 11) 

and control (n = 23 at stress days 3-6, n = 16 at stress day 11) animals in the effect that stress had on 

their reversal count or perseveration tendency. 
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7.2.2 Systematic review supplementary figures 

 

Figure S4.1. Effects of repeated maternal separation (RMS) on cytokine expression in non-blood 

tissue, segregated by messenger RNA (mRNA) and protein. The most commonly reported 

outcomes (increase, decrease, or no change) are summarized for each cytokine for each stress 

condition, counting mRNA and protein results separately. Dark blue shading indicates a high level of 

confidence (three or more studies supporting each outcome), whereas light blue shading indicates low 

confidence.  
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Study Species Gender Non-blood tissue 

assay substrate 

Later-life stress 

Amini-Khoei 2017 Mouse Male mRNA Forced swim test and open field test 

Amini-Khoei 2019 Mouse Male mRNA Forced swim test, open field test, and 

elevated plus maze 

Avitsur 2006 Mouse Both Protein (IL-6), 

mRNA (IL-1b, 

TNF-a, IL-6) 

Influenza virus infection (inoculation nine 

days prior to sacrifice) 

Avitsur 2013 Mouse Both N/A Isolation housing for one day then a single 

IP injection of either saline, low-dose LPS, 

or high-dose LPS two hours before sacrifice 

Baldy 2018 Rat Both N/A N/A 

Banqueri 2019 Rat Male mRNA N/A 

Barouei 2015 Rat Both N/A Four days of thirty minutes daily restraint or 

isolation stress, immediately before 

sacrifice 

Barreau 2004 Rat Male mRNA N/A 

Breivik 2015 Rat Both N/A Three weeks of ligature-induced 

periodontitis and then an LPS injection two 

hours before sacrifice 

Carboni 2010 Rat Male N/A Forced swim test roughly a week before 

sacrifice in depression-prone rats 

Dalle 2016 Rat Male mRNA Intracerebral injection of the neurotoxin 6-

hydroxydopamine to lesion the 

dopaminergic projections passing through 

the medial forebrain bundle 

De Miguel 2018 Rat Male Protein IP injection of either saline or low-dose LPS 

fourteen hours before sacrifice 

Desbonnet 2010 Rat Male N/A Forced swim test 

Dimatelis 2012 Rat Male mRNA N/A 

Do Prado 2016 Rat Both N/A Lack of enrichment other than one cage-

mate for five weeks between weaning and 

sacrifice 

Fuentes 2016 Mouse Male mRNA One-hour water avoidance stress 

Ganguly 2018 Rat Both N/A N/A 

Ganguly 2019 Rat Both Protein (TNF-a), IP injection of saline four hours before 
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mRNA (TNF-a) sacrifice 

Genty 2018 Rat Male mRNA Compression trauma to a peripheral nerve 

Giridharan 2019 Rat Male Protein N/A 

Grassi-Oliveira 

2016 

Rat Both N/A N/A 

Han 2019 Mouse Male Protein (IL-6), 

mRNA (IL-1b, 

TNF-a, IL-6) 

Two weeks of IP saline injections followed 

in some animals by two weeks of two hours 

daily restraint 

Kiank 2009 Mouse Female Protein Five days of restraint and acoustic noise 

stress for two to four hours daily 

Kruschinski 2008 Rat Male mRNA Sensitization to ovalbumin by IP injection 

one and two weeks before sacrifice then 

tracheal instillation of ovalbumin a day 

before sacrifice 

Lennon 2013 Mouse Unclear mRNA N/A 

Li 2017 Mouse Unclear mRNA N/A 

Majcher-Maslanka 

2019 

Rat Both mRNA N/A 

Mizoguchi 2019 Mouse Male N/A Compression trauma to a peripheral nerve 

Moya-Perez 2017 Mouse Male Protein N/A 

O'Mahony 2009 Rat Male N/A Repeated brief open field testing 

O'Malley 2011 Rat Male Protein N/A 

Pierce 2014 Mouse Female mRNA Abdominal wall surgery and visceral organ 

distension to assess pain sensitivity, a week 

prior to sacrifice 

Pierce 2016 Mouse Female mRNA One-hour water avoidance stress and either 

sacrifice next day or sacrifice eight days 

later with three tail vein bleeds during that 

time 

Pinheiro 2014 Rat Male Protein Two weeks of daily IP saline injections then 

brief behavioural testing including open 

field test 

Reus 2013 Rat Male Protein Two weeks of daily IP saline injections with 

forced swim testing on the final two days, 

with sacrifice immediately after the final 

test 
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Riba 2017 Mouse Unclear Protein N/A 

Riba 2018 Mouse Male Protein N/A 

Roque 2016 Rat Male mRNA N/A 

Saavedra 2017 Rat Male Protein N/A 

Shao 2019 Rat Male mRNA Abdominal wall electrode implantation five 

days prior to sacrifice and then testing for 

sensitivity to organ distension 

Tang 2017 Mouse Unclear Protein Colorectal distension for visual pain 

sensitivity scoring 

Vig 2010 Mouse Both Protein IP injection of ovalbumin nine and fourteen 

days prior to sacrifice, then intranasal 

inoculation of ovalbumin or saline one and 

three days prior to sacrifice 

Viola 2019 Mouse Male mRNA IP injection of poly-(I:C) five hours prior to 

sacrifice 

Wang 2017 Mouse Male Protein Three weeks of daily IP saline injections 

ending two weeks before sacrifice, followed 

by behavioural tests including elevated plus 

maze and open field test 

Zajdel 2019 Mouse Both mRNA N/A 

Zhu 2017 Rat Male Protein Two-hour sevoflurane anaesthetic three to 

five days prior to sacrifice 

Figure S4.2. Study characteristics. The gender, species, and assay substrate are listed for each 

included study. For those included studies in which repeated maternal separation (RMS) was 

conducted followed by a procedure in late adolescence or adulthood that was likely to be stressful, the 

relevant procedure(s) applied in those studies are listed. 
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Study Follow-up type Microglial 

activation 

Microglial density 

Baldy 2018 Short-term ↑ (medulla) ↑ (medulla) 

Majcher-Maślanka 2019  Short-term N/A ↓ (prelimbic PFC) 

Roque 2016 Short-term ↑ (hippocampus) ↔ (hippocampus) 

Saavedra 2017 Short-term ↑ (hippocampus) ↓ (hippocampus) 

Banqueri 2019 Long-term without stress N/A ↑ (hippocampus, 

dorsal striatum, 

nucleus accumbens) 

Ganguly 2018 Long-term without stress ↔ (prelimbic PFC) ↔ (prelimbic PFC) 

Han 2019 Long-term with stress ↑ (hippocampus) N/A 

Mizoguchi 2019 Long-term with stress N/A ↑ (spinal cord) 

Figure S4.3. Microglial outcomes. The results of included studies measuring the effect of RMS on 

microglia activation or density are listed, as increase, decrease, or no change. 
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