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“Here we all are 

Born into a struggle  

  To come so far 

 But end up returning to dust” 

  Steven Wilson – Luminol  
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An imaging characterization of the adaptive and maladaptive response to chronic 

stress 

Abstract 

Stress is a constant presence in the daily life of all beings and one’s ability to adapt to 

challenging circumstances has a real impact in the chance of survival. The response to 

stressful stimuli is regulated primarily by the hypothalamic-pituitary-adrenal (HPA) axis, but 

several other areas of the brain as well as hormonal circuits are known to be involved. The 

chronic activation of these circuits leads to an overburden of the system, eventually causing a 

disruption of the homeostasis. Different subjects respond differently to similar stressors, with 

some presenting a more adaptive or resistant response to stress, delaying or avoiding the 

negative impacts, while others present a maladaptive or susceptible pattern of response to 

stress. This stress-led disruption of the homeostasis is often associated with different 

neuropsychiatric disorders, including depression or dementia, major causes of disability 

worldwide. Understanding the circuits involved in determining this differentiated response to 

stress is key to not only understand it but also to develop new diagnostic and treatment 

approaches for the associated disorders. 

This thesis describes the use of multimodal ultra high-field Magnetic Resonance Imaging to 

characterize the differences in the brain structure and function of different responders in a 

rodent model of stress, revealing biomarkers of this response as well as their temporal profiles. 

To do this, several processing pipelines and supporting resources were developed, here 

presented as the SIGMA processing workflows, atlases and templates. Moreover, to study the 

response to stress two different approaches are used, first characterizing the differences 

between two genetic lines known to respond differently to stress and second by classifying a 

population with a uniform genetic background according to their response. 

Our results reveal several structural, functional and metabolic differences in the brains of 

resistant and susceptible animals. In the white matter of resistant animals accentuated 

alterations in diffusion properties were found, suggesting the triggering of plasticity processes. 

In the gray matter an accentuated atrophy of several brain areas was found which included the 

dorsal hippocampus and the ventral tegmental area. Temporally these changes were restricted 

to the later periods of exposure, with minimal changes occurring during the early period of 

exposure to stress. Functionally, widespread networks of altered functional connectivity were 

found centered on the thalamus and connecting sensorial, cognitive and autonomic regions. 
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The temporal profile of these changes revealed different patterns in the earlier and later 

periods of exposure where the initial time-points were found to be marked by profound 

functional changes that may be key in determining the eventual response to stress. Finally, we 

reveal how concentrations of several metabolites are altered in the dorsal hippocampus, 

predominantly as markers of neurotransmitter metabolism. These changes are associated with 

alterations in the functional circuitry of the hippocampus, increasing the functional connectivity 

with the amygdala, piriform cortex and thalamus in susceptible responders to stress.  

Some conclusions can be gathered from the results here presented. We have identified several 

MRI biomarkers of the response to stress, findings that highlight the potential for the use of 

this technique as support tool in the diagnosis of stress-associated disorders. Temporally, the 

initial functional changes predate other alterations and may be a key part of the 

pathophysiological process associated to stress-disorders. Functionally our results point to an 

important role of circuits involving the limbic system, as well as somatosensory areas, in 

determining the response to stress. 
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Uma caracterização imagiológica da resposta adaptativa e maladaptativa ao 

stress crónico  

Resumo 

O stress é um factor sempre presente na vida diária de todos os seres e a capacidade de cada 

individuo se adaptar às circunstâncias do dia a dia é um fator essencial á sobrevivência. A 

resposta a estímulos stressantes é regulada primariamente pelo eixo hipotálamo-hipófise-

adrenal, mas outras áreas e circuitos hormonais estão também envolvidos. A ativação crónica 

destes circuitos leva á sobrecarga do sistema e á eventual disrupção da homeostasia. 

Diferentes sujeitos terão uma resposta diferente á exposição ao stress. Enquanto uns 

apresentam uma resposta mais adaptativa ou resistente, atrasando possíveis disrupções do 

sistema, outros apresentarão uma resposta mais maladaptativa ou susceptível. A disrupção da 

homeostasia derivada do stress é frequentemente associada a diferentes doenças neuro-

psiquiátricas, incluindo a depressão, uma das maiores causas de incapacidade a nível 

mundial. Compreender os circuitos e mecanismos envolvidos na resposta ao stress é então 

essencial não só para perceber os processos subjacentes, mas também para guiar o 

desenvolvimento de novas ferramentas e abordagens de diagnóstico e tratamento. 

Esta tese descreve o uso de Imagem por Ressonância Magnética multimodal de campo ultra 

alto para caracterizar as diferenças nos cérebros de roedores com diferentes respostas ao 

stress. Pretende caracterizar novos bio marcadores desta resposta tal como os padrões 

temporais das alterações. Para potenciar a capacidade de resposta a estes desafios é também 

apresentado um conjunto de fluxos de processamento e recursos como atlas e templates 

utilizados na análise dos dados. Para estudar a resposta ao stress no cérebro de roedores 

duas abordagens serão descritas, primeiro a caracterização das diferenças de duas linhas 

genéticas de ratos com resposta diferente ao stress e, segundo, dividindo e classificando uma 

população com o mesmo background genético através do seu fenótipo. 

Os resultados aqui apresentados revelam várias alterações estruturais, funcionais e 

metabólicas nos cérebros de animais resistentes e susceptíveis ao stress. Na substância 

branca de animais resistentes ao stress alterações acentuadas nas propriedades de difusão 

foram encontradas, assemelhando—se a alterações encontradas em paralelo com processos 

plásticos. Na substância cinzenta uma atrofia acentuada de varias zonas do cérebro, incluindo 

o hipocampo dorsal e a zona tegmental ventral, foram encontradas. Em termos temporais 

estas alterações parecem ocorrer principalmente nos períodos mais tardios de exposição. A 
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nível funcional aumentos de conectividade nos animais susceptíveis foram encontrados em 

várias ligações, centradas no tálamo e ligando zonas cognitivas e do sistema autonómico. 

Temporalmente, alterações funcionais são detetáveis tanto nos períodos iniciais como nos 

períodos mais tardios da exposição ao stress. Finalmente, demostramos alterações na 

concentração de metabólitos no hipocampo dorsal, mais precisamente em marcadores do 

metabolismo de neurotransmissores. Estas alterações estão também associadas a alterações 

da conectividade funcional do hipocampo, modelando positivamente a sua sincronização com 

a amígdala, córtex piriforme e tálamo em animais suscetíveis ao stress. 

Em conclusão, este trabalho revelou a existência de vários bio marcadores, mesuráveis 

através de ressonância magnética, capazes de distinguir animais com diferentes respostas ao 

stress crónico, cimentando o potencial do uso da técnica no estudo e diagnóstico das doenças 

associadas. Temporalmente identificamos a existência de padrões funcionais distintos em 

diferentes períodos da exposição ao stress e que antecedem alterações estruturais, padrões 

que apresentam a possibilidade de permitir prever a resposta ao stress mesmo antes de 

qualquer exposição. Estas alterações estão não só localizadas em algumas das zonas 

tipicamente envolvidas no stress como se estendem a zonas envolvidas no processamento e 

integração da informação sensorial. 
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decreasing connectivity in blue (days 7 to 21). (e) Box plot of mean, minimum and maximum 

connectivity change within the significant networks of (c, d) from days 0 to 7 to 21 relative to 

the day 0 mean. Mean network changes were significant at day 7 (where ** denotes 

P<0.0001) and day 21 (where * denotes P<0.042). 

Figure 4. Comparison between animal category (low and high responders) at day 0 (a, b) and 

day 7 (c, d). (a, c) Network of altered functional connectivity as calculated in network-based 

statistics (NBS; connection-level threshold P-uncorrected < 0.005, networks were significant at 

P<0.05 family-wise error (FWE) corrected), nodes and edges color-coded according to 

statistical strength (t-value). Decreasing connectivity in high responders when compared with 

low responders is colored in blue (day 0), and increasing connectivity in red (day 7). (b, d) 

Mean connectivity within the network between animal categories (where **** denotes 

P<0.0001 in both). 
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Figure 1. On the left, the positioning of the MRS voxel over the right dorsal hippocampus. 

White mesh represents the rat Corpus Callosum, red mesh the CA1 field, blue mesh the CA2 

field, green mesh the CA3 field and yellow the Dentate Gyrus. The box mesh represents the 

mean position of the SRMN voxel used for the experiment. On the right, an individual metabolic 

profile acquired from the right dorsal hippocampus, its LCModel fit (in red dotted line) and the 

contributions from our metabolites or resonances of interest. No filtering was applied. 
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1.1 Introduction 

Stress is an omnipresent event for every living organism. It is a familiar yet incompletely 

understood phenomenon (Selye, 1956). Broadly defined it may be thought of as the interaction 

between a physically or emotionally noxious stimulus external to the organism (known as a 

stressor and usually considered to be disruptive of the organism homeostasis) and the 

physiological and/or psychological evoked response (Sousa, 2016). Stress is usually 

characterized as having a negative influence on an individual, for instance when it adversely 

affects its mind of physic. It is this attribute of the stress that is most commonly studied, often 

in an attempt to reduce its negative impact. On the other hand, the more positive aspects, 

such as those that play roles in the adaptation and in the evolution of species, are not so 

commonly considered. No matter how it is characterized, the stress response is an important 

factor in helping organisms perceive and avoid or minimize potential threats. This process of 

active dynamic adaptation has been called allostasis (McEwen, 2003). 

From an evolutionary perspective, an inability to perceive and adapt to threats (in other words, 

an inability to feel stressed) would significantly impair the capability of a being to react to life-

threating situations, eventually interfering with the passage of its genetic information forward 

(Bijlsma et al., 2005; Parsons, 1993). If, however, the exposure to a stressor is chronic, then 

the cumulative effects may progressively build up in the system resulting in the disruption of 

the homeostasis (defined as the allostatic load (McEwen, 2003)).  

The physiological and psychological impact of exposure to chronic stress on the brain has been 

reported at different system levels ranging from molecular alterations (Dwivedi et al., 2006; 

Ulrich-Lai et al., 2009; Yuen et al., 2012), to cytological (Banasr et al., 2007; Bessa et al., 

2009a; Dias-Ferreira et al., 2009; Gray et al., 2016; Radley et al., 2008; Sousa et al., 2000), 

anatomical (Anacker et al., 2015; Bourgin et al., 2015; Cerqueira et al., 2005; Delgado y 

Palacios et al., 2014), functional (Cerqueira et al., 2007; Henckens et al., 2015; Rocher et al., 

2004; Sandi et al., 2008; Soares et al., 2013) and behavioral (Bessa et al., 2009b; Pego et 

al., 2008; Soares et al., 2012; Sousa et al., 2000). Probably due to its heterogeneous nature 

and far-reaching range of effects, stress is a common trigger for many neuropsychological 

disorders including depression, which is a leading cause of disability worldwide affecting over 

300 million people (Saxena et al., 2014). 

A critical concept in the study of stress is how each individual responds to these noxious 

stimuli (McEwen, 2005; Sousa, 2016). Individuals may be classified as either 
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resistant/resilient/adaptive (when a subject is capable of avoiding the negative impacts of 

stress) or susceptible/sensitive/vulnerable/maladaptive (when the individual displays the 

negative effects of the maladaptive stress response). This concept may be broadened to 

include a multidimensional spectrum of responses (i.e. different subjects may develop 

individual phenotypes of anxious or depressive behavior, cognitive deficits, etc.). These 

symptoms of stress exposure often overlap with multiple aspects of related disorders. By 

studying the combined responses, and delineating how they are influenced by stress, it may be 

possible to reach a better understanding of these disorders. It is further to be hoped that such 

a multi-dimensional approach will allow the development of reliable biomarkers for the 

identification of susceptible subjects ultimately leading to the development of more effective 

diagnosis and therapeutic strategies. The main goal of this thesis targets this question as it 

aims to reveal new biomarkers of stress resistance and susceptibility. 

 

1.2 The neuronal and hormonal circuits of stress 

Several areas of the brain and their associated hormones mediate the response to stressful 

stimuli (Figure 1). Upon exposure to a stressor, a complex set of hormonal responses meant to 

improve the delivery of metabolic resources to the challenged areas (brain, musculature) and 

suppress non-essential physiological needs (feeding, reproduction) is initiated (Sapolsky et al., 

2000). Components of the response include the release of catecholamines (Goldstein, 2003), 

meant to set up the necessary physiological responses such as increased heart rate and blood 

pressure and assure the metabolic needs, and the corticotropin-releasing hormone (CRH) 

(Korte et al., 1993), which has the role of further triggering the sympathetic system through 

the activation of the hypothalamic-pituitary-adrenal (HPA) axis. This sympathetic activation 

takes place via the fast initiation action pathway, mediated by CRHR1 receptors (de Kloet et al., 

2005). Because CRH-binding neurons project both to limbic areas as well as brain-stem 

pathways, psychological or sensory stressors are able to trigger the response (Ulrich-Lai et al., 

2009). Stress activation involves other hormones such as vasopressin and corticotrophin, 

released in the pituitary gland, which in turn stimulates the secretion of glucocorticoid 

hormones (cortisol in humans and corticosterone in rodents) in the adrenal cortex over the 

following minutes and is responsible for coordinating the behavioral and metabolic response 

(Herman et al., 2003). 
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Figure 1. Hormonal circuits of the response to stress. The fast action corticotrophin-releasing hormone (CRH) 

and vasopressin (AVP), produced in the parvocellular neurons of the hypothalamus trigger the stress response 

and the production of corticoids, which further modulate the response to stress. Adapted from de Kloet et al. 

(2005). 

 

Once released into the circulatory system, the glucocorticoids (GCs) reach the entire body and 

take on a primary role in mediating the response to stress. Although originally thought only to 

potentiate the physiological response to stress (Selye, 1955), GCs are now thought to have a 

more complex role in preparing the body to respond to stressors, both by mediating the 

response through suppressive and stimulating actions and by preparing the body for future 

exposure. Expanding on the original thesis, GCs may also regulate the overshooting of other 

response mechanisms, thus limiting damage to the system (an analogy might be the 

prevention of the water damage done by a fire brigade) (Sapolsky et al., 2000). These actions 

take place in a variety of time frames (Young et al., 2004) and act through the modulation of 

genetic transcription and cell activity (McEwen et al., 2012; Provencal et al., 2015; Sousa, 

2016; Thomassin et al., 2001). If the triggered response is not sufficient to deal effectively with 

the stressor, or if the exposure is prolonged, the reduction of GC receptors leads to a loss of 

inhibitory signaling, thus provoking a vicious cycle of hyper-GC secretion (Sapolsky et al., 1986; 

Sousa et al., 2012). Chronic exposure eventually leads to a loss of neuronal function, 

ultimately resulting in pathological consequences (Behl et al., 1997; Crochemore et al., 2005; 

Sapolsky, 1985; Sapolsky, 1996). 

While the above-mentioned molecular structures play fundamental roles in the hormonal 

circuits of stress, a variety of other mediators are thought to be involved (Figure 2), including 

several neurotransmitters and peptides, which contribute to a complex system whose diversity 
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reflects that of the stress response itself, with different mediators playing niche roles 

depending upon situation and context (Joels et al., 2009).  

   

 

1.3 The stressed brain 

While stress is known to impact multiple systems of the body, its effect upon the central 

nervous system (CNS) is of primary importance. The CNS acts as the main center for the 

perception and processing of the stressful stimuli, is responsible for the regulation of the 

response to them, and ultimately is changed as a consequence of its response. These changes 

to the system affect future responses to a stressful challenge, in either a favorable or 

unfavorable fashion (de Kloet et al., 2005; Joels et al., 2009; Sousa, 2016). 

An extensive body of literature describes how exposure to chronic stress negatively impacts the 

brain at multiple levels. One abnormality seen at the molecular level is that of 

hypercortisolemia. As one of the most common signs of the impact of stress, increased levels 

of the circulating hormone have been consistently reported after exposure to both acute and 

chronic stress (Banasr et al., 2007; Cerqueira et al., 2007; Sapolsky et al., 2000; Sousa et al., 

1998; Young et al., 2004). Increases in CRH secretion and its receptor expression have also 

been reported following stress exposure (Brunson et al., 2001; Kovacs et al., 1996), and these 

changes further associated with stress-induced deficits in memory (Ivy et al., 2010). Stress-

induced changes in the rodent brain lipidome (sphingolipid and phospholipid metabolism) have 

also been reported, particularly in the prefrontal cortex, but also in the hippocampus (Oliveira 

et al., 2016). At the cellular level, exposure to stress has been shown to result in 

morphological changes. The hippocampus, initially thought to be a site where stress led to 

Figure 2. Factors that influence 

stress and the mediator agents 

necessary to control the response. 

The diversity of stressful contexts, 

stimuli and resistance/susceptibility 

factors requires the existence of 

mechanisms capable of functioning 

in different niches as well as in 

different temporal and spatial scales. 

Adapted from Adapted from Joels et 

al. (2009). 
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neuronal death (Arbel et al., 1994; Sapolsky et al., 1985), has instead been shown to suffer 

alterations in the cell morphology through dendritic atrophy (Bodnoff et al., 1995; Magarinos et 

al., 1995; Sousa et al., 1998; Sousa et al., 2000; Vollmann-Honsdorf et al., 1997; Watanabe 

et al., 1992), as well as impaired synaptic plasticity and Long Term Potentiation (Foy et al., 

1987; Pavlides et al., 2002; Shors et al., 1997). Affected hippocampal neurogenesis also has 

been reported in several studies (Mateus-Pinheiro et al., 2013; Mirescu et al., 2006; Morais et 

al., 2014; Snyder et al., 2011). Further morphological changes have been identified in other 

brain regions, including atrophies in the prefrontal cortex (Cerqueira et al., 2007; Cook et al., 

2004; Liston et al., 2006), increased dendritic arborisation and anatomical volume in the 

amygdala (Bourgin et al., 2015; Pego et al., 2010; Vyas et al., 2003; Vyas et al., 2002), and 

increased volume associated with dendrite remodeling in the bed nucleus of the stria 

terminalis (Pego et al., 2008).  

The impact of stress exposure on behavior is significant and has been shown to be widely 

expressed, including depressive-like behavior (Bessa et al., 2009b; Gregus et al., 2005; Mineur 

et al., 2006), anhedonia (Christensen et al., 2011; Rygula et al., 2005; Willner et al., 1992), 

anxious-like behavior (Gregus et al., 2005; Mineur et al., 2006; Pego et al., 2008; Pego et al., 

2010), memory deficits (Cerqueira et al., 2007; Kuhlmann et al., 2005; Sousa et al., 2000) 

and impaired social behavior (Borges et al., 2013; Krishnan et al., 2007; Wood et al., 2003; 

Wood et al., 2010). 

Analysis of the changes wrought by stress at the system level of the brain can be greatly 

facilitated through the use of Magnetic Resonance Imaging (MRI). Increased functional 

connectivity has been reported in both awake resting humans and weakly anaesthetized 

rodents (Henckens et al., 2015; Soares et al., 2017; Soares et al., 2013), as well as altered 

patterns of functional activation during task on humans (Soares et al., 2012). Anatomical 

changes have been described as well, including a variety of volumetric and structural 

alterations (Anacker et al., 2015; Bourgin et al., 2015; Delgado y Palacios et al., 2011; 

Delgado y Palacios et al., 2014; Ding et al., 2013; Lee et al., 2009; Soares et al., 2014). It is 

significant to note that non-invasive imaging techniques, exemplified by MRI, have been 

primarily used with human subjects. In this role, they have frequently been employed in 

exploring the diseases thought to be associated with stress. One example is the study of 

depression, where both structural (Campbell et al., 2004) and functional alterations have been 

demonstrated (Groenewold et al., 2013). 
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1.4 Stress susceptibility, resistance and its consequences 

Responses to acute stress are meant to be adaptive. When, however, the stressor persists over 

time, or the response is not suited, the adaptation phase will cease and the accumulation of 

insults associated with the provoked response will eventually lead to a chronic disruption of the 

homeostasis (McEwen, 2005). Resistance to stress therefore is expected to include active, 

adaptive features and not simply be the absence of observable pathological effects (Charney, 

2004; Russo et al., 2012). Within this context, it is apparent that, rather than a simple binary 

division, a response spectrum exists, which may change over time. Individual subjects may 

transition from a “stressed” to a “stressed out” phase at different moments as adaptation 

mechanisms gradually fail, the timing of this transition varying with different subject-dependent 

factors (McEwen, 2005). 

The origin of such differing responses to stress can be divided into two main categories, those 

which resulted from individual intrinsic genetic characteristics and those for which 

environmental causes are responsible (de Kloet et al., 2005). These ‘nature versus nurture’ 

potential contributions have been explored using animal models. Selective breeding was used 

to create mouse and rat lines that displayed an exacerbated disruption of hormonal levels and 

behavior when exposed to stress (Bohus et al., 1987; Dhabhar et al., 1995; Edwards et al., 

1999; Feldker et al., 2003; Landgraf et al., 2003; Uchida et al., 2008). Assessments of the 

epigenetic mechanisms influencing gene expression have also been performed with the similar 

purpose of understanding the stress response (Chen et al., 2015; Duclot et al., 2013; Elliott et 

al., 2010). In humans, a genome-wide meta-analysis was able to identify 44 genes associated 

with a predisposition for major depression, amongst which may be specific factors linked to 

stress susceptibility, thus reinforcing the relevance of intrinsic genetic factors (Wray et al., 

2018). Environmental factors also contribute to the variability of the individual response to 

stress. Exposure to stressors in early life is known to modulate the adult vulnerability and 

resilience to stress both in animals and humans (Melchior et al., 2007; O'Mahony et al., 2009; 

Rodrigues et al., 2011; Santarelli et al., 2017). Importantly, this modulation can result in either 

increased resistance or increased susceptibility, with the intensity of the stress exposure being 

the determining factor (Macri et al., 2009). Mild chronic stress exposure has been found to 

lead to increased resistance, while acute and severe exposures result in a more susceptible 

phenotype. Prenatal traumatic events have also been implicated in the development of 

different phenotypes, which have been shown to increase susceptibility to chronic stress in 
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adulthood (Fride et al., 1986; Hougaard et al., 2005; Montes et al., 2016). The gut 

microbiome also appears to play an important role in an individual’s ability to cope with stress. 

As a result developmental and environmental factors that may disrupt or modify it will also play 

a role in determining the response to stress (Dinan et al., 2012; Kelly et al., 2015; Moloney et 

al., 2014; O'Mahony et al., 2009). 

This transition from a state of stress resistance to another of stress susceptibility has been 

proposed to result from an accumulation of “wear and tear” effects on the system, leading to 

the eventual imposition of an allostatic load and, depending on different genetic and 

environmental factors (McEwen, 2003), this allostatic load will play a key role in the 

development of disorders of the central nervous system (de Kloet et al., 2005). Finally the then 

modified CNS may significantly affect the general health state of the body (affecting bone 

density, obesity status, the cardiovascular system and diabetes (Brown et al., 2004)). The 

impact on the health statues is thought to be, in large part, due to the maintenance of elevated 

stress hormone levels as well as deregulation of the HPA axis (McEwen, 2004). Evidence of the 

associations between these mechanisms and the impact on the health statues can be found in 

depressed patients (Hammen, 2005; Welberg, 2014). Here, findings have ranged from the 

demonstration of links between the existence of previous stressful events and the development 

of depression (Mazure, 1998; Melchior et al., 2007), increased levels of glucocorticoids and 

HPA axis deregulation in depressed subjects (Deuschle et al., 1998; Johnson et al., 2006; 

Lamers et al., 2013; Sachar et al., 1970; Young et al., 1994) and associations with the 

likelihood of relapse (Zobel et al., 2001). On the other hand, patients manifesting Post-

traumatic Stress Disorder (PTSD) were not found to have abnormal glucocorticoid expression 

(Meewisse et al., 2007). The failure to demonstrate an expected relationship has been 

attributed in part to differences in methodology as well as to the potential existence of different 

sub-types of the disorder (Yehuda, 2002). Links between glucocorticoids, stress and 

depressive-like symptoms have also been established in a range of neurological disorders; 

examples include Multiple Sclerosis (MS), where exposure to stress may lead to the 

appearance or aggravation of demyelinating MS lesions (Mohr et al., 2000), and where 

depression has been associated with the disease (Gilchrist et al., 1994); Alzheimer’s Disease, 

where the triggering of the degenerative process has been linked to stress (Sotiropoulos et al., 

2011; Swaab et al., 1994); and Parkinson’s Disease, where mood disturbances are now 

recognized as a non-motor symptom (Campos et al., 2013; Poewe, 2008) and depression is 
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considered an important risk factor (Schuurman et al., 2002). In certain psychiatric conditions 

such as schizophrenia, substance abuse and obsessive-compulsive disorder, exposure to 

stressful stimuli is thought to be a key trigger of psychotic bouts (Morgado et al., 2013; Najt et 

al., 2011). During the process of healthy aging, stress has been found to be an important 

modulator (Sapolsky et al., 1986), whose effect has been demonstrated to influence both 

structure (Soares et al., 2014) and function (Soares et al., 2017). 

The foregoing discussion summarizes the profound influences of exposure to chronic stress on 

the brain. In order to better understand their phenomenology, it is essential to identify the 

responsible anatomical substrata (brain nodes and connections) as well as the temporal 

windows that mediate the transition from normalcy to disease. 

 

1.5 Models of stress 

Understanding the effect of chronic stress upon the human brain is the ultimate goal of many 

researchers. Clearly defined and rigidly controlled protocols would be expected to yield 

maximal information, but exposure of healthy individuals or, particularly, those already 

suffering from neurological disorders, to such stress is neither desirable nor ethical. A survey of 

the literature yields a number of alternative approaches, which fall into 3 general categories: 

1. To study, as a proxy, subjects who are suffering from stress-related disorders such as 

depression (Caspi et al., 2003; Hammen, 2005; Melchior et al., 2007), anxiety 

(Hoehn-Saric et al., 1989; Melchior et al., 2007; Millan, 2003) and PTSD (Breslau et 

al., 1991; Davidson et al., 1986; Rauch et al., 2006). While such studies are useful to 

understand the consequences of the exposure to stress, and potentially may reveal 

useful disorder-related mechanisms, any generalization of the effects of stress is 

difficult if not impossible. Because the subjects in such conditions are not usually 

followed along time (as well as not entering the study before any problem is manifest) 

it is not feasible to separate the intermediate steps and mechanisms mediating the 

transition from the healthy to the diseased brain. 

2. To study populations that are known to be naturally exposed to stressful situations, 

such as members of risky professions like law enforcers or soldiers (Franke et al., 

2002; Gershon et al., 2009; Habersaat et al., 2015) or professions subject to stress-

related burnout and disorders such as medical doctors, and graduate students 

(Bullock et al., 2017; Panagopoulou et al., 2006; Shanafelt et al., 2002; Visser et al., 
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2003). While such an approach would allow the longitudinal tracking of the brain 

changes, the heterogeneity of the stress exposure both between subjects and as a 

function of time is problematic. In addition, chronically stressed participants are less 

likely to be cooperative due to the very nature of their exposure. The Neurosciences 

Research Domain team at ICVS has assembled its own cohort of “naturally” 

chronically stressed subjects by recruiting medicine students preparing for the national 

residency selection exam (Soares et al., 2012; Soares et al., 2013). This approach has 

the advantage of allowing the study of a fairly homogeneous population, that is 

relatively easy to reach by the researchers and is exposed to a homogeneous set of 

stressors. That said, extrapolation from the sample is limited by the fact that it is not 

representative of the general population and that the nature of the stressor is very 

restricted and specific. An alternative is to follow healthy members of the general 

population longitudinally, simultaneously tracking their “stressed status” (Cohen et al., 

1994), and associating the variations with a series of biological and imaging 

parameters (e.g. the SwitchBox project (Soares et al., 2017; Soares et al., 2014)). 

3. To use animal models to simulate the impact of stress on the human brain. This 

approach is the most commonly used in current research, and is the one that allows 

for the best-controlled protocol, but at the very considerable expense of a more difficult 

translation. A variety of stress-inducing protocols exist, usually involving small rodents, 

and vary with the intensity, duration and character of the stressor. The stimulus may 

simulate general stress (Willner et al., 1992; Willner et al., 1987), or specific sub 

categories, such as traumatic (Foa et al., 1992; Roth et al., 2011), early life (Molet et 

al., 2014) or social stress (Albeck et al., 1997; Elliott et al., 2010). One significant 

challenge arising from the use of such models is the measurement of the outputs, 

specifically the need to use tests (predominately behavioral) to measure traits thought 

to represent the influence of stress. Such traits often parallel those found in humans, 

such as anxious-like (Pellow et al., 1985), anhedonic-like (Rygula et al., 2005; Willner 

et al., 1987), or depressive-like symptoms (Bessa et al., 2009b; Borsini et al., 1988). 

Another attribute of the animal model is that it allows highly invasive studies of the 

influence of stress on the brain, such as electrophysiological monitoring, histology and 

histochemistry. While these techniques are not applicable to the human subjects, a 

variety of reasonable cross-species extrapolations may be made. At the system level, 
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for example in the analysis of global functional connectivity, differences in the system 

organization between animal models and humans may be significant, but translation 

still is feasible through the use of assessment techniques common to both. 

Each of the described approaches presents advantages and drawbacks. To extract the most 

from each, a combination of approaches may be necessary. Animal models (3) would be 

useful to identify the specific mechanisms underlying the effects of stress and its response at 

different organization levels, at-risk populations (2) studied to validate such mechanisms and 

hypotheses in humans and aggregates of stress-symptomatic individuals (1) evaluated in order 

to test the relevance of such changes in a variety of clinical disorders. Of course such 

combination of approaches becomes easier if comparable assessment techniques can be 

used. 

 

1.6 Modeling the stressed brain 

All the alterations previously described point to a profound impact of chronic stress upon the 

CNS. The changes in brain structure and function seen as a consequence of stress occur at 

multiple levels of abstraction. How the affected components influence and interact with one 

another is only beginning to be understood, particularly at the higher levels of integration and 

behavior. The observation that the chronically stressed brain differs significantly from the 

acutely stressed one (Sousa, 2016) strongly suggests that it is essential to understand how 

systemic alterations between the two brain states evolve as a function of time (Figure 3).  

 

Figure 3. Framework for modeling the brain-wide transition between a healthy and stressed state, considering 

how the individual response to early stress exposure (1), affects resistance and susceptibility (2) to chronic stress. 

Individuals may be either resistant (and return to the healthy configuration) or vulnerable in which case a 

transition (3) occurs to a stressed brain state (in response to chronic stress), which also may be maintained (4). 

Adapted from (Sousa, 2016). 
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Fundamental to the understanding of how the brain transitions between such different states of 

health and disease, are the concepts of multistability and metastability. The two terms, which 

characterize coordination dynamics in the brain, also are useful for the description of both 

integrative and segregative patterns of activity in the brain (Kelso, 2012; Tognoli et al., 2009). 

Such models are necessary to understand how the brain explores and integrates new states, 

providing the necessary framework and eventual mechanisms for the transition of the healthy 

to the disease brain, as well as its maintenance. Multistability describes the propensity for 

dynamic systems to lock into a diversity of states or patterns of coordination, known as 

attractors. This analytic framework seeks to facilitate the description of the laws and 

mechanisms that allow the emergence of stable states, as well as the conditions under which 

the system returns to a stable state following perturbation. Metastability on the other hand, 

describes a different dynamic relationship, one in which elements of the system manifest both 

integration and segregation. The tendency of individual components to act autonomously is 

balanced by the coupling and coordination and elements are constantly dynamically pulled in 

both directions. The ability to build models which accurately represent the coordination 

dynamics relies heavily on the existence of a-priori information describing the structure, 

function and metabolism of the system (Cabral et al., 2017). MRI is ideally suited to obtain 

such information as it allows a multimodal characterization of the relevant parameters 

(structure: through anatomical and diffusion MRI (aMRI and dMRI respectively); function: 

functional MRI (fMRI); and metabolism (through Nuclear Magnetic Resonance spectroscopy, 

NMR)) all in a single scanning session.  

 

1.7 Ultra-high field MRI of animal models of stress 

MRI of the brain is a most valuable tool for neuroscience research as it allows for the non-

invasive assessment of the brain structure, function and metabolism. MRI is therefore one of 

the best tools to conduct neuroscience studies in humans, as well as longitudinal studies in 

animal models. 

While very commonly employed in human studies, MRI is far less frequently used to study 

animals, particularly rodents (the most common model for the study of stress). The primary 

reason for the disparity is the very large difference in size of the rodent and human brain. In 

order to achieve satisfactory spatial resolution, while maintaining an appropriate signal to noise 

ratio, in the rodent brain, much higher static magnetic fields (e.g. from 4.7T up to 21T), as well 



 14 

as smaller bore scanners and specialized coils are required. While such scanners have 

gradually become more and more available (Duyn, 2012; Polimeni et al., 2018), limitations 

such as cost and relative scarcity of appropriate resources and methodologies for data 

processing has resulted in a rather slow growth in the use of this technology to study the 

rodent brain. 

With that said, for those who do have access to the technology and the associated resources, 

MRI of the rodent brain offers two outstanding advantages for studying how stress affects the 

brain: 

• MRI allows the in-vivo, non-invasive and multimodal characterization of the rodent 

brain. Considering the relevance of rodent models in the study of stress, the ability to 

characterize a range of parameters in-vivo, longitudinally and non-invasively is an 

enormous asset; 

• Despite some obvious limitations, the fact that MRI is a modality able to be used both 

in human and in animals makes translation of results from animal models to humans 

more feasible (Bullmore, 2012; Pan et al., 2015). While it is certainly the case that 

species differences are plenty, and that parameters measurable using MRI will not be 

identical between human and rodent brains (due to differences in the system 

complexity, cellular physiology or metabolism) many physiologic homologies between 

species are known so that significant translation of results appears to be possible. 

Success in such extrapolation of results might, after appropriate verification, lead to 

the discovery of new biomarkers, as well as to verify and extend findings resulting from 

using other, more invasive, techniques; 

Although the above-mentioned attributes of MRI are compelling, to date a relatively small 

number of studies have used the modality to study the stressed rodent brain. Several studies 

used structural analysis to reveal changes in volume and grey matter density parameters. Our 

group was able to demonstrate reduction in volume of the anterior cingulate cortex in 

association with hypercortisolism (Cerqueira et al., 2005), results later confirmed by other 

studies (Anacker et al., 2015; Kassem et al., 2013). Additional studies have revealed reduction 

in hippocampus volume (Henckens et al., 2015; Kassem et al., 2013; Lee et al., 2009), 

alterations in hippocampus shape (no changes in volume) (Delgado y Palacios et al., 2011), as 

well as a correlation between the volume of this structure and social avoidance behavior 

(Anacker et al., 2015). The amygdala also has been seen to be affected, with some groups 
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reporting increased volume in stressed animals (Anacker et al., 2015; Bourgin et al., 2015; 

Henckens et al., 2015). Other regions of the brain shown to undergo change in response to 

stress include the hypothalamus, ventral tegmental area and nucleus accumbens (Anacker et 

al., 2015). 

In addition to structural studies such as those summarized above, it is possible to use 

magnetic resonance techniques to measure changes in the concentrations of a variety of 

metabolites in the stressed rodent brain using Magnetic Resonance Spectroscopy (MRS). The 

first article published using MRS on the subject revealed reductions in N-Acetyl-aspartate (NAA) 

in the stressed rodent brain (Czeh et al., 2001). Reductions in NAA specific to the 

hippocampus have also been revealed (Hemanth Kumar et al., 2012; Xi et al., 2011), as well 

as in Glutamate, Glutamine, and GABA in both the hippocampus and the prefrontal cortex 

(Hemanth Kumar et al., 2012). Finally, on the left ventral hippocampus an increase in the ratio 

of glutamate to creatinine was also found (Delgado y Palacios et al., 2011).  

Another MRI technique, which has proven useful in the non-invasive study of rodent brain 

microstructure, is diffusion imaging. Diffusion imaging has been shown to be sensible to 

dendritic loss in the hippocampus through voxel-wise mean diffusivity and diffusion kurtosis 

imaging (Khan et al., 2016; Vestergaard-Poulsen et al., 2011), where reduced extracellular 

diffusivity was found, as well as other diffusion tensor imaging (DTI) metrics (Delgado y 

Palacios et al., 2011; Hemanth Kumar et al., 2014). Alterations in all four common diffusion 

tensor imaging metrics have been reported, even when considering different responses to 

stress. Other areas of the rodent brain which have been studied include the amygdala 

(increases in several kurtosis parameters, metrics of neuronal density, fractional anisotropy 

(FA) and radial diffusivity (RD) (Anacker et al., 2015; Delgado y Palacios et al., 2014; Khan et 

al., 2016)), caudate-putamen (increases in axial diffusivity (AD) and mean diffusivity (MD) and 

reduction in extracellular diffusivity (Delgado y Palacios et al., 2014; Hemanth Kumar et al., 

2014; Khan et al., 2016)), hypothalamus (with increased (Anacker et al., 2015) as well as 

reduced FA (Hemanth Kumar et al., 2014)), and the thalamus, frontal cortex and corpus 

callosum (alterations of the myelin integrity (Hemanth Kumar et al., 2014)). It is noticeable 

that diffusion techniques have been used primarily to search for local alterations in the integrity 

of anatomical units, and not to look at the properties and integrity of the white matter tracts, 

which are very commonly studied using DTI (Smith et al., 2006). Similarly foregone has been 

structural connectivity, able to be evaluated using tractography (Jeurissen et al., 2017). As a 
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result, little emphasis has been placed on alterations in network integrity and configuration 

induced by stress. 

Published studies of changes in rodent brain function due to stress using MRI, have been few. 

Two have studied the impact of acute stress exposure. One demonstrated a reduction of the 

synchronization of the amygdala and pre-frontal cortex after a single episode of predator scent 

exposure (Liang et al., 2014) and the other an increase in relative cerebral blood volume after 

a single exposure to a pharmacological stressor (Gozzi et al., 2013). Two other studies 

followed protocols of chronic stress. In one, changes were observed in the default mode 

network, as well as in visual and somatosensory resting state networks of the rat brain 

(Henckens et al., 2015). Another study used a manganese enhanced MRI protocol to reveal an 

increased recruitment of the striatum, hippocampus, hypothalamus and midbrain in animals 

exposed to chronic stress after a swim stress task (Bangasser et al., 2013). 

The studies summarized above constitute a representative group of those that have applied 

MRI to the study of the rodent brain in response to stressful stimuli. While interesting and 

significant data have been generated in the course of these studies, many have been limited by 

instrumentation or by experimental design. Importantly not all of these studies use the higher 

static magnetic field strength available, with a predominance of the lower range (4.7 or 7T), 

which limit the imaging parameters used such as spatial resolution and the signal to noise 

ratio. Several of the studies in the higher field strength were done using vertical spectrometers 

instead of horizontal bore scanners, which may have implications on the volume over which an 

homogeneous magnetic field is established. While a majority of these studies are done in-vivo, 

only one takes advantage of this fact to conduct multiple longitudinal assessments (Lee et al., 

2009). As a result one of the major advantages of using MRI to study animal models has been 

greatly under-utilized. In a similar fashion, while connectomics and graph theory methods have 

been found to be extremely valuable in the analysis of human MRI data, only one study 

(Henckens et al., 2015) has made use of this approach. Regarding the data process and 

analysis pipelines there is still a clear lack of supporting resources such as standardized 

pipelines specific for the pre-processing of rodent and ultra-high field data, as well as suitable 

and easy to use templates and atlases.  
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1.8 Objectives 

Stress affects all living beings, but not equally, with some individuals presenting a higher 

susceptibility to it and to the associated disorders. The main goal of this thesis is to use 

multimodal ultra-high field Magnetic Resonance Imaging and Spectroscopy to characterize the 

impact of stress on the rodent brain with a focus on network and system-wide alterations. In 

the course of this thesis MRI biomarkers, which distinguish resistant from susceptible 

responders to stress, will be sought. Data acquired as part of the FCT/ANR-NEW-

OSD/0258/2012 project will be utilized. This work has been designed to focus on three 

aspects of investigation of the manner in which stressful stimuli affect the rodent brain: 

1. Characterization of the differing responses to stress, particularly those of resistant and 

susceptible individuals and exploration of the different methodologies to build such 

contrasts; 

2. The longitudinal characterization of the brain changes during chronic exposure to stress, 

emphasizing the identification of key time points for the transition between healthy and 

stressed brain states; 

3. The concomitant evaluation and interaction of biomarkers obtained through different MRI 

modalities, and which combine structural, functional and metabolic data with endocrine 

state and with behavior; 

Chapter 2 addresses the necessary issues for the setup of the experiments meant to answer 

the primary questions of the thesis. The main existing strategies used to study the different 

responses to stress, which appear in the literature, are reviewed and discussed as are the 

main types of biomarkers used in this context. The necessary data processing pipelines and 

resources for the analysis of rodent MRI data developed during the thesis and necessary to 

reproduce the results are described in detail. 

Chapter 3 describes different sets of analysis where we use multi-modal MRI to reveal several 

differences between animals resistant and susceptible to stress. Two different experimental 

setups are described. The first compares two different genetic lines known to respond 

differently to stress and the second clusters animals according to their response. Both 

transversal differences following exposure to stress and differing patterns of longitudinal 

change are addressed. 

Chapter 4 discusses the findings of the thesis and summarizes the conclusions that can be 

drawn from it. It concludes by discussing future prospects for the use of rodent MRI to study 
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the resistant and susceptible response to stress as well as for the neuroscience field in 

general. 
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Chapter Foreword 

The study of the response to stress is an intrinsically complex one, due not only to the number 

of factors that may be involved but also to the different approaches that may be taken to study 

it. Considering the resistant-susceptible contrast is quite different from the traditional control-

experimental groups approach as the difference is not in the exposure but in the response. It is 

thus essential to understand what approaches and biomarkers can be used to establish this 

different type of contrast. This chapter will therefore start by reviewing the main approaches 

used in the literature to model the response to stress as well as cover the main biomarkers 

used to establish this difference. This section entitled “Biomarkers of resilience and 

susceptibility in rodent models of stress” is submitted and under review as a chapter for the 

book Stress and Resilience: Molecular and Behavioral Aspects. 

Besides the study of the response to stress one of the key characteristics of this thesis is the 

use of ultra-high field rodent Magnetic Resonance Imaging (MRI) to study and track the 

changes in the brain. While MRI is very commonly used in humans, where there are many 

support resources and processing pipelines of reference, the same cannot be said for rodents 

and for ultra-high field. The second part of this chapter will address the technical developments 

necessary to conduct studies using rodent ultra-high field MRI, describing the resources 

created in the process as well as the pipelines used for processing the data. This section 

entitled “The SIGMA brain space: resources and workflow” is being prepared for submission. 
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Abstract 

A major current trend in stress research is to consider both the spectrum of responses by 

different subjects to the same stressful stimulus or environment and the dynamics of the stress 

response within the individual. The motivation for such an approach is the desire for, and need 

of, developing methods, which are able to identify subjects’ susceptible/vulnerable to overall 

stress or to specific stressors and, in that way, to identify subjects at risk of developing stress-

related disorders. Herein we briefly review and discuss a number of approaches and 

biomarkers used in this field of research, and describe how they led to our current state of 

knowledge. It also provides a perspective for the future development of the field in order to 

produce relevant findings, while simultaneously generating sensitive and specific predictive 

biomarkers of stress resilience. 

 

Keywords: Stress, Resistance, Susceptibility, Biomarkers. 
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2.1.1 Introduction 

In today’s society exposure to stressful situations is inescapable, and is a situation that the 

human society must face. While frequently spoken of as a modern phenomenon, stress has 

always played a key role as a pressure agent for natural selection, species adaptation and 

evolution (Bijlsma et al., 2005; Singh et al., 2008). Although such exposure to stressful stimuli 

and environment has been a constant in human evolution, the nature of the stressors has 

evolved with society (Jackson, 2014) and the ability to adapt to these new pressures plays a 

critical role in determining the fitness of each subject and species (Horne et al., 2014; 

Parsons, 1993). 

An overburden of, as well as the inability to cope with stress has been associated with the 

development of a range of behavioral and medical disorders (de Kloet et al., 2005; McEwen, 

2003). Some examples are depression (Hammen, 2005; Kendler et al., 1999; Melchior et al., 

2007; Southwick et al., 2012; Welberg, 2014), panic and anxiety disorders (McEwen et al., 

2012; Pego et al., 2008), in which stress can be considered a primary cause and others, such 

as schizophrenia (Aiello et al., 2012; Walker et al., 2008), obsessive-compulsive disorder 

(Findley et al., 2003; Morgado et al., 2013; Toro et al., 1992), and Alzheimer’s disease 

(Donaldson et al., 1998; Sotiropoulos et al., 2011; Sotiropoulos et al., 2008), where there is 

highly suggestive evidence that stress plays a key trigger role. Stress has also been implicated 

in disorders, which are not primarily associated with the central nervous system, but rather 

manifest in the cardiac, immune and digestive systems (Jones et al., 2006; O'Mahony et al., 

2009).  

In addition to understanding the global impact of stress on the CNS, it is important to consider 

both the spectrum of individual responses to the same stressful stimulus or environment, as 

well as to determine how a response develops as a function of time (Sousa, 2016). A specific 

response may be characterized as either susceptible or resistant (Southwick et al., 2012) 

(alternatively, vulnerable or resilient). A resistant response is defined as that which enables an 

individual to arrive at some form of positive outcome (such as the maintenance of the 

homeostasis) in the face of stress (McEwen et al., 2015; Wu et al., 2013). In contradistinction, 

the response of a susceptible individual is negative or maladaptive, mainly reflected by a 

disruption of the homeostasis. It is to be hoped that by developing methods able to identify 

subjects susceptible to overall stress, or to specific stressors, it will be possible to identify 

those subjects at risk of developing the associated disorders (Russo et al., 2012). 
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A cornerstone of understanding the individual responses to stress is the ability to identify 

appropriate biomarkers. The term biomarker may be considered in several contexts (Strimbu 

et al., 2010), but broadly can be defined as an objectively measurable variable which reflects a 

biological, pathogenic or pharmacological process (Biomarkers Definitions Working Group, 

2001). Some examples of currently used biomarkers are measurable behavior, assayable 

serum levels of a specific metabolite or transmitter and parameters of physiological activity. 

The choice of appropriate biomarkers is complex, and dependent on how they are to be used. 

When considering potential clinical applicability, the sensitivity and specificity of the marker are 

of primary concern. With massive growth in the field of non-invasive imaging, particularly with 

continuing advances in all aspects of Magnetic Resonance Imaging (MRI), there is great 

interest in identifying biomarkers that can be measured with imaging techniques. It is to be 

hoped that the development and refinement of such capabilities will allow faster and more 

accurate diagnosis, as well as enable earlier identification of patients susceptible to diseases in 

which stress plays a role. 

Herein it will be briefly reviewed and discussed a number of approaches to the use of 

biomarkers that have been described in the literature, and which offer the promise of being 

able to delineate the intrinsic differences between groups of responders to stress as a function 

of the markers chosen. 

 

2.1.2 Experimental strategies 

One-way way to analyze the literature and biomarkers of stress resilience in animals is to 

characterize the experimental strategies that have been used. Herein, it was classified the 

studies as either prospective or retrospective. In the former, the investigator identifies a 

specific variable or variables (e.g. genetic strain of the animal or rearing conditions) expected 

to mediate different responses to stress, and then evaluate the ability of measurable markers, 

such as behavior or molecular species to validate the observed differences, to describe the 

underlying mechanisms. In the latter strategy, only outcomes are considered and solely 

analyzing the characteristics of the output function leads to the categorization of experimental 

subjects. Because the choice of experimental approach will lead to very different kinds of 

results, it is important that the most appropriate paradigm for the question posed be selected. 

Prospective strategies will be more valuable in addressing the role of specific stressors, stimuli 
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or treatments, while those of retrospective design are better suited for investigating broader, 

less specific, and potentially unanticipated responses and associations. 

Prospective strategies. A prospective study is designed to evaluate differing responses to 

stress as a function of a pre-determined hypothesis. Such a strategy has three main 

advantages: i) it allows for the spontaneous emergence of distinct responses within the study, 

thus allowing a clearer separation of phenotypes, rather than generating a spectrum of 

responses; ii) it enables the testing of specific hypotheses and mechanisms; and possibly most 

significant, iii) its design is consistent with the testing of possible biomarker candidates 

potentially capable of identifying susceptible subjects before any exposure to stress. Such an 

approach still is dependent, however, on the use of appropriate biomarkers to retrospectively 

validate the initial grouping of the subjects.  

In prospective experimental designs, the outcome of susceptibility versus resistance is 

measured by the variable defined as the response and the experimental groups are defined a 

priori. For example, early life environment (such as pre-natal stress and rearing conditions) has 

been hypothesized to play a critical role in the subsequent development, during adulthood, of 

either susceptible or resistant responses to stress. Various studies have used a number of 

different strategies to assess the role of early life conditions in the development of differing 

phenotypes. Variables reported include fostering conditions (Ladd et al., 2005), variation with 

genetic strain (Uchida et al., 2010), prenatal and early life stress and adversity (Faraji et al., 

2017; Montes et al., 2016; Santarelli et al., 2017), and even genetic variations in animals of 

the same strain from different vendors (Theilmann et al., 2016). A different sort of prospective 

approach was taken by Xu et al. (2016), who varied light exposure cycles to determine how 

photoperiod affects the development of the responses. Another group (Hodes et al., 2015) 

studied the susceptibility differences between male and female rats.  

It is a common strategy to compare rodent strains, which are known to have different 

responses to the same stressor (Bourgin et al., 2015; Magalhaes et al., 2017b; Uchida et al., 

2010; Uchida et al., 2008). Such an approach is useful to accentuate the differences in the 

responders, but it is then incumbent upon the investigators to demonstrate clearly that the 

emergent differences actually result from the interaction between the animal and the stressor, 

and not simply from the fact that the strains of the animals differ. A closely related issue is 

whether mechanisms delineated using such an approach are reproducible in within individual 

strains.  
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An alternative approach often used to group subjects is to assess behavior prior to the stress 

exposure. Clinton et al. (2014) used multiple lines of Sprague-Dawley rats, known to have 

differing responses to novelty, to study stress-induced defecation. They found that low novelty-

seeking animals, when compared to those which were high novelty seeking, demonstrated 

increased stress induced defecation, while no differences were found in anxious like behavior. 

On the other hand, Castro et al. (2012) showed that a combination of anxious-like and 

exploratory traits, as assessed before stress exposure, could largely predict and explain the 

resilient/susceptible stratification of these subjects. Another behavioral marker, which has 

been used to identify susceptible animals prior to stress exposure, is the existence of previous 

social isolation behaviors (Faraji et al., 2017). Finally, the prospective approach also has been 

a useful method in the study of whether gene expression or knockout (Issler et al., 2014; 

Nasca et al., 2015; Varney et al., 2015), or specific treatments, such as supplementing 

drinking water with corticosteroids (Macri et al., 2009), lead to differing responses.  

Retrospective strategies. Retrospective studies do not impose a specific model or grouping 

on a homogeneous population prior to the exposure to stress, but rather seek to characterize 

the consequent response to that stress. The strength of such approaches is that they allow an 

unbiased search for any significant correlations in the global output of the system. They do not, 

however, allow for the testing of underlying mechanisms and are thus unable to establish 

causal relationships.  

In the retrospective study of susceptibility and resistance, the fundamental challenge is to 

determine which subjects are more susceptible and which are less so. The biomarkers most 

commonly used for this determination are behavioral. The behavioral phenomena which are 

analyzed are often observable analogues of human symptoms and include: depressive-like 

behavior as analyzed through the Forced Swim Test (Yang et al., 2015) to test the learned 

helplessness, anhedonia determined with the Sucrose Preference and Consumption Tests 

(Bergstrom et al., 2007; Christensen et al., 2011; Febbraro et al., 2017; Henningsen et al., 

2012; Shao et al., 2013), behavioral consequences of social defeat and interactions (Anacker 

et al., 2015; Chen et al., 2015; Elliott et al., 2010; Goto et al., 2016; Hodes et al., 2014; 

Isingrini et al., 2016; Jochems et al., 2015; Krishnan et al., 2007; Kumar et al., 2014; 

Pearson-Leary et al., 2017; Riga et al., 2017; Wood et al., 2010; Wood et al., 2015), anxious 

like behavior measured through the Elevated Plus Maze (EPM) (Cohen et al., 2014), Acoustic 

Startle Response (ASR) (Cohen et al., 2014), Light Dark box (Nasca et al., 2015) and Open 
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Field tests (Langgartner et al., 2017; Matrov et al., 2016), fear extinction in a long term 

extinction recall (Reznikov et al., 2015), escape attempts from a electrical shock escape test 

(Benatti et al., 2012; B. Yang et al., 2016) and a swim escape test (Levay et al., 2006; Stiller 

et al., 2011). 

A significant number of the studies described in the literature focused on social behavior and 

interactions and reflected the particular nature of the stressors used in those experiments, 

many of which were paradigms of social defeat. Furthermore, most studies focus on only a 

single measure of behavior. As a result, it is reasonable to argue that the protocols of such 

experiments are capable of revealing only one component of a more global stress response. 

For this reason, the studies as a group are vulnerable to challenge on the basis of the 

generalizability of the findings, as well as the potential contribution of other confounds which 

may also affect the results. In all the referenced studies, criteria have been defined to stratify 

the population of stressed subjects into two or three sub-groups. However, with the exception 

of those tests which happen to yield clearly bimodal distributions of responses (Benatti et al., 

2012), the application of criteria which are subjective, and a function of the investigator choice, 

to partition what is actually a continuum of responses, would be expected to significantly affect 

the results and, thereby, the conclusions. 

In contrast to the above methods, some studies have explored the use of a combinatory 

approach, and have used more than one marker in conjunction with grouping algorithms of 

varying complexity. Two studies (Cohen et al., 2014; Lebow et al., 2012), for example, have 

combined several behavior tests (EPM and ASR in Cohen et al, and a combination of 5 tests in 

Lebow et al) with a scoring system, which attributes points according to each test response. 

The scores are then used to sub-divide the subjects. Riga et al. (2017) combined a social 

approach-avoidance test with an object place recognition paradigm using a two step clustering 

analysis Application of this technique made it possible for the investigators to identify 

depression-vulnerable and resilient subjects, and subsequently to combine both cognitive and 

affective parameters in their model definition. Recently we employed a k-means clustering 

algorithm to combine results from the EPM with measurement of serum corticosterone levels 

(Magalhaes et al., 2017a). With this approach it was possible to segregate a cohort of stressed 

animals into low and high responders to stress. It was thus possible to classify the responses 

using two completely different kinds of biomarkers. In a similar fashion, Brodnik et al. (2017) 

combined four behavioral measures with quantification of serum corticosterone to group 
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responders into those which were more resilient and those which were more susceptible to 

depression after stress exposure. 

Comparison of the univariate and multivariate approaches leads to a significant strategic 

question regarding the design of future studies. Are univariate protocols sufficiently 

generalizable to yield results as robust as the multivariate? If they are proved to be so, the 

investigation of stress resilience and susceptibility may be made more straightforward through 

the use of simpler models. If not the case, further development of experimental designs, which 

incorporate more complex design and yield more generalizable models, will be required.  

 

2.1.3 Potential additional biomarkers 

The majority of the biomarkers discussed thus far are markers of behavior. Such 

preponderance is a direct consequence of the experimental methods used to identify stress 

resilience in the phenotype. While a necessary first approach, the exclusive or predominant use 

of such markers is associated with several important limitations and potential sources of bias. 

Firstly, behavioral biomarkers are inherently noisy due to the fact that the behavior observed is 

inevitably a composite of multiple components, which cannot be individually measured. A 

second issue is that, unlike the behavioral measure, an ideal biomarker, whose parameters 

can be objectively evaluated, should shed light on the fundamental phenomenon underlying 

the question of resistance or susceptibility. In the quest to reveal the actual mechanisms 

underlying the development of different phenotypes to stress, the development or identification 

of new biomarkers will be required. Of the potential candidates it will be focused on one that 

appears to present significant potential for the minimally invasive screening of subjects. While 

some potential candidates (e.g dendritric arborisation (Brown et al., 2005; Izquierdo et al., 

2006) or epigenetic characterization (Bergstrom et al., 2007; Christensen et al., 2011; Elliott 

et al., 2010; Kenworthy et al., 2014; Stankiewicz et al., 2013)) may be effective in defining the 

experimental sub-groups, they are inherently more difficult to use routinely or rapidly and not 

practical to translate to clinical practice. Those limitations not withstanding, Chen et al. (2015) 

have demonstrated the potential for using the analysis of circulating microRNAs in the blood as 

a biomarker for identifying resilient and susceptible subjects. Alterations of the HPA axis 

(Tsigos et al., 2002) and an increase in the release of glucocorticoid hormones is one of the 

major hallmarks of stress (Sapolsky et al., 1986; Sousa, 2016). Despite this, and with rare 

exceptions (Brodnik et al., 2017; Magalhaes et al., 2017a), blood corticosterone level has 
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remained largely ignored as a biomarker of stress resilience classification, but more often used 

to evaluate the models. One can only hypothesize on why such strategies have not yet received 

more attention, but the possibility exists that it is so because they are indirect measures and 

not inherent attributes of the brain. For these reasons, it was identified the continued 

development of imaging techniques, particularly MRI, as the most potentially valuable 

approach to screen for brain-wide differences, which may characterize different responders to 

stress. Anacker et al. (2015) through the use of both anatomical and diffusion acquisitions, 

were able to demonstrate differences in morphometry and Fractional Anisotropy (FA) which 

correlated particularly well with susceptibility to social defeat stress. The findings were 

identified in the hippocampus, hypothalamus, the bed nucleus of the stria terminalis (BNST), 

ventral tegmental area (VTA) and cingulate cortex. Bourgin et al. (2015) have shown, using a 

region of interest (ROI) approach, a positive correlation between the inability to adapt to stress 

and amygdala volume. Using diffusion-weighted data from the same data set (Magalhaes et al., 

2017b) we also demonstrated potential target areas and diffusion properties that are able 

distinguish stress responders. While these three studies do appear to represent a proof of 

concept for the use of MRI to screen the response to stress, they were ex-vivo determinations 

and thus have reduced applicability.  

 

2.1.4 Conclusion 

The study of resilience or vulnerability to stress in rodent models is as complex as it is relevant 

and presents the investigator with a number of unique challenges. Any experiments, which 

attempt to characterize these effects, must deal with multiple variables, only a subset of which 

can be controlled. Our survey of the current literature has identified several distinct approaches 

to the challenge. They may be functionally grouped as either prospective or retrospective in 

design. In the first instance, the strength of the strategy is that it is theoretically best able to 

test specific hypotheses and to elucidate mechanisms, but it is constrained by the requirement 

that a specific, preselected protocol be employed. In contrast to such an approach, studies 

that are of retrospective design, simply seek to identify emergent correlations in the output 

data. For this reason, they are more suited to the discovery of unanticipated relationships 

between stress exposure and response than are their prospective counterparts. 

It is most likely that some synthesis of the two approaches ultimately will be of greatest value 

and yield the most significant results. One potentially productive combination of strategies 
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might be to perform serial studies, the first of retrospective design and the second prospective. 

From the retrospective experiment, one possible finding might be the emergence and 

identification of a candidate biomarker, which could subsequently be used, in a prospective 

study to elucidate the mechanism underlying the results of the initial, retrospective, analysis. 

This brief review it has been concentrated on current literature that addresses the 

phenomenon of resistance in rodent models of stress. It is the explicit or implicit goal of many 

of the studies cited to first identify, then to more fully characterize, biomarkers of the response.  

Through this process, it is to be hoped that a portfolio of such markers will be developed.  

Ideally, they would differ one from another in essential character, and thus able to be used in 

combination to enhance both sensitivity and specificity. Following the rigorous evaluation of 

such an array of biomarkers in rodent and other animal models, the potential for the 

application of similar strategies in the clinical environment is great indeed. 
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Abstract 

Rodent brain imaging studies offer access to deep and varied information of the brain 

physiology and pathophysiology, allowing experimental protocols and associations that go 

beyond what is possible in human studies. Unfortunately, rodent imaging suffers from a lack of 

standardized and comprehensive neuroimaging compatible tools, including brain templates 

and descriptive atlases both of which are important cornerstones for powerful statistical 

analysis, notably for longitudinal studies and group level comparisons. In this study, we created 

an open access ex vivo rat whole brain MRI template and its associated Gray Matter (GM), 

White Matter (WM) and CerebroSpinal Fluid (CSF) probability maps, generated from high 

spatial resolution T2
*-weighted images (90 µm isotropic). In association with the template, we 

provide both functional and anatomical 3D atlases, respectively built from the merging of the 

Waxholm and the Tohoku atlases (246 regions of interest), and from the decomposition of 

resting-state functional MRI data acquired on 170 scanning sessions (58 regions of interest). 

Moreover, our methodology was applied to provide one in vivo T2-weighted template image for 

morphological and functional analyses and its associated GM, WM and CSF probability maps, 

all of them being warped on the ex vivo template and atlases. Lastly, we propose a complete 

set of preclinical MRI reference resources, compatible with the common neuroimaging 

softwares, for the investigation of rat brain structures and functions in healthy and pathological 

conditions. 

 

Keywords: MRI, Template, Atlas, Rat Brain; 
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2.2.1 Introduction 

Over the last decades, Magnetic Resonance Imaging (MRI) has assumed a central role in the 

investigation of the brain anatomy and function. This role can be attributed to, amongst others, 

its multimodal capabilities and the ability, using different contrasts, to study different tissues 

and their properties (especially relevant in the brain) by acquiring in a single scanning session 

several images exhibiting high spatial resolution. 

A typical MRI study involves the analysis of several subjects divided into different experimental 

groups. In addition, each subject can undergo one or more acquisitions of different modalities, 

as well as several scanning sessions. However, not only does each brain has a unique volume 

and shape, but also each session will have a unique positioning of the brain inside the 

scanner. A need has emerged for standardized anatomical templates and spaces that allow the 

normalization of the MRI data and the common mapping of the effects found in the 

experiments, but also a need for atlases that allow the association of these findings with sub-

areas of the brain, as well as Region Of Interest (ROI) specific analyses. 

In humans, the Talairach space and template (Talairach et al., 1988) was, for many years, the 

most commonly used reference being only rivaled nowadays by the Montreal Neurological 

Institute (MNI) space template (J. Mazziotta et al., 2001; J. C. Mazziotta et al., 1995). On the 

other hand, many different atlases and brain segmentation schemes have been created with 

different purposes, from sub-cortical (Behrens et al., 2003; Frazier et al., 2005; Goldstein et 

al., 2007; Lancaster et al., 2000; Tzourio-Mazoyer et al., 2002) and cortical (Desikan et al., 

2006; Lancaster et al., 2000; Makris et al., 2006; Tzourio-Mazoyer et al., 2002) anatomical 

areas, to white matter tracts (Hua et al., 2008; Mori et al., 2008; Oishi et al., 2010), and maps 

created using functional information (Glasser et al., 2016; Shen et al., 2013). However, this 

plethora of tools, methodologies, templates and atlases that are available for human studies, 

does not exist for rodent studies, even though the use of MRI in rodents has grown significantly 

in recent years. 

Focusing on the rat brain, some useful resources are already available (Supplementary Table 

I). The Waxholm Space atlas, built from ultra-high spatial resolution ex vivo acquisitions 

(39 x 39 x 78 µm3) of a single Sprague Dawley rat using a 7 T scanner, and aligned with the 

Waxholm Space standard, provides both a T2
*-weighted anatomical and Fractional Anisotropy 

templates at a very high spatial resolution (39 µm and 78 µm isotropic respectively), as well as 

an atlas with a delineation of 76 anatomical structures with a considerable emphasis on sub-
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cortical regions and especially the hippocampus (Kjonigsen et al., 2015; Papp et al., 2014). 

These resources were specifically designed to work with the ITK-SNAP software but are 

compatible with the common neuroimaging standards (www.nitrc.org/projects/whs-sd-atlas). 

The Tohoku University atlas (Valdes-Hernandez et al., 2011), based on lower spatial resolution 

data (125 x 125 x 300 µm3) acquired in vivo from 30 Wistar rats, provides both a T2-weighted 

template, as well as Gray and White Matter (GM and WM) and CerebroSpinal Fluid (CSF) tissue 

priors, and an atlas with 96 lateralized anatomical areas with a focus on cortical areas taken 

from the Paxinos-Watson rat brain atlas (www.idac.tohoku.ac.jp/bir/en/db/rb). More recently, 

a MRI derived atlas for Long Evans rats was made available, created from nine ex vivo 

acquisitions (Ratat1). The data were converted to .jpeg files and anatomical regions were 

delineated with the help of the Paxinos-Watson atlas. The resulting atlas, in the format of an 

interactive PDF document, can be used to help navigate the brain, but is not compatible with 

MRI data analysis (Wisner et al., 2016). An older alternative (DPABI) used a dataset of 97 

Sprague Dawley rats acquired in vivo with a 4.7 T scanner that, through intensity thresholding, 

was transformed into a set of tissue priors, which were then co-registered and averaged across 

individuals; slices of the Paxinos-Watson rat brain atlas were then digitalized and aligned with 

the template allowing the delineation of anatomical regions (Schwarz et al., 2006). Also using a 

4.7 T scanner, but only 5 Sprague-Dawley rats, the Karolinska template uses anatomical 

landmarks to create a template aligned with the Paxinos-Watson space (Schweinhardt et al., 

2003); directly registered with this template is a probabilistic atlas of the main white matter 

tracts created through in vivo diffusion imaging data acquired at 7T from 10 Sprague Dawley 

rats and deterministic tractography. The authors have further validated the atlas by comparing 

it to histological data (Figini et al., 2015). Another work used high resolution T2
*-weighted and 

DWI ex vivo scans of 5 Wistar rats followed by population co-registration and averaging, and by 

reorientation to Paxinos-Watson Space, to create a set of reference images; this data, though, 

is only available in .jpeg or .tif formats (Johnson et al., 2012). Finally, a similar strategy was 

used to create a postnatal rat brain development template (Calabrese et al., 2013), using T2*- 

and diffusion-weighted images acquired at 7 T from five Wistar rats at nine different time points 

leading to a set of anatomical, diffusion and labeled reference images of the key areas during 

brain maturation. 

Overall, many of the outputs of these projects result in PDF, web-based navigators or image 

stacks that are not compatible with the common NIFTI and ANALYZE formats. The Waxholm 
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atlas, while meeting most of the desired criteria, suffers from very high resolution and large file 

size due to its very high spatial resolution (which are addressable by experienced researchers, 

but may pose issues for others), as well as from being created from a single subject, leading to 

difficulties in normalization procedures. On the other hand, the Tohoku template lacks full 

brain coverage and its lower spatial resolution may limit its use on high-resolution studies. 

Herein we present a novel strategy, which incorporates the work done in the Waxholm and 

Tohoku atlases, to built MRI templates and atlases of the rat brain that can be of use for rodent 

neuroimaging studies as they allow a unified analyses of anatomical and functional data. 

 

2.2.2 Materials and Methods 

Animals. 72 male Wistar rats (Janvier, Le Genest-St-Isle, France) with 8 weeks of age were 

housed in pairs and maintained on a 12 h light/dark cycle, at 55% humidity with access to 

food and water ad libitum. Animals were divided in two experimental groups: 49 animals were 

exposed to a Chronic Unpredictable Stress (CUS) protocol for 21 days (Cerqueira et al., 2007) 

and 23 animals were gently handled daily as part of a control (Ctrl) group. Of these groups, 40 

animals (25 CUS and 15 Ctrl) were scanned once after 21 days and 32 animals (24 CUS and 

8 Ctrl) were scanned at days 0, 3, 7, 21 and 42. All in vivo experiments were conducted in 

strict accordance with the recommendations of the European Community (2010/63/EU) and 

the French legislation (decree n°2013-118) for use and care of laboratory animals. The 

different experimental protocols (chronic unpredictable stress and MRI scanning) have been 

approved by the “Comité d’Éthique en Expérimentation Animale du Commissariat à l’Énergie 

Atomique et aux Énergies Alternatives – Direction des Sciences du Vivant Ile-de-France” 

(CETEA/CEA/DSV IdF) under protocol ID 13-023. 

Acquisition of MRI data. In vivo MRI data were acquired on an 11.7 T BioSpec preclinical 

scanner running on Paravision 6.0 equipped with a 72 mm diameter volume coil for 

transmission and a 4-channels phased array surface coil dedicated to rat brain for reception 

(Bruker, Germany). Animals were anaesthetized using an air/O2 mixture (50:50) and isoflurane 

(5% for induction and maintained at 2%), positioned in a dedicated cradle and then within the 

magnet. During the experiment, the breathing rate and the body temperature were 

continuously recorded using the SAM-PC software from SAII (SA Instruments, USA). The body 

temperature was kept close to 37°C and the breathing rate around 70 bpm while adjusting the 

isoflurane concentration in order to reduce as much as possible the potential effects of 
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anaesthesia on the animals physiology. A Rapid Acquisition with Refocused Echoes (RARE) 

sequence with the following parameters was used to obtain a T2-weighted anatomical image of 

each rat brain: RARE factor = 16, effective TE/TR = 33/1500 ms, field-of-view = 

28.8 x 28.8 x 14.4 mm3, acquisition matrix = 192 x 192 x 48, spatial resolution = 

150 x 150 x 300 µm3, 1 average, total acquisition time = 14 min 24 s. The resting-state 

functional MRI dataset (rs-fMRI) consisted of a series of T2-weighted Blood-Oxygen-Level 

Dependent (BOLD) sensitive images acquired using a multi-shot Spin-Echo Echo Planar 

Imaging (SE-EPI) sequence with the following parameters: 3 segments, TE/TR = 

17.5/2000 ms, field-of-view = 24 x 24 x 20 mm3, acquisition matrix = 64 x 64 x 20, spatial 

resolution = 375 x 375 x 750 µm3, inter-slice gap = 0.25 mm, 450 repetitions, total acquisition 

time = 15 min. To reduce the artifacts resulting from breathing movements, a trigger was 

added to ensure that functional images were only acquired during the most stable parts of the 

breathing curve. Paravision recorded the trigger times for data post-processing. 

At the end of the in vivo experiments, ex vivo MRI data were acquired on twelve CUS and six 

Ctrl randomly chosen animals. Rats were euthanized with an overdose of sodium pentobarbital 

(100–150 mg/kg, intraperitoneal injection), intracardiacally perfused with NaCl 0.9% to 

remove blood and then fixed with paraformaldehyde 4% in phosphate buffered saline (PBS, 

0.01 M). After perfusion, animal heads were collected and post-fixed within paraformaldehyde 

4% solution at 4°C. 48 hours prior to the MRI session, the paraformaldehyde solution was 

replaced by PBS (0.01 M) for tissue rehydration. Just before scanning, the head was placed 

into a custom-built MRI compatible tube filled with Fluorinert FC-40 (3M, Belgium), a magnetic 

susceptibility-matching fluid. Ex vivo MRI acquisitions were performed on the same 11.7 T 

BioSpec preclinical scanner equipped with a 40 mm diameter transmit/receive volume coil 

dedicated to rat brain (Bruker, Germany). The MRI protocol consisted in the acquisition of one 

T2
*-weighted anatomical image using a Multiple Gradient Echo (MGE) sequence with the 

following parameters: TE/TR = 3/100 ms, 10 echoes spaced by 4 ms, field-of-view = 

28.8 x 21.6 x 14.4 mm3, acquisition matrix = 320 x 240 x 80, spatial resolution = 

90 x 90 x 180 µm3, 16 averages, total acquisition time = 8 h 32 min (Supplementary 

Figure S1). 

Processing of anatomical MRI data and the ex-vivo template. All in vivo and ex vivo 

anatomical MRI data (RARE and MGE images) were reconstructed using homemade Matlab 

routines (The Mathworks, USA) and saved in NIFTI format. For the ex vivo data, the sampled k-
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space was zero filled to finally reconstruct MGE images with a spatial resolution of 

90 x 90 x 90 µm3. 

For each rat, we computed the sum of the 10 reconstructed MGE images (one per echo). 

Then, the sum images of the 18 scanned rats were manually reoriented using the SPMmouse 

toolbox (Sawiak et al., 2009) of SPM8 software (Wellcome Trust Centre for Neuroimaging, 

University College London, UK) and co-registered to the Tohoku brain template (Valdes-

Hernandez et al., 2011). Then, each co-registered image was segmented using the priors of 

the Tohoku brain template and the “New Segment” procedure of SPM8, in order to generate 

the corresponding probability maps of Gray Matter (GM), White Matter (WM) and CerebroSpinal 

Fluid (CSF). The “New Segment” procedure works in three steps (Ashburner et al., 2005): 

(i) determine the affine transformation which best match the original image with a template 

image, (ii) perform a cluster analysis with a modified mixture model and a priori information 

about the likelihood for each voxel to belong to one of several tissue types, (iii) apply 

morphometric operations on the gray and white matter partitions to identify brain tissue. 

Hence, after this procedure, we were able to recover the olfactory bulb as well as the hindbrain 

that are missing in the Tohoku brain template. Moreover, the affine normalization maps 

obtained in the first step of the “New Segment” procedure were applied to the corresponding 

co-registered images and the normalized images were segmented again using the same 

procedure to obtain more accurate GM, WM and CSF priors. The 18 sets of priors were then 

used to generate the final template data of GM, WM and CSF probability maps using the 

Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra (DARTEL) approach 

for each tissue class (Ashburner, 2007). The DARTEL algorithm also provides the flow field 

images containing the deformation parameters used to perform the inter-subject alignment of 

brain shapes (Ashburner et al., 2000). The Jacobian image of each GM prior, derived from the 

flow field image, was applied to the corresponding normalized MGE image. Finally, the 

resulting 18 warped MGE images were averaged to create the final ex vivo SIGMA anatomical 

template of rat brain (Supplementary Figure S2). 

Building of the in vivo anatomical template of rat brain. After reconstruction of in vivo 

RARE images, a similar process to the one applied to the ex vivo MRI data was used. First, all 

RARE images were manually reoriented using the SPMmouse toolbox (SPM8) and co-registered 

to the ex vivo SIGMA brain template. Then, each co-registered image was segmented with the 

“New Segment” procedure of SPM8 using the GM, WM and CSF probability maps of the ex 
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vivo SIGMA template. After segmentation, the normalization parameters were applied to 

produce normalized RARE images that were segmented again to obtain more accurate GM, 

WM and CSF priors. Each set of priors was used to generate the final template data of GM, 

WM and CSF probability maps using the same DARTEL approach and the Jacobian image of 

each GM prior was applied to the corresponding normalized RARE image. Finally, the resulting 

warped RARE images were averaged to create the final in vivo anatomical template of rat brain 

(Supplementary Figure S3). 

Processing of functional MRI data. All in vivo functional MRI data (SE-EPI images) were 

reconstructed using homemade Matlab routines and saved in NIFTI format. After 

reconstruction, the trigger timings of breathing rate were used to resample the data to a 

constant rate, in order to account for varying breathing rhythms during the acquisition time. To 

minimize the amount of interpolation used while avoiding loss of information, the new TR was 

set to the minimum found across animals as 2,3 s. This resampling procedure was followed by 

two pre-processing steps applied on FSL (FMRIB Software Library, Wellcome Centre For 

Integrative Neuroimaging, University of Oxford, UK): (i) slice timing correction with an odd order 

of slices; (ii) motion correction using the mean EPI image as reference and motion scrubbing 

for identification of outlier volumes in motion. 

The mean SE-EPI image was then registered, using a linear registration with 7 degrees of 

freedom, to its corresponding anatomical RARE image and then normalized, using a 

combination of affine and non-linear registration, to the in vivo anatomical brain template. The 

GM, WM and CSF maps of the RARE images were summed to calculate a brain mask. This 

brain mask and the corresponding inverted brain mask were registered to the native space of 

SE-EPI images and used to isolate both the brain tissue signal and the mean signal external to 

the brain, as well as to skull strip the EPI data. The 6 motion parameters, outlier volumes and 

global brain signals were regressed from the motion corrected data and the residuals 

considered as signals of interest. The concatenation of all spatial transformations was applied 

to the residual data, normalizing it to the in vivo brain template. We followed this by spatially 

smoothing the data using a Gaussian filter (1.5 voxels) and temporal filtering using a band 

pass filter between 0.005 and 0.1 Hz. 

Finally, an Independent Component Analysis (ICA) was run for each subject to detect the 

remaining noise and artifact signals (Supplementary Figure S4) using the MELODIC tool 

(Multivariate Exploratory Linear Optimized Decomposition into Independent Components) of 
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FSL (Beckmann et al., 2005). This process decomposes the fMRI signal into different time 

courses, which are in turn translated into spatial maps that quantify how associated with the 

time course each voxel is, while optimizing the spatial statistical independence of the maps. 

The resulting components were visually inspected, and the ones identified as artifacts 

regressed from the original data (Kelly et al., 2010). 

Definition of the ex vivo SIGMA anatomical atlas of rat brain. As previously 

mentioned, some rat brain atlases are already available in MRI compatible format 

(Supplementary Table I). These atlases cover different parts of the rat brain with different levels 

of anatomical detail. Here we combined the Waxholm (sub-cortical areas) and the Tohoku 

(cortical areas) atlases over our ex vivo SIGMA anatomical template to create a new fully 

segmented rat brain atlas (Figure 1A). 

To do so, we used our high-resolution anatomical template as the reference and registered the 

template anatomical images associated with both atlases (Wakholm and Tohoku) to our 

template space. For the Waxholm atlas, an initial manual affine approximation was defined 

using the SPMmouse toolbox (SPM8). This was followed by another automatic linear 

registration calculated using the FLIRT command (FMRIB's Linear Image Registration Tool) of 

FSL with 12 degrees of freedom (Jenkinson et al., 2002). As the Waxholm template is made of 

a single very high-resolution acquisition, it retained many of the anatomical details of the 

subject and artifacts/noise of the acquisition. For this reason, no non-linear registration was 

applied as it was found that these factors severally limited the performance of the algorithm, 

while the result of the linear registration was found to be satisfactory. For the Tohoku atlas, the 

FLIRT command was used to calculate a linear affine registration to our template with 12 

degrees of freedom. This was followed by a non-linear registration performed with the FNIRT 

command (FMRIB’s Nonlinear Image Registration Tool) of FSL using the previous affine 

registration as the initial approximation. 

The final registration transformations were applied to the corresponding atlases using a nearest 

neighbor interpolation method to preserve the labels intensities. All the registered labels of 

interest were then merged into a common image. From the Waxholm atlas, we selected 61 

normalized sub-cortical and brain stem structures and from the Tohoku atlas, 62 normalized 

cortical structures. Out of the registered areas, the matching of the Regions-Of-Interest (ROIs) 

corresponding to the white matter tracts extending from the corpus callosum to the internal 

and external capsule was found to be less accurate than desired. To improve this 
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segmentation, we used the WM template to better isolate these tracts: this was done by 

thresholding the voxel values, identifying and isolating the cluster of voxels corresponding to 

this area, producing a better delineation of the main white matter fiber bundles in the brain. 

Finally, the left and right ROIs of the 123 selected structures from the Waxholm and Tohoku 

atlases were spatially merged to create the final ex vivo SIGMA anatomical atlas of rat brain. 

 

 

Figure 1. Schematic workflows used for the creation of (A) the ex vivo SIGMA anatomical atlas of rat brain and 

(B) the in vivo SIGMA functional atlas. 

 

Definition of the in vivo SIGMA functional atlas of rat brain. Following the processing 

of functional MRI data, a group ICA (gICA) was run with all the animals (a total of 176 viable rs-

fMRI acquisitions) using temporal concatenation (Figure 1B). Here ICA was used to identify 

patterns of functional activity recurrent to the different rats and the matching spatial maps, 

what in humans are known as the resting state networks. Because this is a stochastic process, 

dependent on the conditions of initialization (the order by which the rs-fMRI acquisitions are fed 

into the program), solutions may represent a local optimal point and not necessarily a 

reproducible solution. 
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To verify the validity of the maps found, we followed the general outline of the RAICAR methods 

(Ranking and Averaging Independent Component Analysis by Reproducibility) to test their 

reproducibility (Yang et al., 2008). A number k of permutations of the gICA were run by 

randomly mixing the order of the animals. The similarity between each map of each 

permutation and the original one was determined as the Pearson correlation coefficient, 

creating k matrices of spatial correlations. Next, the pair of maps (x and y matrix point) with the 

highest correlation across all permutations was found. For each of the other permutations, the 

map with the highest correlation with x was associated with the first map. The process was 

repeated until no more maps across all permutations were available. To determine a 

reproducibility threshold, we calculated the logarithmic distribution (using 200 bins) of all the 

absolute values and identified its minimum m. The reproducibility R of each map was defined 

as the number of associated maps with a correlation value above m. Maps were considered 

reproducible when they had a value of R equal or higher than half of the maximum value of R 

found across all rs-fMRI acquisitions. The final maps were calculated as the average of all 

above threshold associated maps. To determine the optimal k number of permutations, we 

explored values between 20 and 400 in steps of five to determine the point where the order of 

the maps reproducibility, the variance and the minimum m stabilize. 

Using the averaged ICA maps with verified reproducibility, a functional atlas was built by 

thresholding each map to its 2.5% voxels with higher score. Voxels that survived this threshold 

in more than one map were assigned to the one where they had higher z score, forming a 

region of interest for each component. This size threshold ensured that each map would have 

a sufficient number of voxels to be meaningful, as well as each voxel having a high correlation 

with the other associated voxels. Each ROI was restricted to a single cluster of voxels, except 

when two symmetric clusters were present: in that specific case, they were separated into two 

individual components. Then, each ROI was visually inspected and labeled with the aid of the 

Paxinos-Watson atlas (Paxinos, 2013). Finally, ROIs were concatenated to create the final in 

vivo SIGMA functional atlas of rat brain. 

Template comparison - Voxel-based morphometry analysis. To validate the viability of 

using the SIGMA anatomical template and its corresponding tissue probability maps, we 

contrasted its utilization with the Tohoku resources when comparing a group of chronically 

stressed animals (n = 5) with a control group (n = 5). As the hippocampus is known to suffer 

profound structural alterations in this context (Lupien et al., 2001; McEwen, 2001), we focused 
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the comparison on this structure, testing the ability of each resource to reveal alterations there. 

Previously normalized in vivo RARE images of each animal were segmented into GM, WM, and 

CSF probability maps with SPM8 using either the Tohoku or the SIGMA priors. Then, each 

normalized GM image was warped using deformation parameters calculated by the DARTEL 

algorithm and eventually modulated to correct volume changes occurring during the 

deformation step. The normalized-warped-modulated GM images were spatially smoothed with 

an isotropic Gaussian kernel (4 mm full width at half maximum) to create Gray Matter 

Concentration maps (GMC). VBM analysis was performed using a two-sample T-test in SPM8 

(Ctrl vs. CUS). For each cluster, the significance of the peak voxel was set as p < 0.05 for the 

two-tailed test. Results presented as surfacing results have been obtained with the BrainNet 

viewer 1.6 (Xia et al., 2013), which generates the hippocampus mesh from anatomical atlas 

images. 

Atlas comparison - Functional connectivity analysis. To validate the use of the SIGMA 

anatomical and functional atlases, we tested the properties of networks of functional 

connectivity built using both of them. Functional networks were obtained using the full rs-fMRI 

dataset (n = 176), by extracting the mean time-series of each ROI using either the anatomical 

or functional atlas. Following this, we calculated the Pearson correlation coefficient between 

each pair, creating for each subject a connectivity matrix. We described the degree distribution, 

small-worldness and modularity of both kinds of networks using the Brain Connectivity Toolbox 

(Rubinov et al., 2010). To understand if the use of ROIs with functional origin could better 

represent the true signals, we compared the within ROI signal variation at the voxel level to the 

ones obtained with the anatomical atlas using the non-parametric permutation testing 

RANDOMISE software of FSL. This analysis was restricted to voxels that belong to some ROI in 

both atlases. Results were considered significant at p < 0.05, corrected for the Family Wise 

Error rate and threshold free cluster enhancement. 

Due to the differences in the number of ROIs and in their resolution, and to allow the 

comparability of the two atlases, regions of the anatomical atlas were merged according to 

their description and systems, forming a new anatomical atlas with 82 regions of interest. 
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2.2.3 Results 

SIGMA anatomical template of rat brain and tissue probability maps. Using 18 ex 

vivo MGE acquisitions, we built a high-resolution (90 µm isometric voxel) anatomical template 

of the rat brain, covering the totality of the organ from the cerebellum to the olfactory bulb 

(Figure 2A). Comparing to other available resources (DPABI, Tohoku and Waxholm), only the 

Waxholm template provides a similar coverage of the brain, although at a possible cost of 

Contrast-to-Noise Ratio (CNR) between the two main tissue classes in the brain (GM and WM). 

To verify this observation, we computed the CNR between GM and WM for the Waxholm, 

Tohoku and SIGMA templates as proposed in (Tapiovaara et al., 1993) (Table I). We confirm 

that our MGE imaging strategy, especially the parameterization of echoes and acquisition 

matrix, ensures a high CNR between the two main brain tissue classes and a spatial resolution 

sufficient to capture anatomical details, while restricting the influence of magnetic susceptibility 

artifacts present in T2
*-weighted images (Supplementary Figure S1). 

 

Figure 2. Comparison of several anatomical templates of rat brain. (A) Axial, sagittal and coronal views of the 

DPABI (Schwarz et al., 2006), Tohoku (Valdes-Hernandez et al., 2011), Waxholm (Kjonigsen et al., 2015; Papp et 

al., 2014) and SIGMA templates. (B) Coronal views of the tissue probability maps (Gray Matter, White Matter and 

CSF) associated with the DPABI, Tohoku and SIGMA templates. All the images have been linearly co-registered 

within the same space for comparison. For the DPABI template, only two tissue classes are available (brain 

parenchyma and CSF). For the Waxholm template, no tissue probability map is provided. 

 

Accompanying our template, as in the Tohoku template, we present the tissue probability 

maps (TPMs) of GM, WM and CSF (Figure 2B). Here it is noteworthy that the Waxholm 

template corresponding to a single anatomical image does not provide any TPM, whereas the 
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DPABI template only defines two brain tissue classes (brain parenchyma and CSF) that do not 

distinguish gray and white matters. Comparing the SIGMA and Tohoku templates and TPMs, 

several important differences can be found through visual inspection (Figure 3). As an example 

of key differences, we notice: the more detailed definition of the white matter fibers of the 

corpus callosum (Figure 3A); an enhanced definition of the ventral hippocampus with finer 

details between GM and WM (Figure 3B and 3C); and a better classification of the lateral 

ventricles in the CSF TPM (Figure 3D). 

Table I. Comparison of the Contrast-to-Noise Ratio between the Gray Matter and the White Matter (CNR GM/WM) 

for the Waxholm, Tohoku and SIGMA anatomical templates of rat brain. The CNR is computed as proposed in 

Tapiovaara et al. (1993). For the Tohoku and SIGMA templates, the GM and WM are defined from the 

corresponding tissue probability maps. For the Waxholm template, the GM and WM are defined from the labeled 

regions in the corresponding atlas. 

 

 
Figure 3. Comparison between the Tohoku and SIGMA templates and tissue probability maps. (A) Coronal views 

of the Tohoku (left) and SIGMA (right) anatomical template of rat brain at the same coordinates (Bregma: –

 3.8 mm). Blue arrows show the differences of corpus callosum shape between both templates. (B) Coronal views 

of the Tohoku (left) and SIGMA (right) WM probability maps at the same coordinates. Yellow arrows show the 

differences of WM classification within the fimbria of the hippocampus. (C) Coronal views of the Tohoku (left) and 

SIGMA (right) GM probability maps at the same coordinates. Orange arrows show the differences of GM 

classification within the fimbria of the hippocampus. (D) Coronal views of the Tohoku (left) and SIGMA (right) CSF 

probability maps at the same coordinates. Green arrows show the differences of CSF classification within the 

lateral ventricle. 
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Template comparison for voxel-based morphometry analysis. When testing the use of 

the SIGMA and Tohoku anatomical templates to identify alterations in the hippocampus as a 

consequence of stress, we found similar trends for both templates (Figure 4). Namely, the 

comparison between the Ctrl and CUS groups shows a global decrease of GMC within the 

hippocampus of CUS animals matching what we have previously reported (Magalhaes et al., 

2017) and independently of the priors set used for the analysis (Figure 4A). We further 

explored this comparison by building the distribution of T-values computed within the 

hippocampus. The histogram of these T-values reveals similar distributions (Figure 4B), with a 

higher kurtosis when performing the VBM analysis with the SIGMA template (kSIGMA=3.12, 

kTohoku=3.08) but a higher skewness when using the Tohoku template (skSIGMA = 0.51, 

skTohoku = 0.91). Furthermore, the VBM analysis with the SIGMA template reveals a larger 

number of voxels corresponding to p < 0.05 for the T-test (nvoxSIGMA = 553, nvoxTohoku = 278), as 

well as a more extended range of T-values (T-valuesSIGMA = [-3.59–2.22], T-valuesTohoku = [-3.01–

1.33]). Since the exposure to stress is expected to induce reductions in the hippocampus, it 

seems that the VBM analysis with the Tohoku template gives more conservative estimates. 

 

Figure 4. Comparison of Voxel-Based 

Morphometry (VBM) analyses performed using the 

SIGMA and Tohoku anatomical template. (A) 

Hippocampus mesh plot representing the surface 

map of gray matter concentration changes between 

Ctrl and CUS animals at the same threshold 

obtained from the differential VBM analysis. (B) 

Comparison of the T-values distribution within the 

hippocampus when performing the VBM analysis 

with the SIGMA or the Tohoku template. 

 

 

 

SIGMA anatomical atlas of rat brain. Using the SIGMA anatomical template as a 

reference, we registered two MRI compatible atlases (Tohoku and Waxholm) of the rat brain 

into a common space. This allowed us to overlap and merge the two atlases, creating a more 

comprehensive coverage of the rat brain (Figure 5). From the Tohoku atlas, 124 labels (62 per 

hemisphere) classifying the cortex was extracted, while from the Waxholm atlas, 122 labels (61 
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per hemisphere) were used (Supplementary Table II): this resulted in a rat brain atlas 

composed by a mosaic of 246 structures (123 by hemisphere). We visually inspected and 

checked the results of this combination, and then we reclassified and aggregated these 

structures according to the systems they belong to (such as auditory, insular, temporal cortex, 

etc.), the region (such as cortex, basal ganglia, etc.), the tissue type (GM, WM and CSF) and 

the hemisphere (left or right). Following the Paxinos-Watson atlas, the cortical structures were 

subdivided into functional (i.e. primary and secondary motor cortices) or structural (agranular, 

dysgranular, agranular/dysgranular, granular and posterior agranular insular cortices) areas 

(Figure 6A and 6B). Additionally, the sub-cortical structures such as the hippocampus (CA1, 

CA2, CA3, DG) and the white matter tracts (optical tract, anterior commissure, SP5, etc.) were 

fully segmented for a complete labeling of the rat brain (Figure 6C and 6D). 

Figure 5. (A) Coronal slices of the ex vivo SIGMA anatomical template of rat brain and the corresponding slices 

of the SIGMA anatomical atlas and (B) 3D representation of the SIGMA anatomical atlas. 
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Figure 6. Cortical and sub-cortical details of the SIGMA anatomical atlas. (A and B) Lateral and dorsal views of 

the cortical areas after normalization of the Tohoku atlas on the SIGMA anatomical template. The cortex has been 

segregated in cortical areas such as auditory (A), insular (In), temporal (T), limbic (L), olfactory (O), 

somatosensory (S), motor (M), cingulate (Cg), retrosplenial (Rs), parietal (P) and visual (V) areas. According to the 

Paxinos-Watson atlas, each area has been subdivided into functional areas (i.e. primary and secondary motor 

cortices) or structural areas (i.e. agranular, dysgranular, agranular/dysgranular, granular and posterior agranular 

insular cortices). (C and D) Lateral and dorsal views of the sub-cortical areas (hippocampus and white matter 

tracts) after normalization of the Waxholm atlas on the SIGMA anatomical template. 

 

Processing of functional MRI data and SIGMA functional atlas of rat brain. To 

identify noise and artifacts not accounted during the standard processing of fMRI data, an ICA 

was run for each subject, allowing the decomposition of a multitude of temporal patterns. Each 

component of every subject was visually inspected and those identified as noise or artifacts 

removed through a regression, and the residuals kept as signal of interest. The number of 

artifact components identified per subject ranged from 2 to 35 with an average and standard 

deviation of 15.2 ± 5.7. Out of these, a few common sources of noise and artifacts were 

identified. A common artifact results from movements of the head with typical voxel 

correlations all along the edge of the brain (Supplementary Figure S4A). Another very common 

characteristic that allows the identification of artifact components is their predominance over a 

single coronal slice: physiologically relevant signals are not expected be spatially restrained in 

one slice, while acquisition-related events could. Predominantly these artifacts were found to 

exhibit very high z-scores in the equivalent space of one specific brain slice (before the 
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interpolation step after normalization and the smoothing step), resulting either in a partial 

saturation of the slice that mimics the shape of the brain (ghosting artifacts, Supplementary 

Figure S4B and S4C), or in a complete saturation of the slice (antenna channels crosstalk 

artifact, Supplementary Figure S4D). 

 
Figure 7. Impact of the number of permutations when testing the reproducibility of ICA maps. (A) Average voxel 

variance across the grouped maps for each number of permutations used. (B) Rank of the reproducibility of each 

component across each number of permutations. (C) Cumulative changes in ranking position calculated as the 

sum of the absolute differences between permutations i and i–1. (D) Logarithmic distribution of the correlation 

distribution of all possible pairs for k = 300 permutations. (E) Reproducibility of all the components, ordered by 

reproducibility. In A, B and C, the black arrows point to k = 300, the number of permutations used to build the 

functional atlas. In D, the black arrow indicates the minimum m of the logarithmic distribution. In E, the dashed 

line indicates the cut-off threshold of half of the maximum reproducibility found 

 

From the original group ICA, 57 different components were obtained and after an initial visual 

inspection, none of these components was identified as artifact. To test the reproducibility of 

these group ICA maps, we used a total number of permutations k between 20 and 400 in 

steps of five. From the variance analysis (Figure 7A), we observed stabilization after 280 

permutations. Regarding the ranking of the components by reproducibility, we found 

decreasing values with increasing k, with an acceptable stabilization after 200 permutations 

(Figure 7B and 7C). Importantly, the ranking of the least reproducible components was very 

stable across all values, suggesting the choice of components to exclude was also stable. From 

this analysis, we chose to use 300 permutations, as a safe value above the limits. 

From this reproducibility analysis, we identified a logarithmic bimodal distribution similar to the 

one described in the original RAICAR methods in Yang et al. (2008) (Figure 7D), with a local 

minimum at 0,63. All associated components were thresholded by this value and the 
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reproducibility level was determined as the number of components above it. 53 components 

were found to exhibit reproducibility above the half of the maximum value of the reproducibility 

level (Figure 7E). Among these 53 components, 5 components corresponded to bilateral 

symmetric regions of interest: this resulted in 58 distinct functional ROIs, which were labeled 

using the Paxinos-Watson rat brain atlas (Supplementary Table III) to define the SIGMA 

functional atlas of rat brain. Overall, these areas were found to mostly overlap with cortical or 

sub-cortical structures, especially structures like the hippocampus or the thalamus (Figure 8). 

Figure 8. (A) Coronal slices of the ex vivo SIGMA anatomical template of rat brain and the corresponding slices 

of the SIGMA functional atlas and (B) 3D representation of the SIGMA functional atlas. 

Comparison of structural and functional atlas functional connectomes. To 

understand the implications of using the functional or anatomical atlas, we compared them at 

different levels when performing functional connectivity analyses of rs-fMRI data. First, we 

tested the voxel-wise variance from each voxel matching a ROI, in order to evaluate how much 

each voxel diverges from the group mean. Comparing the voxel variance maps obtained with 

the functional and structural atlases using non-parametric permutation tests revealed 

significant effects in both directions for 88% of the voxels (both increased and reduced variance 

with the functional atlases, Figure 9A). A higher prevalence for increased variance was found 

with the anatomical atlas (56% of the voxels versus 32% for the functional atlas). The volumes 

of the ROIs of the reduced anatomical and functional atlases did not significantly differ (Mann-

Whitney test, U = 2211.5, Z = -0.932, p = 0.351). The graph theory properties of both 

anatomical and functional connectomes were found to display a power-law degree distribution 

in the lower density values (between 0.025 and 0.1) and a transition to normal distributions for 
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higher values (Figure 9B and 9C). Both networks were also found to have small-world like 

properties: average σa = 4.35 (ca/ca_rand = 3.44, ef/ef_rand = 0.79) and average σf = 4.11 

(cf/cf_rand = 3.32, ef/ef_rand = 0.81) calculated at a scarcity of 0.1. When applying the Newman 

modularity algorithm to the anatomical and functional connectomes, we respectively found 

modularity scores of 0.66 and 0.71, which resulted in partitioning the connectomes 

respectively into 5 and 4 sub-modules (each module is coded by its nodes color in Figure 9B 

and 9C). For both connectomes, the algorithm favored the grouping of neighboring anatomical 

regions with the emergence of a ventral network (colored in blue), an anterior dorsal cortical 

network (yellow), a posterior cortical network (green), a brainstem and posterior sub-cortical 

network (teal), and in the anatomical connectome, an olfactory bulb network (red). 

 
Figure 9. Comparison of structural and functional atlas networks when performing functional connectivity 

analyses. (A) Significant differences (p<0.05 corrected for multiple comparisons) in the voxel-mean ROI signal 

variability – red represents reduced variability using the functional atlas while blue represents increased variability. 

Functional connectomes built with (B) the SIGMA anatomical atlas and (C) the SIGMA functional atlas. Each 

module within the network is coded by the nodes color. Here represented are the average networks, visualized 

using BrainNet Viewer (left), the average connectivity matrices (center) and the plots of the degree distribution for 

densities between 0.025 and 0.2. k – node degree. 
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2.2.4 Discussion 

Herein we described a new set of resources for the analysis of anatomical and functional MRI 

data acquired on the brain of Wistar rat, which comprises in the same reference space: (1) a 

high resolution ex vivo T2
*-weighted anatomical template and its associated GM, WM and CSF 

tissue probability maps for voxel-based morphometry analyses, (2) an in vivo acquired T2-

weighted anatomical template and its associated GM, WM and CSF TPMs, (3) an anatomical 

brain atlas composed of 246 structures resulting from the merging of the Waxholm and 

Tohoku atlases and (4) a functional brain atlas composed of 58 structures. Furthermore, we 

defined a set of brain meshes suitable for data visualization with the common neuroimaging 

software (SPM, FSL, etc.). 

Using an ex vivo imaging approach based on a high spatial resolution MGE acquisition, we 

were achieved a high contrast between the GM, WM and CSF tissue classes of our rat brain 

samples with well-defined anatomical details. Of notice, our protocol avoided any deformation 

induced by the brain extraction procedure by keeping it inside the skull. In addition, the 

parameterization of echoes ensured a high signal-to-noise ratio, while restricting the influence 

of magnetic susceptibility artifacts present in T2
*-weighted images that are known to reduce the 

MRI signal within entorhinal cortices and amygdala regions. On these MGE images, we applied 

the unified segmentation approach of SPM, which relies on a generative model combining bias 

correction with deformable tissue priors and a Gaussian mixture model, to generate an 

anatomical template of rat brain and its corresponding GM, WM and CSF tissue probability 

maps. This segmentation process started with the already existing Tohoku priors of GM, WM 

and CSF, and the output TPMs were used in an iterative workflow as new input priors: it 

allowed a significant improvement of the quality of generated TPMs, as well as to guarantee a 

complete coverage of the brain (the olfactory bulb being missing in Tohoku priors). Compared 

to other templates already available in the literature (DPABI, Waxholm and Tohoku), our SIGMA 

anatomical template of rat brain exhibits the highest CNR between the two main tissue classes 

(GM and WM) with one of the highest spatial resolutions (90 µm isotropic), with only the 

Waxholm template being acquired with a higher spatial resolution (39 µm isotropic). Therefore, 

we believe that our template together with the TPMs can be of great interest for neuroimaging 

studies requiring spatial registration and segmentation of MRI anatomical data. 

To confirm the potential of our SIGMA anatomical template of rat brain and its corresponding 

tissue probability maps, we validated their use as a registration reference when analyzing the 
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MRI data acquired on a cohort of animals previously characterized from a behavioral, neuro-

endocrinal and imaging perspectives (Magalhaes et al., 2017). Importantly, when we 

compared the results obtained with the Tohoku and SIGMA templates using the same 

anatomical MRI dataset and the same SPM data analysis pipeline, we obtained similar trends 

of anatomical modifications in the expected direction, although the use of SIGMA resulted in 

stronger estimated effects. Questions may be raised about the potential bias introduced by the 

use of animals exposed to stress protocols for the creation of the template: the heterogeneity 

of responses previously described (Magalhaes et al., 2017), together with the similarity of 

effects resulting from the use of the two different templates, seems to indicate that such 

effects, if existent, are negligible. Moreover, the creation of a second anatomical template, in 

the same space of the ex vivo SIGMA template but built using in vivo T2-weighted acquisitions, 

provides another resource of reference for the registration of in vivo anatomical and functional 

MRI data such as BOLD sensitive EPI acquisitions. Because the template contrast and 

resolution of this template are closer to what can be found in the context of in vivo 

neuroimaging studies, the application of typical registration procedures should be improved by 

its use. 

Following the works of Papp et al. (2014) and Valdes-Hernandez et al. (2011), we decided to 

merge rat brain atlases derived from the Paxinos-Watson reference atlas to our SIGMA 

anatomical template and its corresponding GM, WM and CSF tissue probability maps. This 

kind of atlas is of great interest to allow the identification of ROIs under investigation, although 

the genesis of a complete MRI compatible atlas remains a complex challenge considering the 

number of structures and subdivisions characterized within the Paxinos-Watson reference atlas 

of Rat brain (Paxinos, 2013). Moreover, the absence of gyri in the rodent brain makes the 

delimitation of the cortical regions more complex. Only through an accurate registration 

between a MRI anatomical template and the Paxinos-Watson atlas, an accurate reproduction of 

such detailed delineation is possible (Papp et al., 2014; Schwarz et al., 2006; Valdes-

Hernandez et al., 2011). To date, two different MRI templates of rat brain are provided with a 

corresponding atlas: the Waxholm atlas that mostly contains sub-cortical structures and the 

Tohoku atlas containing cortical structures. While both atlases are complementary in their 

brain coverage, their spatial orientation and resolution make their use in the same study quite 

difficult. To address this issue, we registered the two atlases into the space of our SIGMA 

anatomical template, allowing us to provide a comprehensive and detailed SIGMA atlas of the 
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rat brain for MRI morphometry and segmentation analyses. To further improve its accuracy, we 

complemented this Waxholm-Tohoku merging atlas with a more accurate delimitation of the 

white matter tracts and the brain ventricles, yet, some regions like the thalamus, the hindbrain, 

the amygdala and the diencephalon should be in the future sub-segmented with a higher 

precision for providing more anatomical details in the SIGMA anatomical atlas. 

To complement this anatomical atlas, we developed a SIGMA functional atlas for the rat brain 

through a group ICA analysis validated thanks to a RAICAR approach. From this analysis, we 

identified 58 bilateral regions of interest covering cortical, sub-cortical and brain-stem 

structures that are functionally distinct. Despite having a purely functional origin, the ROIs of 

the functional atlas still respect some general anatomical boundaries, many of them being 

easily associated with different anatomical structures. The motivations behind the creation of 

this atlas come in part from the need to perform brain segmentations optimized for functional 

MRI analysis, since the signal sources do not necessarily match the typical anatomical 

boundaries. This has also been a common trend in the recent years for human MRI 

neuroimaging studies, where a clear effort of providing more diverse and multimodal atlases 

has been made (Glasser et al., 2016; Shen et al., 2013). Importantly, by comparing voxel-ROI 

variance, we show that the functional atlas reduces this variability, thus decreasing the loss of 

information resulting from this reduction of dimensionality. Another motivation is the need for 

appropriate resolution parameters and ROI sizes. Many anatomical atlases, such as the 

Waxholm or Tohoku atlases, present a large number of regions defined with a high spatial 

resolution. Unfortunately, standard functional MRI acquisitions are unable to reach such high 

spatial resolutions while keeping an appropriate contrast-to-noise ratio or repetition time: the 

consequence is that either an up-sampling of the functional MRI datasets or a down-sampling 

of the atlas resolution is necessary when processing the data. Both scenarios present main 

drawbacks, so having appropriately designed resources can greatly improve and facilitate the 

analysis of functional MRI data. Using our rs-fMRI dataset, we validated the use of both our 

atlases for functional connectivity analysis by building full brain connectomes. Importantly, we 

demonstrated not only that the small-world metrics, degree distribution and nodal modularity 

for both networks fit the expected parameters (Rubinov et al., 2010), but are also comparable 

for both approaches. Thus, each user has the flexibility to choose and adapt these resources to 

the need of the ongoing neuroimaging study, and the availability of both anatomical and 
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functional atlases over the same reference space will allow the combination of their use and 

the testing of more complex hypotheses. 

Animal models deliver valuable information for understanding the brain pathophysiology. The 

SIGMA template and rat brain atlases try to bridge the translational gap by providing to the 

preclinical neuroimaging community specific resources built and tested using the tools and 

methodologies commonly used in human MRI studies. Hopefully, these resources are expected 

to help researchers to more easily conduct their analysis of anatomical and functional 

datasets. 

 

2.2.5 References 

Ashburner, J. (2007). A fast diffeomorphic image registration algorithm. Neuroimage, 38(1), 

95-113. doi: 10.1016/j.neuroimage.2007.07.007 

Ashburner, J., & Friston, K. J. (2000). Voxel-based morphometry--the methods. Neuroimage, 

11(6 Pt 1), 805-821. doi: 10.1006/nimg.2000.0582 

Ashburner, J., & Friston, K. J. (2005). Unified segmentation. Neuroimage, 26(3), 839-851. doi: 

10.1016/j.neuroimage.2005.02.018 

Beckmann, C. F., DeLuca, M., Devlin, J. T., & Smith, S. M. (2005). Investigations into resting-

state connectivity using independent component analysis. Philosophical Transactions 

of the Royal Society of London. Series B, Biological Sciences, 360(1457), -1013.  

Behrens, T. E. J., Johansen-Berg, H., Woolrich, M. W., Smith, S. M., Wheeler-Kingshott, C. A. 

M., Boulby, P. A., Barker, G. J., Sillery, E. L., Sheehan, K., & Ciccarelli, O. (2003). 

Non-invasive mapping of connections between human thalamus and cortex using 

diffusion imaging. Nature Neuroscience, 6(7), 750-757.  

Calabrese, E., Badea, A., Watson, C., & Johnson, G. A. (2013). A quantitative magnetic 

resonance histology atlas of postnatal rat brain development with regional estimates of 

growth and variability. Neuroimage, 71, 196-206. doi: 

10.1016/j.neuroimage.2013.01.017 

Cerqueira, J. J., Mailliet, F., Almeida, O. F., Jay, T. M., & Sousa, N. (2007). The prefrontal 

cortex as a key target of the maladaptive response to stress. Journal of Neuroscience, 

27(11), 2781-2787. doi: 10.1523/JNEUROSCI.4372-06.2007 

Desikan, R. S., Segonne, F., Fischl, B., Quinn, B. T., Dickerson, B. C., Blacker, D., Buckner, R. 

L., Dale, A. M., Maguire, R. P., Hyman, B. T., Albert, M. S., & Killiany, R. J. (2006). An 



 81 

automated labeling system for subdividing the human cerebral cortex on MRI scans 

into gyral based regions of interest. Neuroimage, 31(3), 968-980. doi: 

10.1016/j.neuroimage.2006.01.021 

Figini, M., Zucca, I., Aquino, D., Pennacchio, P., Nava, S., Di Marzio, A., Preti, M. G., Baselli, 

G., Spreafico, R., & Frassoni, C. (2015). In vivo DTI tractography of the rat brain: an 

atlas of the main tracts in Paxinos space with histological comparison. Magnetic 

Resonance Imaging, 33(3), 296-303. doi: 10.1016/j.mri.2014.11.001 

Frazier, J. A., Chiu, S., Breeze, J. L., Makris, N., Lange, N., Kennedy, D. N., Herbert, M. R., 

Bent, E. K., Koneru, V. K., Dieterich, M. E., Hodge, S. M., Rauch, S. L., Grant, P. E., 

Cohen, B. M., et al. (2005). Structural brain magnetic resonance imaging of limbic 

and thalamic volumes in pediatric bipolar disorder. American Journal of Psychiatry, 

162(7), 1256-1265. doi: 10.1176/appi.ajp.162.7.1256 

Glasser, M. F., Coalson, T. S., Robinson, E. C., Hacker, C. D., Harwell, J., Yacoub, E., Ugurbil, 

K., Andersson, J., Beckmann, C. F., Jenkinson, M., Smith, S. M., & Van Essen, D. C. 

(2016). A multi-modal parcellation of human cerebral cortex. Nature, 536(7615), 171-

178. doi: 10.1038/nature18933 

Goldstein, J. M., Seidman, L. J., Makris, N., Ahern, T., O'Brien, L. M., Caviness, V. S., Jr., 

Kennedy, D. N., Faraone, S. V., & Tsuang, M. T. (2007). Hypothalamic abnormalities 

in schizophrenia: sex effects and genetic vulnerability. Biological Psychiatry, 61(8), 

935-945. doi: 10.1016/j.biopsych.2006.06.027 

Hua, K., Zhang, J., Wakana, S., Jiang, H., Li, X., Reich, D. S., Calabresi, P. A., Pekar, J. J., van 

Zijl, P. C., & Mori, S. (2008). Tract probability maps in stereotaxic spaces: analyses of 

white matter anatomy and tract-specific quantification. Neuroimage, 39(1), 336-347. 

doi: 10.1016/j.neuroimage.2007.07.053 

Jenkinson, M., Bannister, P., Brady, M., & Smith, S. (2002). Improved optimization for the 

robust and accurate linear registration and motion correction of brain images. 

Neuroimage, 17(2), 825-841.  

Johnson, G. A., Calabrese, E., Badea, A., Paxinos, G., & Watson, C. (2012). A 

multidimensional magnetic resonance histology atlas of the Wistar rat brain. 

Neuroimage, 62(3), 1848-1856. doi: 10.1016/j.neuroimage.2012.05.041 

Kelly, R. E., Alexopoulos, G. S., Wang, Z., Gunning, F. M., Murphy, C. F., Morimoto, S. S., 

Kanellopoulos, D., Jia, Z., Lim, K. O., & Hoptman, M. J. (2010). Visual inspection of 



 82 

independent components: defining a procedure for artifact removal from fMRI data. 

Journal of Neuroscience Methods, 189(2), 233-245.  

Kjonigsen, L. J., Lillehaug, S., Bjaalie, J. G., Witter, M. P., & Leergaard, T. B. (2015). Waxholm 

Space atlas of the rat brain hippocampal region: three-dimensional delineations based 

on magnetic resonance and diffusion tensor imaging. Neuroimage, 108, 441-449. doi: 

10.1016/j.neuroimage.2014.12.080 

Lancaster, J. L., Woldorff, M. G., Parsons, L. M., Liotti, M., Freitas, C. S., Rainey, L., Kochunov, 

P. V., Nickerson, D., Mikiten, S. A., & Fox, P. T. (2000). Automated Talairach atlas 

labels for functional brain mapping. Human Brain Mapping, 10(3), 120-131.  

Lupien, S. J., & Lepage, M. (2001). Stress, memory, and the hippocampus: can't live with it, 

can't live without it. Behavioural Brain Research, 127(1-2), 137-158.  

Magalhaes, R., Barriere, D. A., Novais, A., Marques, F., Marques, P., Cerqueira, J., Sousa, J. 

C., Cachia, A., Boumezbeur, F., Bottlaender, M., Jay, T. M., Meriaux, S., & Sousa, N. 

(2017). The dynamics of stress: a longitudinal MRI study of rat brain structure and 

connectome. Molecular Psychiatry. doi: 10.1038/mp.2017.244 

Makris, N., Goldstein, J. M., Kennedy, D., Hodge, S. M., Caviness, V. S., Faraone, S. V., 

Tsuang, M. T., & Seidman, L. J. (2006). Decreased volume of left and total anterior 

insular lobule in schizophrenia. Schizophrenia research, 83(2-3), 155-171. doi: 

10.1016/j.schres.2005.11.020 

Mazziotta, J., Toga, A., Evans, A., Fox, P., Lancaster, J., Zilles, K., Woods, R., Paus, T., 

Simpson, G., Pike, B., Holmes, C., Collins, L., Thompson, P., MacDonald, D., et al. 

(2001). A probabilistic atlas and reference system for the human brain: International 

Consortium for Brain Mapping (ICBM). Philosophical Transactions of the Royal Society 

of London. Series B, Biological Sciences, 356(1412), 1293-1322. doi: 

10.1098/rstb.2001.0915 

Mazziotta, J. C., Toga, A. W., Evans, A., Fox, P., & Lancaster, J. (1995). A probabilistic atlas of 

the human brain: theory and rationale for its development. The International 

Consortium for Brain Mapping (ICBM). Neuroimage, 2(2), 89-101.  

McEwen, B. S. (2001). Plasticity of the hippocampus: adaptation to chronic stress and 

allostatic load. Annals of the New York Academy of Sciences, 933, 265-277.  

Mori, S., Oishi, K., Jiang, H., Jiang, L., Li, X., Akhter, K., Hua, K., Faria, A. V., Mahmood, A., & 

Woods, R. (2008). Stereotaxic white matter atlas based on diffusion tensor imaging in 



 83 

an ICBM template. Neuroimage, 40(2), 570-582.  

Oishi, K., Faria, A. V., van Zijl, P. C. M., & Mori, S. (2010). MRI atlas of human white matter: 

Academic Press. 

Papp, E. A., Leergaard, T. B., Calabrese, E., Johnson, G. A., & Bjaalie, J. G. (2014). Waxholm 

Space atlas of the Sprague Dawley rat brain. Neuroimage, 97, 374-386. doi: 

10.1016/j.neuroimage.2014.04.001 

Paxinos, G. W., C. (2013). The Rat Brain in Stereotaxic Coordinates (7 ed.): Academic Press. 

Rubinov, M., & Sporns, O. (2010). Complex network measures of brain connectivity: uses and 

interpretations. Neuroimage, 52(3), 1059-1069. doi: 

10.1016/j.neuroimage.2009.10.003 

Sawiak, S. J., Wood, N. I., Williams, G. B., Morton, A. J., & Carpenter, T. A. (2009). 

SPMMouse: A new toolbox for SPM in the animal brain. Paper presented at the ISMRM 

17th Scientific Meeting & Exhibition, April. 

Schwarz, A. J., Danckaert, A., Reese, T., Gozzi, A., Paxinos, G., Watson, C., Merlo-Pich, E. V., & 

Bifone, A. (2006). A stereotaxic MRI template set for the rat brain with tissue class 

distribution maps and co-registered anatomical atlas: application to pharmacological 

MRI. Neuroimage, 32(2), 538-550. doi: 10.1016/j.neuroimage.2006.04.214 

Schweinhardt, P., Fransson, P., Olson, L., Spenger, C., & Andersson, J. L. R. (2003). A 

template for spatial normalisation of MR images of the rat brain. Journal of 

Neuroscience Methods, 129(2), 105-113.  

Shen, X., Tokoglu, F., Papademetris, X., & Constable, R. T. (2013). Groupwise whole-brain 

parcellation from resting-state fMRI data for network node identification. Neuroimage, 

82, 403-415. doi: 10.1016/j.neuroimage.2013.05.081 

Talairach, J., & Tournoux, P. (1988). Co-planar stereotaxic atlas of the human brain. 3-

Dimensional proportional system: an approach to cerebral imaging.  

Tapiovaara, M. J., & Wagner, R. F. (1993). SNR and noise measurements for medical imaging: 

I. A practical approach based on statistical decision theory. Physics in Medicine & 

Biology, 38(1), 71-92.  

Tzourio-Mazoyer, N., Landeau, B., Papathanassiou, D., Crivello, F., Etard, O., Delcroix, N., 

Mazoyer, B., & Joliot, M. (2002). Automated anatomical labeling of activations in SPM 

using a macroscopic anatomical parcellation of the MNI MRI single-subject brain. 

Neuroimage, 15(1), 273-289. doi: 10.1006/nimg.2001.0978 



 84 

Valdes-Hernandez, P. A., Sumiyoshi, A., Nonaka, H., Haga, R., Aubert-Vasquez, E., Ogawa, T., 

Iturria-Medina, Y., Riera, J. J., & Kawashima, R. (2011). An in vivo MRI Template Set 

for Morphometry, Tissue Segmentation, and fMRI Localization in Rats. Frontiers in 

Neuroinformatics, 5, 26. doi: 10.3389/fninf.2011.00026 

Wisner, K., Odintsov, B., Brozoski, D., & Brozoski, T. J. (2016). Ratat1: A Digital Rat Brain 

Stereotaxic Atlas Derived from High-Resolution MRI Images Scanned in Three 

Dimensions. Frontiers in Systems Neuroscience, 10, 64. doi: 

10.3389/fnsys.2016.00064 

Xia, M., Wang, J., & He, Y. (2013). BrainNet Viewer: a network visualization tool for human 

brain connectomics. PLoS One, 8(7), e68910. doi: 10.1371/journal.pone.0068910 

Yang, Z., LaConte, S., Weng, X., & Hu, X. (2008). Ranking and averaging independent 

component analysis by reproducibility (RAICAR). Human Brain Mapping, 29(6), 711-

725. doi: 10.1002/hbm.20432 

 

Supplementary Information 

 
Supplementary Figure S1: Example of an ex vivo Multiple Gradient Echo acquisition used to build the SIGMA anatomical 

template of rat brain (TR = 100 ms, 10 echoes spaced by 4 ms from 3 ms to 39 ms, spatial resolution = 

90 x 90 x 180 µm3, 16 averages, acquisition time = 8 h 32 min). 
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Supplementary Figure S2: (A) Schematic workflow used for the creation of (B) the ex vivo SIGMA anatomical template of 

rat brain and the corresponding GM, WM and CSF probability maps. 

 

Supplementary Figure S3: (A) Schematic workflow used for the creation of (B) the in vivo anatomical template of rat 

brain and the corresponding GM, WM and CSF probability maps. 
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Supplementary Figure S4: Several examples of artefact found through ICA decomposition (left column = coronal slices, 

right column = axial slices). (A) Movement artefact component, (B and C) ghosting artefact components, (D) antenna 

channels crosstalk artifact. 
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Supplementary Table II. Full List of regions included in the Sigma Tohoku-Waxholm anatomical atlas 
Label Values Hemisphere Tissue System Region of interest 
[243
] 

1221 Left CSF CSF Ventricular System Left 
[221
] 

1111 Left Grey Matter Olfactory system Septal Region Left 
[33] 171 Left Grey Matter Pallidum Globus Pallidus Left 
[183
] 

921 Left Grey Matter Pallidum Entopeduncular Nucleus Left 
[145
] 

731 Left Grey Matter Striatal system Striatum Left 
[193
] 

971 Left Grey Matter Medulla Genu of the Facial Nerve Left 
[241
] 

1211 Left Grey Matter Medulla Periventricular Gray Left 
[43] 221 Left Grey Matter Sensory-Motor Granule Cell Level of the Cerebellum Left 
[67] 341 Left Grey Matter Sensory-Motor Molecular Layer of the Cerebellum Left 
[201
] 

1011 Left Grey Matter Somatosensory system Inferior Olive Left 
[5] 31 Left Grey Matter Amygdala Amygdalohyppocampic Area Left 
[7] 41 Left Grey Matter Amygdala Amygdalopiriform Cortex Left 
[97] 491 Left Grey Matter Auditory system Primary Auditory Cortex Left 
[135
] 

681 Left Grey Matter Auditory system Secondary Auditory Cortex Dorsal Part Left 
[137
] 

691 Left Grey Matter Auditory system Secondary Auditory Cortex Ventral Part Left 
[99] 501 Left Grey Matter Cingular system Primary Cingular Cortex Left 
[139
] 

701 Left Grey Matter Cingular system Secondary Cingular Cortex Left 
[13] 71 Left Grey Matter Hippocampus Fomation Cornu Ammonis 1 Left 
[15] 81 Left Grey Matter Hippocampus Fomation Cornu Ammonis 2 Left 
[17] 91 Left Grey Matter Hippocampus Fomation Cornu Ammonis 3 Left 
[19] 101 Left Grey Matter Hippocampus Fomation Dentate Gyrus Left 
[29] 151 Left Grey Matter Hippocampus Fomation Fasciola Cinereum Left 
[73] 371 Left Grey Matter Hippocampus Fomation Parasubiculum Left 
[93] 471 Left Grey Matter Hippocampus Fomation Presubiculum Left 
[147
] 

741 Left Grey Matter Hippocampus Fomation Subiculum Left 
[1] 11 Left Grey Matter Insular_system Agranular Dysgranular Insular Cortex Left 
[3] 21 Left Grey Matter Insular_system Agranular Insular Cortex Left 
[23] 121 Left Grey Matter Insular_system Dysgranular Insular Cortex Left 
[39] 201 Left Grey Matter Insular_system Granular Dysgranular Insular Cortex Left 
[41] 211 Left Grey Matter Insular_system Granular Insular Cortex Left 
[89] 451 Left Grey Matter Insular_system Posterior Agralunar Insular Cortex Left 
[21] 111 Left Grey Matter Limbic System Dorso Lateral Orbital Cortex Left 
[31] 161 Left Grey Matter Limbic System Frontal Association Cortex Left 
[71] 361 Left Grey Matter Limbic System Orbitofrontal Region Left 
[91] 461 Left Grey Matter Limbic System PreLimbic System Left 
[101
] 

511 Left Grey Matter Motor system Primary Motor Cortex Left 
[141
] 

711 Left Grey Matter Motor system Secondary Motor Cortex Left 
[27] 141 Left Grey Matter Olfactory system Entorhinal Cortex Left 
[49] 251 Left Grey Matter Olfactory system Lateral Entorhinal Cortex Internal part Left 
[51] 261 Left Grey Matter Olfactory system Lateral Entorhinal Cortex Left 
[53] 271 Left Grey Matter Olfactory system Lateral Entorhinal Cortex external part Left 
[59] 301 Left Grey Matter Olfactory system Medial Entorhinal Cortex Left 
[83] 421 Left Grey Matter Olfactory system Perirhinal Area 35 Left 
[85] 431 Left Grey Matter Olfactory system Perirhinal Area 36 Left 
[87] 441 Left Grey Matter Olfactory system Perirhinal Cortex Left 
[55] 281 Left Grey Matter Parietal system Lateral Parietal Associative Cortex Left 
[61] 311 Left Grey Matter Parietal system Medial Parietal Associative Cortex Left 
[75] 381 Left Grey Matter Parietal system Parietal Cortex Postero Caudal Part Left 
[77] 391 Left Grey Matter Parietal system Parietal Cortex Postero Dorsal Part Left 
[79] 401 Left Grey Matter Parietal system Parietal Cortex Postero Rostral Left 
[129
] 

651 Left Grey Matter Retrosplenial system Retosplenial Dysgranular Cortex Left 
[131
] 

661 Left Grey Matter Retrosplenial system Retrosplenial Granular Cortex Part A Left 
[133
] 

671 Left Grey Matter Retrosplenial system Retrosplenial Granular Cortex Part B Left 
[103
] 

521 Left Grey Matter Somatosensory system Primary Somatosensory Cortex Barrel field Left 
[105
] 

531 Left Grey Matter Somatosensory system Primary Somatosensory Cortex Dysgranular Left 
[107
] 

541 Left Grey Matter Somatosensory system Primary Somatosensory Cortex Dysgranular Zone 0 Left 
[109
] 

551 Left Grey Matter Somatosensory system Primary Somatosensory Cortex Forelimb Left 
[111
] 

561 Left Grey Matter Somatosensory system Primary Somatosensory Cortex Hindlimb Left 
[113
] 

571 Left Grey Matter Somatosensory system Primary Somatosensory Cortex Jaw Left 
[115
] 

581 Left Grey Matter Somatosensory system Primary Somatosensory Cortex Left 
[117
] 

591 Left Grey Matter Somatosensory system Primary Somatosensory Cortex Shoulder Left 
[119
] 

601 Left Grey Matter Somatosensory system Primary Somatosensory Cortex Trunk Left 
[121
] 

611 Left Grey Matter Somatosensory system Primary Somatosensory Cortex Upperlips Left 
[143
] 

721 Left Grey Matter Somatosensory system Secondary Somatosensory Cortex Left 
[25] 131 Left Grey Matter Temporal system Ectorhinal Cortex Left 
[153
] 

771 Left Grey Matter Temporal system Temporal Associative Cortex Left 
[57] 291 Left Grey Matter Visual system Lateral Secondary Visual Cortex Left 
[63] 321 Left Grey Matter Visual system Medio Lateral Secondary Visual Cortex Left 
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[65] 331 Left Grey Matter Visual system Medio Medial Secondary Visual Cortex Left 
[123
] 

621 Left Grey Matter Visual system Primary Visual Cortex Binocular Area Left 
[125
] 

631 Left Grey Matter Visual system Primary Visual Cortex Left 
[127
] 

641 Left Grey Matter Visual system Primary Visual Cortex Monocular Area Left 
[45] 231 Left Grey Matter Hypothalamus Hypothalamic Region Left 
[81] 411 Left Grey Matter Tegmentum Periaqueductal Gray Left 
[11] 61 Left Grey Matter Thalamus Bed Nucleus of the Stria Terminalis Left 
[211
] 

1061 Left Grey Matter Thalamus Nucleus of the Stria Medullaris Left 
[95] 481 Left Grey Matter Visual system Pretectal Region Left 
[9] 51 Left Grey Matter Forebrain Basal Forebrain Region Left 
[151
] 

761 Left Grey Matter Colliculi Superficial Gray Layer of the Superior Colliculus Left 
[199
] 

1001 Left Grey Matter Colliculi Inferior Colliculus Left 
[215
] 

1081 Left Grey Matter Pons Pontine Nuclei Left 
[225
] 

1131 Left Grey Matter Pons Spinal Trigeminal Nucleus Left 
[47] 241 Left Grey Matter Tegmentum Interpeduncular Nucleus Left 
[149
] 

751 Left Grey Matter Tegmentum Substantia Nigra Left 
[35] 181 Left Grey Matter Olfactory system Glomerular Layer of the Accessory Olfactory Bulb Left 
[37] 191 Left Grey Matter Olfactory system Glomerular Layer of the Olfactory Bulb Left 
[69] 351 Left Grey Matter Olfactory system Olfactory Bulb Left 
[157
] 

791 Left White Matter Inter Hemispheric 
Commisures 

Anterior Commissure Left 
[159
] 

801 Left White Matter Inter Hemispheric 
Commisures 

Anterior Commissure anterior part Left 
[161
] 

811 Left White Matter Inter Hemispheric 
Commisures 

Anterior Commissure posterior part Left 
[217
] 

1091 Left White Matter Inter Hemispheric 
Commisures 

Posterior Commissure Left 
[163
] 

821 Left White Matter Sensory system Ascending Fibers of the Facial Nerve Left 
[167
] 

841 Left White Matter Medulla Brainstem Left 
[169
] 

851 Left White Matter Medulla Central Canal Left 
[205
] 

1031 Left White Matter Medulla Medial Lemniscus Decussation Left 
[207
] 

1041 Left White Matter Medulla Medial lemniscus Left 
[219
] 

1101 Left White Matter Medulla Pyramidal Decussation Left 
[245
] 

1231 Left White Matter Medulla SP5 Tract Left 
[197
] 

991 Left White Matter Spinocerebellar pathway  Inferior Cerebellar Peduncle Left 
[209
] 

1051 Left White Matter Cerebellopontine pathway Middle Cerebellar Peduncle Left 
[155
] 

781 Left White Matter Hippocampus Fomation Alveus of the Hippocampus Left 
[189
] 

951 Left White Matter Hippocampus Fomation Fimbria of the Hippocampus Left 
[239
] 

1201 Left White Matter Hippocampus Fomation Ventral Hippocampal commissure Left 
[191
] 

961 Left White Matter Inter Hemispheric 
Commisures 

Fornix Left 
[233
] 

1171 Left White Matter Hypothalamus Supraoptic Decussation Left 
[195
] 

981 Left White Matter Inter Hemispheric 
Commisures 

Habenular Commissure Left 
[213
] 

1071 Left White Matter Sensory system Optic Tract and Optic Chiasm Left 
[171
] 

861 Left White Matter Thalamus Commissural Stria Terminalis Left 
[187
] 

941 Left White Matter Thalamus Fasciculus Retroflexus Left 
[203
] 

1021 Left White Matter Thalamus Mammillothalamic Tract Left 
[227
] 

1141 Left White Matter Thalamus Stria Medullaris of the Thalamus Left 
[229
] 

1151 Left White Matter Thalamus Stria Terminalis Left 
[231
] 

1161 Left White Matter Thalamus Subthalamic Nucleus Left 
[235
] 

1181 Left White Matter Thalamus Thalamus Left 
[177
] 

891 Left White Matter Corpus Callosum Corpus Callosum and Associated Subcortical White Matter 
Left [181

] 
911 Left White Matter Internal Capsule Descending Corticofugal Pathways Left 

[185
] 

931 Left White Matter Peripheral Nerves Facial Nerve Left 
[165
] 

831 Left White Matter Colliculi Brachium of the Superior Colliculus Left 
[173
] 

871 Left White Matter Colliculi Commissure of the Inferior Colliculus Left 
[175
] 

881 Left White Matter Colliculi Commissure of the Superior Colliculus Left 
[179
] 

901 Left White Matter Inter Hemispheric 
Commisures 

Deeper Layers of the Superior Colliculus Left 
[237
] 

1191 Left White Matter Pons Transverse Fibers of the Pons Left 
[223
] 

1121 Left White Matter Fiber tract Spinal Cord Left 
[244
] 

1222 Right CSF CSF Ventricular System Right 
[222
] 

1112 Right Grey Matter Olfactory system Septal Region Right 
[34] 172 Right Grey Matter Pallidum Globus Pallidus Right 
[184
] 

922 Right Grey Matter Pallidum Entopeduncular Nucleus Right 
[146
] 

732 Right Grey Matter Striatal system Striatum Right 
[194
] 

972 Right Grey Matter Medulla Genu of the Facial Nerve Right 
[242
] 

1212 Right Grey Matter Medulla Periventricular Gray Right 
[44] 222 Right Grey Matter Sensory-Motor Granule Cell Level of the Cerebellum Right 
[68] 342 Right Grey Matter Sensory-Motor Molecular Layer of the Cerebellum Right 
[202
] 

1012 Right Grey Matter Somatosensory system Inferior Olive Right 
[6] 32 Right Grey Matter Amygdala Amygdalohyppocampic Area Right 
[8] 42 Right Grey Matter Amygdala Amygdalopiriform Cortex Right 
[98] 492 Right Grey Matter Auditory system Primary Auditory Cortex Right 
[136
] 

682 Right Grey Matter Auditory system Secondary Auditory Cortex Dorsal Part Right 
[138
] 

692 Right Grey Matter Auditory system Secondary Auditory Cortex Ventral Part Right 
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[100
] 

502 Right Grey Matter Cingular system Primary Cingular Cortex Right 
[140
] 

702 Right Grey Matter Cingular system Secondary Cingular Cortex Right 
[14] 72 Right Grey Matter Hippocampus Fomation Cornu Ammonis 1 Right 
[16] 82 Right Grey Matter Hippocampus Fomation Cornu Ammonis 2 Right 
[18] 92 Right Grey Matter Hippocampus Fomation Cornu Ammonis 3 Right 
[20] 102 Right Grey Matter Hippocampus Fomation Dentate Gyrus Right 
[30] 152 Right Grey Matter Hippocampus Fomation Fasciola Cinereum Right 
[74] 372 Right Grey Matter Hippocampus Fomation Parasubiculum Right 
[94] 472 Right Grey Matter Hippocampus Fomation Presubiculum Right 
[148
] 

742 Right Grey Matter Hippocampus Fomation Subiculum Right 
[2] 12 Right Grey Matter Insular_system Agranular Dysgranular Insular Cortex Right 
[4] 22 Right Grey Matter Insular_system Agranular Insular Cortex Right 
[24] 122 Right Grey Matter Insular_system Dysgranular Insular Cortex Right 
[40] 202 Right Grey Matter Insular_system Granular Dysgranular Insular Cortex Right 
[42] 212 Right Grey Matter Insular_system Granular Insular Cortex Right 
[90] 452 Right Grey Matter Insular_system Posterior Agralunar Insular Cortex Right 
[22] 112 Right Grey Matter Limbic System Dorso Lateral Orbital Cortex Right 
[32] 162 Right Grey Matter Limbic System Frontal Association Cortex Right 
[72] 362 Right Grey Matter Limbic System Orbitofrontal Region Right 
[92] 462 Right Grey Matter Limbic System PreLimbic System Right 
[102
] 

512 Right Grey Matter Motor system Primary Motor Cortex Right 
[142
] 

712 Right Grey Matter Motor system Secondary Motor Cortex Right 
[28] 142 Right Grey Matter Olfactory system Entorhinal Cortex Right 
[50] 252 Right Grey Matter Olfactory system Lateral Entorhinal Cortex Internal part Right 
[52] 262 Right Grey Matter Olfactory system Lateral Entorhinal Cortex Right 
[54] 272 Right Grey Matter Olfactory system Lateral Entorhinal Cortex external part Right 
[60] 302 Right Grey Matter Olfactory system Medial Entorhinal Cortex Right 
[84] 422 Right Grey Matter Olfactory system Perirhinal Area 35 Right 
[86] 432 Right Grey Matter Olfactory system Perirhinal Area 36 Right 
[88] 442 Right Grey Matter Olfactory system Perirhinal Cortex Right 
[56] 282 Right Grey Matter Parietal system Lateral Parietal Associative Cortex Right 
[62] 312 Right Grey Matter Parietal system Medial Parietal Associative Cortex Right 
[76] 382 Right Grey Matter Parietal system Parietal Cortex Postero Caudal Part Right 
[78] 392 Right Grey Matter Parietal system Parietal Cortex Postero Dorsal Part Right 
[80] 402 Right Grey Matter Parietal system Parietal Cortex Postero Rostral Right 
[130
] 

652 Right Grey Matter Retrosplenial system Retosplenial Dysgranular Cortex Right 
[132
] 

662 Right Grey Matter Retrosplenial system Retrosplenial Granular Cortex Part A Right 
[134
] 

672 Right Grey Matter Retrosplenial system Retrosplenial Granular Cortex Part B Right 
[104
] 

522 Right Grey Matter Somatosensory system Primary Somatosensory Cortex Barrel field Right 
[106
] 

532 Right Grey Matter Somatosensory system Primary Somatosensory Cortex Dysgranular Right 
[108
] 

542 Right Grey Matter Somatosensory system Primary Somatosensory Cortex Dysgranular Zone 0 Right 
[110
] 

552 Right Grey Matter Somatosensory system Primary Somatosensory Cortex Forelimb Right 
[112
] 

562 Right Grey Matter Somatosensory system Primary Somatosensory Cortex Hindlimb Right 
[114
] 

572 Right Grey Matter Somatosensory system Primary Somatosensory Cortex Jaw Right 
[116
] 

582 Right Grey Matter Somatosensory system Primary Somatosensory Cortex Right 
[118
] 

592 Right Grey Matter Somatosensory system Primary Somatosensory Cortex Shoulder Right 
[120
] 

602 Right Grey Matter Somatosensory system Primary Somatosensory Cortex Trunk Right 
[122
] 

612 Right Grey Matter Somatosensory system Primary Somatosensory Cortex Upperlips Right 
[144
] 

722 Right Grey Matter Somatosensory system Secondary Somatosensory Cortex Right 
[26] 132 Right Grey Matter Temporal system Ectorhinal Cortex Right 
[154
] 

772 Right Grey Matter Temporal system Temporal Associative Cortex Right 
[58] 292 Right Grey Matter Visual system Lateral Secondary Visual Cortex Right 
[64] 322 Right Grey Matter Visual system Medio Lateral Secondary Visual Cortex Right 
[66] 332 Right Grey Matter Visual system Medio Medial Secondary Visual Cortex Right 
[124
] 

622 Right Grey Matter Visual system Primary Visual Cortex Binocular Area Right 
[126
] 

632 Right Grey Matter Visual system Primary Visual Cortex Right 
[128
] 

642 Right Grey Matter Visual system Primary Visual Cortex Monocular Area Right 
[46] 232 Right Grey Matter Hypothalamus Hypothalamic Region Right 
[82] 412 Right Grey Matter Tegmentum Periaqueductal Gray Right 
[12] 62 Right Grey Matter Thalamus Bed Nucleus of the Stria Terminalis Right 
[212
] 

1062 Right Grey Matter Thalamus Nucleus of the Stria Medullaris Right 
[96] 482 Right Grey Matter Visual system Pretectal Region Right 
[10] 52 Right Grey Matter Forebrain Basal Forebrain Region Right 
[152
] 

762 Right Grey Matter Colliculi Superficial Gray Layer of the Superior Colliculus Right 
[200
] 

1002 Right Grey Matter Colliculi Inferior Colliculus Right 
[216
] 

1082 Right Grey Matter Pons Pontine Nuclei Right 
[226
] 

1132 Right Grey Matter Pons Spinal Trigeminal Nucleus Right 
[48] 242 Right Grey Matter Tegmentum Interpeduncular Nucleus Right 
[150
] 

752 Right Grey Matter Tegmentum Substantia Nigra Right 
[36] 182 Right Grey Matter Olfactory system Glomerular Layer of the Accessory Olfactory Bulb Right 
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[38] 192 Right Grey Matter Olfactory system Glomerular Layer of the Olfactory Bulb Right 
[70] 352 Right Grey Matter Olfactory system Olfactory Bulb Right 
[158
] 

792 Right White Matter Inter Hemispheric 
Commisures 

Anterior Commissure Right 
[160
] 

802 Right White Matter Inter Hemispheric 
Commisures 

Anterior Commissure anterior part Right 
[162
] 

812 Right White Matter Inter Hemispheric 
Commisures 

Anterior Commissure posterior part Right 
[218
] 

1092 Right White Matter Inter Hemispheric 
Commisures 

Posterior Commissure Right 
[164
] 

822 Right White Matter Sensory system Ascending Fibers of the Facial Nerve Right 
[168
] 

842 Right White Matter Medulla Brainstem Right 
[170
] 

852 Right White Matter Medulla Central Canal Right 
[206
] 

1032 Right White Matter Medulla Medial Lemniscus Decussation Right 
[208
] 

1042 Right White Matter Medulla Medial lemniscus Right 
[220
] 

1102 Right White Matter Medulla Pyramidal Decussation Right 
[246
] 

1232 Right White Matter Medulla SP5 Tract Right 
[198
] 

992 Right White Matter Spinocerebellar pathway  Inferior Cerebellar Peduncle Right 
[210
] 

1052 Right White Matter Cerebellopontine pathway Middle Cerebellar Peduncle Right 
[156
] 

782 Right White Matter Hippocampus Fomation Alveus of the Hippocampus Right 
[190
] 

952 Right White Matter Hippocampus Fomation Fimbria of the Hippocampus Right 
[240
] 

1202 Right White Matter Hippocampus Fomation Ventral Hippocampal commissure Right 
[192
] 

962 Right White Matter Inter Hemispheric 
Commisures 

Fornix Right 
[234
] 

1172 Right White Matter Hypothalamus Supraoptic Decussation Right 
[196
] 

982 Right White Matter Inter Hemispheric 
Commisures 

Habenular Commissure Right 
[214
] 

1072 Right White Matter Sensory system Optic Tract and Optic Chiasm Right 
[172
] 

862 Right White Matter Thalamus Commissural Stria Terminalis Right 
[188
] 

942 Right White Matter Thalamus Fasciculus Retroflexus Right 
[204
] 

1022 Right White Matter Thalamus Mammillothalamic Tract Right 
[228
] 

1142 Right White Matter Thalamus Stria Medullaris of the Thalamus Right 
[230
] 

1152 Right White Matter Thalamus Stria Terminalis Right 
[232
] 

1162 Right White Matter Thalamus Subthalamic Nucleus Right 
[236
] 

1182 Right White Matter Thalamus Thalamus Right 
[178
] 

892 Right White Matter Corpus Callosum Corpus Callosum and Associated Subcortical White Matter 
Right [182

] 
912 Right White Matter Internal Capsule Descending Corticofugal Pathways Right 

[186
] 

932 Right White Matter Peripheral Nerves Facial Nerve Right 
[166
] 

832 Right White Matter Colliculi Brachium of the Superior Colliculus Right 
[174
] 

872 Right White Matter Colliculi Commissure of the Inferior Colliculus Right 
[176
] 

882 Right White Matter Colliculi Commissure of the Superior Colliculus Right 
[180
] 

902 Right White Matter Inter Hemispheric 
Commisures 

Deeper Layers of the Superior Colliculus Right 
[238
] 

1192 Right White Matter Pons Transverse Fibers of the Pons Right 
[224
] 

1122 Right White Matter Fiber tract Spinal Cord Right 

 
Supplementary Table III. Full list of regions included in the Sigma functional atlas 
Label Hemisphere System Region of interest 
[39] Right Olfactory system Septal nucleus (Triangular) 
[05] Left  Striatal system Posterior lateral striatum 
[16] Left  Striatal system Dorsal Medial Striatum 
[29] Left  Striatal system Accumbens 
[55] Left  Striatal system Striatum 
[14] Right Striatal system Striatum 
[30] Right Striatal system Lateral Accumbens shell 
[57] Right Striatal system Accumbens 
[27] Left  Amygdala Amgydalar nuclei (Central) 
[34] Right Amygdala Amygdala (Central, Basolateral) 
[02] Right Cingular system Cingulate Cortex 
[10] Inter hemispheric Cingular system Cingulate Cortex 1 
[06] Inter hemispheric Cingular system Cingulate Cortex 2 
[07] Inter hemispheric Cingular system Cingulate Cortex 3 
[17] Left  Hippocampus Fomation Cornu Ammonis 1 (transition dorsal ventral) 
[19] Left  Hippocampus Fomation Cornu Ammonis 3 hippocampus 
[40] Left  Hippocampus Fomation Dorsal Dentate Gyrus  
[44] Left  Hippocampus Fomation Subiculum/parasubiculum 
[45] Left  Hippocampus Fomation Cornu Ammonis 1 (Ventral) 
[49] Left  Hippocampus Fomation Parasubiculum 
[33] Right Hippocampus Fomation Subiculum 
[35] Right Hippocampus Fomation Habenular nuclei (medial) 
[42] Right Hippocampus Fomation Dorsal Dentate Gyrus  
[20] Left  Insular system Insular Cortex 
[31] Right Insular system Insular Cortex 
[08] Inter hemispheric Limbic System Prelimbic Cortex 
[54] Left  Olfactory system Piriform Cortex 
[03] Right Olfactory system Piriform Cortex 
[41] Right Olfactory system Intermedial Entorhinal cortex 
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[15] Inter hemispheric Retrosplenial system Retrosplenial Cortex 
[23] Inter hemispheric Retrosplenial system Retrosplenial Cortex 
[46] Inter hemispheric Retrosplenial system Retrosplenial Granular Cortex c 
[53] Inter hemispheric Retrosplenial system Retrosplenial Cortex 
[56] Left  Retrosplenial system Retrosplenial Granular cortex A 
[24] Right Retrosplenial system Retrosplenial Granular Cortex Zone A/Postsubiculum 
[11] Left  Somatosensory system Primary Somatosensory 
[12] Left  Somatosensory system Primary Somatosensory  Cortex (BE) 
[01] Right Somatosensory system Primary Somatosensory 
[04] Right Somatosensory system Primary Somatosensory  Cortex (BE) 
[09] Right Temporal system Temporal Association Cortex 
[58] Left  Visual system Primary Visual Cortex 
[43] Right Visual system Primary and Secondary Visual cortex 
[38] Inter hemispheric Hypothalamus Hypothalamus (para/periventricular/medial/preoptic) 
[50] Inter hemispheric Tegmentum Dorsal Lateral Periaqueductal Gray Left 
[18] Left  Thalamus ventrolateral thalamic 
[26] Right Thalamus posterior thalamic nucleus 
[28] Right Thalamus Medial Mammilary nucleus 
[51] Left  Visual system medial geniculate nucleus 
[32] Inter hemispheric Colliculi Superior Colliculus 
[48] Right Colliculi external cortex inferior colliculus 
[52] Right Colliculi inferior colliculus 
[21] Inter hemispheric Pons Raphe (pallidum/magnun) nuclei 
[22] Inter hemispheric Pons Pontine nuclei 
[13] Left  Pons Pontine reticular/subcoeruleus 
[25] Right Pons Subcoeruleum/pontine reticular nucleu 
[36] Right Pons Raphe/Median(paramedian) pontine reticular nu 
[47] Right Pons Ventral tegmental nucleus 
[37] Left  Tegmentum Interpeduncular nucleus 
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CHAPTER 3 

Characterization of the response to chronic stress in rodents using 

ultra-high field Magnetic Resonance Imaging 
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Chapter Foreword 

The interaction between stress, the individual response and the brain has been studied using different 

assessment techniques, which analyze different components of the response in a variety of contexts; 

however, Magnetic Resonance Imaging (MRI) of rodent models of stress remains fairly underutilized. 

This chapter describes the application of the main resources and conclusions of the previous chapter 

and explores the use of ultra-high field rodent Magnetic Resonance Imaging to study the contrast 

between resistance and susceptible responders to stress. To build this contrast two different design 

strategies will be used: first, we will explore the use of a prospective strategy comparing two different 

genetic strains (the Sprague Dawley and Fisher 344), which are known to respond differently to stress, 

in the sub-chapter entitled “White matter changes in microstructure associated with a maladaptive 

response to stress” published in the journal Translational Psychiatry; second, we will use a set of 

outbred Wistar rats and attempt to retrospectively classify their response through their phenotype after 

exposure to chronic stress. This is described in two chapters, first in the chapter entitled “The dynamics 

of stress: a longitudinal MRI study of the rat brain structure and connectome” published in the journal 

Molecular Psychiatry, and the chapter “A resting-state functional MRI and Spectroscopy study of the 

dorsal hippocampus in the chronic unpredictable stress rat model”, submitted to the Journal of 

Neuroscience. 

With the objective of finding biomarkers capable of identifying and helping explain the different 

responses to chronic stress both sets were imaged using ultra high field MRI, the first using ex-vivo 

diffusion MRI, described in the first part of the chapter, and the second using multimodal in-vivo 

imaging in the second and third parts of the chapter. 
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ORIGINAL ARTICLE

White matter changes in microstructure associated with a
maladaptive response to stress in rats
R Magalhães1,2,3,9, J Bourgin1,4,5,9, F Boumezbeur6, P Marques1,2,3, M Bottlaender6, C Poupon6, B Djemaï6, E Duchesnay6, S Mériaux6,
N Sousa2,3, TM Jay1,4,5,10 and A Cachia1,4,7,8,10

In today’s society, every individual is subjected to stressful stimuli with different intensities and duration. This exposure can be a key
trigger in several mental illnesses greatly affecting one’s quality of life. Yet not all subjects respond equally to the same stimulus and
some are able to better adapt to them delaying the onset of its negative consequences. The neural specificities of this adaptation
can be essential to understand the true dynamics of stress as well as to design new approaches to reduce its consequences. In the
current work, we employed ex vivo high field diffusion magnetic resonance imaging (MRI) to uncover the differences in white
matter properties in the entire brain between Fisher 344 (F344) and Sprague–Dawley (SD) rats, known to present different
responses to stress, and to examine the effects of a 2-week repeated inescapable stress paradigm. We applied a tract-based spatial
statistics (TBSS) analysis approach to a total of 25 animals. After exposure to stress, SD rats were found to have lower values of
corticosterone when compared with F344 rats. Overall, stress was found to lead to an overall increase in fractional anisotropy (FA),
on top of a reduction in mean and radial diffusivity (MD and RD) in several white matter bundles of the brain. No effect of strain on
the white matter diffusion properties was observed. The strain-by-stress interaction revealed an effect on SD rats in MD, RD and
axial diffusivity (AD), with lower diffusion metric levels on stressed animals. These effects were localized on the left side of the brain
on the external capsule, corpus callosum, deep cerebral white matter, anterior commissure, endopiriform nucleus, dorsal
hippocampus and amygdala fibers. The results possibly reveal an adaptation of the SD strain to the stressful stimuli through
synaptic and structural plasticity processes, possibly reflecting learning processes.

Translational Psychiatry (2017) 7, e1009; doi:10.1038/tp.2016.283; published online 24 January 2017

INTRODUCTION
Stress is a major risk factor to the development of severe mental
illnesses, including major depression, anxiety,1,2 bipolar disorders
and schizophrenia (for review, see Walker et al.3 ) and overall one
of the more common factors in eliciting dynamic changes in
brain states.4 Stress is known to trigger the activation of the
hypothalamus–pituitary–adrenal axis, culminating in the produc-
tion of glucocorticoids by the adrenals5,6 that will in turn generate,
depending on the individual and the stress stimulus character-
istics, adaptive or maladaptive psychoneuroendocrine responses
to the stressful stimulus.7 In patients with major depressive
disorder, dysregulation of the hypothalamus–pituitary–adrenal
axis elicits specific and long-lasting functional and structural
changes on a network of regions encompassing the hippo-
campus,8–10 the medial prefrontal cortex11,12 and amygdala.13,14

Subjects with ultrahigh risk for psychosis are particularly sensitive
to social stress, life events and daily hassles, which have the
potential to trigger psychiatric symptoms; they have an increased
basal cortisol level15,16 and a smaller hippocampal volume.17,18

Moreover, stressful life events in non-psychiatric subjects are
associated with a gray matter volume decrease in a network

encompassing the anterior cingulate cortex, the hippocampus and
the parahippocampal gyrus that was observed within a 3-month
period.19

Animal models have confirmed the drastic effects that stress
can have on the brain, including changes in dendritic trees,
synaptic plasticity inhibition in the hippocampus and the
hippocampal-to-prefrontal pathway,12,20,21 decreased neurogen-
esis in the hippocampus22 and apoptosis, involving corticosteroids
and glutamate receptors.23 Taken together, these findings support
the effect of stress on structural changes within networks of
spatially distributed gray matter regions.
In addition to these regional changes, increasing evidence

suggests that stress may also disrupt the structural and functional
connectivity within neural networks.24–28 Diffusion magnetic
resonance imaging (dMRI) is an advanced technique for examin-
ing white matter (WM) anatomy providing insights on the
pathway microstructure within neural networks.29 A commonly
used feature in dMRI studies is fractional anisotropy (FA), which
estimates the degree to which tissue organization limits diffusion
of water molecules in brain WM.30 In animals, different recent
dMRI studies investigated changes in diffusion signal associated to
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chronic stress exposure. Delgado y Palacios et al.31 were the first to
report the effects of stress using in vivo dMRI in rats: using
diffusion kurtosis imaging (DKI), hippocampus microstructure was
revealed to be altered in chronically stressed rats, independently
of the hedonic state. More recently, the same team evaluated the
mean kurtosis in the PFC, caudate–putamen (CPu) and amygdala
in anhedonic-like and resilient rats and found a decrease in the
CPu in the anhedonic-like.32 In addition, using a similar chronic
mild stress (CMS) model, Kumar et al.33 showed increases in axial
diffusion (AD) and radial diffusion (RD) specifically in the CPu and
the amygdala of stressed rats. Another study using in vivo dMRI
showed an increase in the mean diffusion (MD) in the lateral
ventricles of chronically stressed rats, although no other changes
were found.27 Finally, using a mice and a social defeat stress
paradigm, Anacker et al.28 have shown correlations between
diffusion metrics and social avoidance correlating positively with
FA in the hypothalamus and hippocampus.
Here, we used dMRI and the tract-based spatial statistics (TBSS)

approach34 adapted to brain rat to investigate the WM
microstructure on the entire brain. We selected two strains of
rats, Fischer 344 (F344) and Sprague–Dawley (SD), known to have
differential response to stress,35,36 and compared their WM
microstructure, assessed by four complementary dMRI measures
(FA, MD, AD and RD), after exposure to repeated inescapable
stress. Repeated exposure to the same stressor very often results
in habituation, which leads to a decrease in the hypothalamus–
pituitary–adrenal axis response.37 In contrast to SD rats, F344 rats
show virtually no habituation or adaptation of the corticosterone
stress response during repeated stress but an exaggerated acute
stress-induced corticosterone secretion35,36 and increased anxiety-
related behaviors38 with increased amygdala volume.39 Such a
design allowed studying the effect, but also the responsivity, to
stress.

MATERIALS AND METHODS
Animals
Experiments were performed with male adult SD (n=14) and Fisher 344
(F344; n= 14) rats (Charles River, Saint-Germain-sur-l'Arbresle, France) at
8 weeks’ age (average of 200 g for SD and 180 g for F344). Rats were
housed in groups of two animals with ad libitum access to food and water
and maintained in a temperature-controlled room, with a light/dark cycle
of 12/12 h (lights on at 0600 hours). For each strain, rats were randomly
assigned to stressed (N=14) and non-stressed (N= 14) groups. Two
animals of the SD strain of the control group were killed before the end of
the 2 weeks. The protocols have been approved by the Comité d´ Éthique
en Expérimentation Animale du Commissariat à l´ Énergie Atomique et aux
Energies Alternatives—Direction des Sciences du Vivant Ile de France (CETEA/
CEA/DSV IdF) under protocol ID 12-058. All procedures were conducted in
conformity with National (JO 887–848) and European (86/609/EEC) rules
for animal experimentation.

Stress protocol
The behavioral stress protocol has been previously described elsewhere.20

Briefly, rats were placed on an elevated and unsteady platform for 30 min.
The platform was positioned 1 m above the ground and illuminated with a
high-intensity light source (1500 Lux). While on the platform, animals
showed urination, defecation, grooming and freezing. This inescapable
stress exposure (called a session) was repeated daily during 15 days
between 0900 and 1200 hours.40 We measured corticosterone levels for all
animals in control condition and after the end of the stress session.
Animals were randomly chosen to be stressed or not. This protocol was
chosen as we previously demonstrated that it causes with a similar sample
size a disruption of synaptic plasticity in the hippocampal-to-prefrontal
cortex pathway20 and changes in regional brain volumes that are
associated with an increase in plasma corticosterone levels.39

Corticosterone immunoassay
The plasma level of corticosterone was assessed as a biomarker of stress in
all experiments. Blood samples were collected from the tail under quick
anesthesia in basal conditions on day 0 (D0) and 10 min after the end of
the stress session at different times (acute stress: D1; repeated stress: D15)
for the group exposed to stress. Blood samples for the control group were
taken at D15. Anesthesia was induced with 5% isoflurane mixed with
oxygen, using a calibrated vaporizer maintained at 2% during the
sampling. Samples were centrifuged at 1000 g for 15 min, and serum
stored at − 20 °C. Plasma corticosterone was assessed by immunoassay
(Corticosterone Immunoassay, Enzo Life Sciences, Villeurbane, France).

Tissue preparation
Twenty-four hours after the last day of repeated inescapable stress or after
daily handling in control animals, rats were anesthetized with sodium
pentobarbital (100–150 mg kg− 1, intraperitoneally (i.p.)), followed by
intracardiac perfusion with physiological NaCl solution and 4% cold
paraformaldehyde in 0.01 M phosphate-buffered saline (pH= 7.4). After
perfusion, the brain was harvested maintaining integrity and stored in 4%
PFA in phosphate-buffered saline at 4 °C. Before MRI, the brains were
washed into phosphate-buffered saline for 24 h to remove the fixation
solution and then placed into a custom-built MRI-compatible tube. The
tube was filled with Fluorinert, an MRI susceptibility-matching fluid (Sigma-
Aldrich, St Louis, MO, USA).

Acquisition of diffusion MRI data
Diffusion ex vivo data with high spatial and angular resolution were
acquired to quantify the subtle changes in the WM microstructure within
the entire rat brain. The ex vivo MRI acquisitions were performed on a 7 T
preclinical scanner (PharmaScan, Bruker, Ettlingen, Germany) using a
home‐made quadrature birdcage coil (inside diameter = 28 mM). Diffusion
images were acquired using a Spin-Echo Multi Shot Echo Planar Imaging
(repetition time (TR) = 26 s, echo time (TE) = 29 ms, 90° excitation pulse
followed by a 180° refocusing pulse, 4 segments, 4 averages, total
time= 24 h16 m 03 s). One hundred four interleaved slices with 0.25 mM

thickness were acquired, with a matrix size of 106× 106, a field-of-view of
25.44× 25.44 mM and an in-plane resolution of 0.24× 0.24 mM. Following
10 acquisitions with no diffusion sensitization (b=0 s mm−2), diffusion-
weighted images were acquired along 200 noncollinear directions
(b= 4000 s mm−2). The physicist performing the MRI acquisition was blind
to the group allocation (stress versus no stress).

Preprocessing of diffusion MRI
The dMRI images were reconstructed using an in-house script and visually
inspected for brain lesions and artefacts, after which two subjects (one
F344 and one SD from the control group) were excluded because of the
presence of artefacts. All the data were pre-processed using the FMRIB
Software Library41 (FSL, http://fsl.fmrib.ox.ac.uk/fsl/) v5.0.6 using the
following steps: bias field correction using FAST,42 correction of the field
inhomogeneity, estimated from b0 images, on all volumes; eddy current
distortions and movement correction with fsl ‘eddy_correct’ command-line
tool (the first volume without diffusion sensitization was chosen as the
reference volume for the affine registration); segmentation of the brain
signal using BET:43 BET was applied to the mean of the images without
diffusion sensitization, with the resulting mask being applied to all
volumes. The gradient vector directions were rotated for each subject
according to the eddy correct output.44

Tensor fitting and scalar maps were calculated using FSL FDT ‘dtifit’
command line45,46 using the corrected vector directions. These maps were
used to obtain the FA, AD, MD and RD maps (see Figure 1). These indexes
derived from dMRI provide complementary information of WM micro-
structure. Although discussed, FA is classically considered to reflect the
degree of myelination and axonal density.47–50 AD measures diffusivity
parallel to axonal fibers and AD decreases are thought to reflect pathology
of the axon itself, such as from trauma or ischemic changes.47 RD measures
diffusivity perpendicular to axonal fibers and appears to be more strongly
correlated with myelin abnormalities, like demyelination, as observed in
multiple sclerosis.51

TBSS
Whole-brain voxel-based statistical analysis was performed using the TBSS
approach34 distributed as part of FSL adapted to the rat brain. The FA maps
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of all subjects obtained in the tensor-fitting step were aligned into a
common space using a study-dedicated template and the nonlinear
registration tool FNIRT.52 The template was defined as the most
representative animal, calculated during the TBSS pipeline as the one that
minimizes transformations. Next, all the FA images were averaged and

thinned in order to create the mean FA skeleton. A threshold of 0.3 was
applied to this skeleton in order to restrict the analysis to the WM tracts,
and thus defining the final voxels for analysis. The AD, MD and RD maps of
all animals were then warped into this skeleton map using the nonlinear
transformations previously calculated for the FA maps.

Figure 1. Representative image of the diffusion MRI data (b0 map) and diffusion metrics (FA, MD, RD, AD) in a rat brain. AD, axial diffusivity; FA,
fractional anisotropy; MD, mean diffusivity; MRI, magnetic resonance imaging; RD, radial diffusivity.

Figure 2. Three-dimensional reconstructions of the white matter skeleton used for TBSS analyses (lateral and top views). White matter tracts
were color-coded based on the Paxinos and Watson atlas.54 TBSS, tract-based spatial statistics.
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Figure 3. Plasma levels of corticosterone (mean± s.d.) obtained in control and after stress in F344 and SD rats. (a) Longitudinal data at baseline
(D0), after acute stress (D1) and after chronic stress (D15). (b) Comparison between strains before stress (D0) and after chronic stress (D15).
Significance levels: *Po0.05, ***Po0.001. F344, Fischer 344; SD, Sprague–Dawley.

Figure 4. White matter tracts with microstructural differences between control rats and stressed rats. Top panel represents an axial brain slice
with voxels with significant main effect of stress (red–yellow scale) superimposed on the white matter skeleton used for TBSS analyses. Bottom
panel provides histogram of white matter tracts microstructure (FA, MD or RD) in control (black) and stressed (light gray) rats. Only tracts with
significant main effect of stress on FA (a), MD (b) or RD (c) are represented. For illustration purpose, the tracts were slightly dilated. FA,
fractional anisotropy; MD, mean diffusivity; RD, radial diffusivity; TBSS, tract-based spatial statistics.
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Statistical analysis for the skeletonized maps of FA, AD, MD and RD
was performed using the ‘randomise’ fsl command-line tool, yielding a
non-parametric test based on randomization methods. A total of 10 000
random permutations were used with threshold-free cluster
enhancement,53 and multiple comparison corrections for family-wise error
results were considered significant at Po0.05. Six different contrasts were
calculated, testing for the effect of stress (‘Stress4No stress’; ‘StressoNo
stress’), strain (‘SD4F344’; ‘SDoF344’) and stress-by-strain interaction.
Labeling of significant clusters in the FA skeleton was based on the

standard Paxinos and Watson atlas54 and cross-validated by visual
inspection (Figure 2). Descriptive statistics were then calculated separately
for each WM bundles.

RESULTS
Corticosterone plasma level
As expected, we found a significant main effect of stress on
corticosterone plasma levels (F(25, 1) = 54.87, P= 2.7× 10− 7) after
chronic stress exposure (increase) in both strains ((SD rats: n= 6,
197 ± 65.34 ng ml− 1 and F344 rats: n= 8, 273.75 ± 59.50 ng ml− 1)
when compared with non-stressed rats (SD rats: n= 6,
63.66 ± 41.86 ng ml− 1 and F344 rats: n= 6, 92.50 ± 44.01 ng ml− 1).
There was also a significant difference between the two strains
after 15 days of stress exposure with a higher plasma corticoster-
one level in F344 rats compared with SD rats (T(11) = 2.18, P= 0.02;
Figure 3). There was no variance difference in corticosterone
plasma levels between strains (SD versus F344) in control and
stressed animals nor difference between conditions (stress versus
no stress) in SD and F344 (Fligner–Killeen non-parametric test of
homogeneity of variances, all P-values40.2).

White matter microstructure
The final number of animals involved in the analysis was as
follows: 11 SD rats (four control and seven stressed) and 13 F344
(six control and seven stressed).
The WM skeleton in which statistical tests were conducted was

constituted by a total of 6254 voxels. All the statistical tests were
done with 23 degrees of freedom.
TBSS analyses revealed no significant main effect of strain

(‘F344’ versus ‘SD’) in FA, AD, MD or RD maps (Pcorrected40.05).
In contrast, we found a main effect of stress (‘control’ versus

‘stress’) in several WM bundles, with increased FA (peak
T-value = 5.720, peak-corrected P-value = 0.012, cluster size of
3126 voxels) and decreased RD (peak T-value = 4.621, peak-
corrected P-value = 0.011, cluster size of 3480 voxels) and MD
(peak T-value = 4.598, peak-corrected P-value = 0.037, cluster size
of 1515 voxels) in stressed animals compared with controls
(Figure 4). These stress-related differences were distributed over
the entire brain and involved WM bundles in posterior and
anterior areas, on both hemispheres (Table 1).
Finally, significant strain-by-stress interactions were found in

MD, RD and AD maps (Figure 5), with a stress-related decrease in
SD rats and an absence of change in F344 rats. Significant
interactions involved WM bundles in the left hemisphere and
included the following: the corpus callosum (cc), external capsule
(ec) and deep cerebral WM (dcw) for MD, RD and AD measures;
the anterior commissure (ac), dorsal and intermediate endopiri-
form nucleus (DEn/IEn) and amygdala for MD and RD measures;
and dorsal hippocampus commissure (dhc) on MD. All statistics
related to these results can be found on Table 2.

DISCUSSION
This diffusion MRI study reveals that 15 days of repeated exposure
to the same inescapable stressor in rats leads to microstructural
WM changes—increased FA and decreased MD and RD—of
several WM bundles distributed in the entire brain. Furthermore,
differential stress effects were observed in SD and F344 rat strains,

which are known to have a different behavioral and physiological
habituation to repeated stress.35,36

Several WM bundles reported in this study (including amygdala
fibers, dcw, DEn/IEn fibers, dorsal hippocampus, fimbria of the
hippocampus, external capsule and corpus callosum) connect
brain areas associated with emotion formation and processing,
attention, and learning and memory.14,55–57 Of note, some of
these bundles interconnect the hippocampus (dhc and fi) or
connect the hippocampus to the amygdala, prefrontal cortex and
anterior thalamic nuclei (ec, cc, StrlCg and dcw), regions
consistently reported to be affected by stress.7,9,10,12,14 Changes
found in ac, proximal to the olfactory bulb and in Denien58

may indicate a stress-related alteration in sensory circuits,
possibly because of a readjustment of the perception of their
surroundings.
To our knowledge, this is the first study to show the effects of

repeated acute stress exposure in two strains with different stress
sensitivity and habituation. Indeed, we show decreased MD, RD
and AD in several brain bundles in SD rats, whereas no such
differences were observed in F344 rats. This is particularly relevant,
as SD rats were able to adjust their stress response to the repeated
exposure to acute stress (resilience), therefore, showing an
adaptive response that may be triggered by the acquisition of
coping mechanisms that are paralleled by the decreases in MD, RD
and AD, despite the overall increase in FA. In contrast, F344
(nonresilient) rats, which display a maladaptive response, do not
reveal significant changes in these parameters. These findings
suggest that differential response to repeated acute stressors may
be revealed by or are associated with the ability to trigger
structural plastic events in WM.
A few preclinical dMRI studies previously reported measurable

effects of stress on several brain regions, and in all cases
addressing the impact of chronic stress. Indeed, a significant
decrease in the mean and radial kurtosis in the hippocampus was
detected following CMS in rats.31 More recently, the same team
reported significant stress-related increases in AD and RD in the
CPu and in the amygdala, respectively, along with a mean kurtosis
decrease in the CPu in anhedonic-like animals compared with
resilient animals.32 Such effects were interpreted as the result of

Table 1. Abbreviations of the white matter tracts investigated in the
study

Abbreviation White matter tract

ac Anterior commissure
amygfib Amygdala fibers
cc Corpus callosum
dcw Deep cerebral white matter
denien Dorsal and intermediate endopiriform nucleus fibers
dhc Dorsal hippocampus commissure
ec External capsule
fi Fimbria of the hippocampus
ic Internal capsule
inwh Intermediate white layer
lovo Lateral orbital cortex/ventral orbital cortex
mfb Medial forebrain bundle
nsplh Nigrostriatal bundle/peduncular part of the lateral

hypothalamus
nv Navicular nu basal forebrain
opt Optic tract
optot Olivary pretectal nu/nu of the optic tract
prlcg Prelimbic cortex/cingulate cortex
strfibers Striatum fibers
strmlfr Superior thalamic radiation/medial lemniscus/

fasciculus retroflexus

White matter tracts were labeled based on the Paxinos and Watson atlas.54

White matter microstructure and response to stress
R Magalhães et al

5

Translational Psychiatry (2017), 1 – 9



 

Figure 5. White matter tract changes in microstructure associated with maladaptative response to stress. Interaction graphs provide the mean
values of white matter tract microstructure - FA (a), MD (b) or RD (c) - in control (black) and stressed (light gray) animals, in F344 (circles with
solid lines) and SD (squares with dotted lines) rats. ac, anterior commissure; amygFib, amygdala fiber; cc, corpus callosum; dcw, deep cerebral
white matter; denien, dorsal and intermediate endopiriform nucleus fiber; dhc, dorsal hippocampus commisure; ec, external capsule;
FA, fractional anisotropy; F344, Fischer 344; MD, mean diffusivity; RD, radial diffusivity; SD, Sprague–Dawley.
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axonal degeneration and demyelination within WM bundles with
disrupted microstructural spatial coherence. A FA decrease
interpreted as a potential loss of myelin sheath was also found
in the corpus callosum, bilateral frontal cortex and bilateral
hypothalamus in rats after a similar CMS protocol.33

Such contrasting results are likely to reflect the temporal
dynamics of the stress response (and its successful, or not,
adaptation). Yet, we cannot exclude that other methodological
differences may also explain the difference in FA change direction,
including the stress paradigm (repeated acute stress versus CMS),
image acquisition (in vivo dMRI versus ex vivo data with higher
spatial resolution and higher signal-to-noise ratio) or image
analysis (measure in a priori preselected regions of interest,
mostly within gray matter structures versus voxel-wise analysis on
the whole WM tracts).
Increased WM FA has been repeatedly associated to learning59–

61 via neuronal plasticity processes (for example, synaptogenesis
and dendritic branching) and glial remodeling (for example,
modification of astrocyte processes).62 An increased FA was found
in the corpus callosum after a spatial learning task and such
increase was supported by significant increases in immune
reactivity for a myelin marker, suggesting an increase in the
cellular organization and packing of axons or myelin.59,63 More
recently, TBSS analysis also revealed higher FA in skilled learning

rats in comparison with control64 that could be explained by
increases in myelination. On the other hand, a reduction in MD
was found in both rat hippocampi before and after learning a
hippocampal-dependent spatial navigation task.61 Data from both
human and animal studies indicate the potential for rapid changes
in dMRI indices,61,65 suggesting changes in structural plasticity in
specific brain regions. The patterns of FA increase/RD decrease are
likely related to a tissue density increase due to reshaping of
neuronal or glial processes, and/or enhancement of tissue
organization, including strengthening of axonal or dendritic
backbones and surrounding tissue.66 Myelination, known to be
modified by experience and maturation,67,68 may also partly
explain the RD decrease observed in the stressed rats as RD
increases have previously been associated with demyelination
processes.69,70 Of note, an activity-dependent myelination has
been recently proposed in a human study of motor training,
where the FA change in WM was accompanied by adjacent gray
matter density alterations.71

This study presents some limitations that should be considered.
Here the susceptible/resilient differences are achieved by using
different strains. We cannot discard the possibility that the
mechanisms that lead to different responses to stress within a
single strain are different, or if the results found are specific to the
SD strain, making its generalization harder. In addition, corticos-
terone was the only measure used to access the stress response,
and although it is known to be one of the more representative
markers of stress, the use of complementary behavioral assess-
ment could be beneficial. Other limitations include the lack of
direct histological correlations between DTI indices and morpho-
logical markers due to the exclusive ex vivo approach. In vivo
longitudinal measurements would have allowed comparisons
before and after stress, however, at the expense of signal-to-noise
ratio and diffusion MRI spatial and angular resolution.
To conclude, we identified microstructural changes in the key

WM tracts like the corpus callosum and the amygdala fibers linked
to the frontolimbic circuitry with a functional relevance for
cognitive performance and emotional response. Our data
demonstrate that SD rats able to adjust to repeated exposure to
an acute stress leads to significant changes in dMRI indices. These
changes are not well understood, but we demonstrate that dMRI
may offer a novel measure of microstructural remodeling
occurring in response to stress to further explore the neural basis
of adaptive and maladaptive response to stress in rodents and
provide quantitative biomarkers to evaluate novel treatments to
the protection of stress effects.
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The dynamics of stress: a longitudinal MRI study of rat brain
structure and connectome
R Magalhães1,2, DA Barrière3, A Novais1,2, F Marques1,2, P Marques1,2, J Cerqueira1,2, JC Sousa1,2, A Cachia3,4,5,6, F Boumezbeur7,
M Bottlaender7, TM Jay3,4,8, S Mériaux7 and N Sousa1,2

Stress is a well-established trigger for a number of neuropsychiatric disorders, as it alters both structure and function of several
brain regions and its networks. Herein, we conduct a longitudinal neuroimaging study to assess how a chronic unpredictable stress
protocol impacts the structure of the rat brain and its functional connectome in both high and low responders to stress. Our results
reveal the changes that stress triggers in the brain, with structural atrophy affecting key regions such as the prelimbic, cingulate,
insular and retrosplenial, somatosensory, motor, auditory and perirhinal/entorhinal cortices, the hippocampus, the dorsomedial
striatum, nucleus accumbens, the septum, the bed nucleus of the stria terminalis, the thalamus and several brain stem nuclei. These
structural changes are associated with increasing functional connectivity within a network composed by these regions. Moreover,
using a clustering based on endocrine and behavioural outcomes, animals were classified as high and low responders to stress. We
reveal that susceptible animals (high responders) develop local atrophy of the ventral tegmental area and an increase in functional
connectivity between this area and the thalamus, further spreading to other areas that link the cognitive system with the fight-or-
flight system. Through a longitudinal approach we were able to establish two distinct patterns, with functional changes occurring
during the exposure to stress, but with an inflection point after the first week of stress when more prominent changes were seen.
Finally, our study revealed differences in functional connectivity in a brainstem–limbic network that distinguishes resistant and
susceptible responders before any exposure to stress, providing the first potential imaging-based predictive biomarkers of an
individual’s resilience/vulnerability to stressful conditions.

Molecular Psychiatry advance online publication, 5 December 2017; doi:10.1038/mp.2017.244

INTRODUCTION
Stress is an essential component of life, as every living organism
has to continuously face challenges. However, there is a
remarkable repertoire and heterogeneity in the way each
individual responds to stressful conditions.1–3 These contrasting
patterns of responses reveal whether the stress exposure
triggered a positive adaptation or a detrimental maladaptive
process.4 Whereas the first will be critical to re-establish home-
ostasis, the latter is known to trigger deleterious effects across
different parts of the organism, including the central nervous
system. These deleterious effects may help explain the develop-
ment of psychopathologies such as major depression, anxiety and
posttraumatic stress disorders.2,5–8 Finally, the role of various
factors such as prenatal and early-life exposure to stress,9–11

personality traits,12–14 epigenetic mechanisms13,15 and the
microbiome16–18 as modulators of the response to stress should
not be neglected.
The impact of stress in the brain has been studied at different

levels: from the molecular19–21 to the cellular22–24 to the network
levels.25–27 However, so far, mainly as a result of technical
limitations, studies designed to assess the impact of stress upon
the central nervous system have only provided a snapshot
perspective of what happens in a particular moment in time
and, thus, preclude the understanding of the dynamics of the

shifts that occur in individuals exposed to prolonged stressful
conditions. To the best of our knowledge, a single study has used
resting-state functional magnetic resonance imaging (MRI) to
characterize an animal model of chronic stress;26 in this study an
increased functional connectivity was found within somatosen-
sory, visual and default mode networks in stressed animals. Two
other studies have associated differentiated responses to stress
(resilient or susceptible) with different changes in volume and
fractal anisotropy in several brain regions using both mouse and
rat models and ex vivo MRI.28,29 Areas reported to be altered
include modulators of the hypothalamic–pituitary–adrenal axis
(hippocampus and bed nucleus of stria terminalis) and areas
related to the development of depressive-like behaviour and fear
management (raphe nuclei and periaqueductal grey matter
(PAG)).
Revealing the mechanisms that underlie the development of

vulnerability or resistance to stress is crucial for the development
of new treatments for stress-related disorders of the brain.2 On the
other hand, identifying imaging markers that detect susceptibility
to the adverse effects of stress would facilitate clinical practice and
outcomes,30 by allowing earlier interventions.
In the present study, we designed a longitudinal and multi-

modal approach to assess the dynamics of the changes triggered
by stress exposure in the structure and in the resting-state
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functional connectome of the rat brain. Moreover, and having in
mind the heterogeneity in the stress response of different
individuals, we categorized animals exposed to stress in high
and low responders based on a composite of behavioural and
endocrine longitudinal assessment. Such approaches allowed us
to determine: (1) the temporal dynamics of the impact of stress
exposure on the structure and functional connectome of the rat
brain; (2) the contrasting pattern of changes in networks
and nodes between high- and low-stress responders; (3) the
temporal dynamics of adaptive versus maladaptive shifts and (4)
the pre-existing patterns of the neuromatrix (an aggregate of
neurons that works as a self sustained system and as a dynamic
network31,32) that would predict a differential response to stress
exposure.

MATERIALS AND METHODS
Animal groups and experimental design
A total of 72 male Wistar rats with 8 weeks of age (Janvier, Le Genest-St-
Isle, France) were housed in groups of two in standard laboratory
conditions (lights on: 0700 to 1900 h; ± 22 °C of temperature; relative
humidity of 55%) and had ad libitum access to food and water. Animals
were divided into 2 sets: set one with 40 animals (25 stress+15 controls)
was assessed after 21 days of stress; set two with 32 animals (24 stress+8
controls) was assessed at 3 time-points: before stress (day 0); after a week
of exposure to stress (day 7); and after 3 weeks of exposure to stress (day
21). Because of the novelty of the methods applied no power analysis was
possible to be conducted. The sample size was chosen by considering
previous published work using rat MRI and previous stress characterization
studies. Animals assigned to the stress group were exposed to a chronic
unpredictable stress (CUS) protocol for a period of 3 weeks. Assessment
included a measure of anxiety-like behaviour (time spent in the open arms
of the elevated plus maze (EPM)), blood corticosterone levels and in vivo
MRI at various intervals. All assessments were conducted on consecutive
days in the order described. To avoid a possible impact of circadian
rhythms, the order by which the animals were assessed was randomized
along the days. For further information regarding the stress protocol,
corticosterone quantification and behaviour, see Supplementary
Information.
All experiments were performed in accordance with the recommenda-

tions of the European Union Directive (2010/63/EU) and the French
legislation (Decree no. 87/848) for use and care of laboratory animals. The
protocols have been approved by the Comité d’Éthique en Expérimenta-
tion Animale du Comissariat à l’Énergie Atomique et aux Énergie
Alternatives–Direction des Sciences du Vivant Île de France (CETEA/CEA/
DSV IdF) under protocol ID 12-058.

MRI acquisitions
MR examinations were done with a preclinal BioSpec 11.7T scanner
(Bruker, Ettlingen, Germany) running on Paravision 6.0. A 72 mm diameter
volume coil used for transmission and a 4-channel phased array surface
coil for reception. The scanning protocol consisted in acquiring a resting-
state functional MRI data set using a multi-shot spin-echo echo planar
imaging sequence with the following parameters: interleaved acquisition
with 3 segments, repetition time (TR) = 2000 ms, echo time (TE) = 17.5 ms,
flip angle (FA) = 90°, 450 repetitions, acquisition matrix = 20× 64× 64, slice
thickness = 0.75 mm, inter slice gap= 0.2375 mm and in plane resolution of
0.375× 0.375 mm2, for a field of view (FoV) of 24× 24× 19.75 mm3. To
reduce the possible effects of anaesthesia during resting-state functional
MRI, the level of isoflurane was adjusted so as to maintain the breathing
rate between 70 and 80 breaths per min. To reduce artefacts resulting from
breathing movements, a trigger was used so that data were only acquired
during the stable stages of the breathing wave. In addition, a T2-weighted
RARE (rapid imaging with relaxation enhancement) anatomical image was
acquired with the following parameters: turbo-factor = 16, TR = 1500 ms,
TE = 5.5 ms, 1 repetition, acquisition matrix = 192× 192 with 48 sagittal
slices, slice thickness = 0.3 mm, in-plane resolution of 0.15× 0.15 mm2 and
a FoV of 28.8× 14.4× 28.8 mm2 covering the entire brain. All the data were
reconstructed using in-house developed Matlab (version 7, http://math
works.com) scripts and saved in Nifti format. To ease its use with the
different software, the voxel size was multiplied by a factor of 10,
corresponding to a voxel size of 1.5× 1.5× 3 mm3.

Statistics, clustering and data analysis
Analysis of endocrine and behaviour data was done using IBM SPSS
Statistics (v22, http://www.ibm.com/analytics/us/en/technology/spss/spss.
html). The normality assumption of all data was verified and subjects with
values diverging more than 3 s.d. from the group average were excluded.
One control animal from set 1 and three stressed animals (two from set 1
and one from set 2) were excluded. All the data were normalized by
transformation into z-scores. To classify the animals according to their
response to stress after exposure to the 21 days of CUS protocol, a k-means
clustering algorithm was used inputting the corticosterone levels and the
anxiety behaviour marker (time spent in the open arms of the EPM). This
algorithm iteratively groups the animals, by creating k initial centroids and
assigning each animal to the closest centroid and then iteratively re-
calculating the centroids from the mean of its assigned animals and re-
assigning the animals to each centroid until there are no more changes
between iterations. Two cluster centres were used. This allowed us to
further divide the stressed animals into high responders (expected high
levels of corticosterone and low time spent in the open arms) and low
responders (expected low levels of corticosterone and high time spent in
the open arms). Comparison between different stress responders and
control animals was done using independent samples t-test.
For the MRI data, the final groups were made of 21 (13+8, for set one

and set two, respectively) controls and 40 CUS. The CUS were further
divided into 10 high responders and 10 low responders for set one, and
6 high responders and 14 low responders for set two. For structural MRI
data a voxel-based morphometry analysis was conducted. Voxels
minimum significance was set as Po0.005 and Po0.05 at the cluster
level, corrected for the family-wise error (FWE). For resting-state
functional MRI data, a network-based statistics approach was employed
using a connection threshold of Po0.005 and Po0.05 at the network
level through the network-based statistics approach that corrects for
the false discovery rate. We will focus on the result description and
discussion on the key hubs of these networks. Hubs are here defined
as nodes in the network to which a larger number of significantly
affected edges connect when compared with other affected nodes.
Without these hubs the affected network would not exist and so they
are key in mediating the effects under evaluation. For further details
regarding the pre-processing and analysis of MRI data please check the
Supplementary Information.

RESULTS
The impact of stress on the neuromatrix
Comparing controls with animals exposed to 21 days of a CUS
protocol, we confirmed that, as compared with controls, stressed
animals displayed increased plasma levels of corticosterone
(t= 5.126, d.f. = 39, Po0.0001 and h= 8.36 95% confidence
interval (CI) = (6.44–10.29), Figure 1a) and anxious-like behaviour
as they displayed reduced open-arm exploration in the EPM
(t= 2.21, d.f. = 39, P= 0.033 and h= 2.96 95% CI = (1.99–4.00),
Figure 1b), as assessed in the 2 days preceding the scanning
procedures. These results illustrate the overall bioefficacy of the
stress protocol used in this study.
Using a voxel-based morphometry approach, we found that

21 days of stress exposure led to a decreased volume of the
prelimbic, cingulate, insular, retrosplenial, somatosensory, motor,
auditory and perirhinal/entorhinal cortices, the dorsomedial
striatum, nucleus accumbens, the septum, the bed nucleus of
stria terminalis, the thalamus (anteromedial, anteroventral, med-
iodorsal, paraventricular posterior), the hippocampus, the med-
iothalamic tract and mammillary peduncle, the PAG, the
interpeduncular, ventral cochlear, trigeminal and facial nuclei
(Figures 1c and e; see Supplementary Table 1a for full list of
significant FWE-corrected clusters). In addition, we found the
overall volume growth of the brain in these subjects (see
Supplementary Table 1) to be significantly lower in animals
exposed to 21 days of stress.
The analysis of the functional connectome after 21 days of

exposure to stress revealed a network that displays increased
functional connectivity in the stressed animals (d.f. = 31, P= 0.029,
h= 1.27 ± 0.20 95% CI = (1.20–1.35), 13 connections; Figures 1d
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and 1f; all statistics available in Supplementary Table 3). Two of the
internal sub-networks involve brain stem nodes: one links a node
involving pontine regions that include the reticular and locus
coeruleus/nucleus subcoeruleus (node no. 54) with the cingulate
(nos. 3 and 57) and the left primary somatosensory cortices (no.
27), and the other involving the link between the raphe (no. 36)
with bilateral primary somatosensory cortices (nos. 15 and 27). The
increased connectivity between the thalamus (no. 46) and the
hypothalamus (no. 56) is also worth noting, as well as with the
prelimbic region of the medial prefrontal cortex (no. 45); the latter
has also increased connectivity with the hippocampus (no. 20) and
with the retrosplenial cortex (no. 11). Finally, there was an
increased connectivity between habenular (no. 52) and amygdalar
(no. 37) nodes.

Patterns of stress responses in high and low responders
Next, and given that the response to stress is heterogeneous among
distinct individuals (Figures 1a and b), we further categorized the
animals’ response in two contrasting patterns: high and low
responders. For this purpose we used a composite of behavioural
(time spent in the open arms) and endocrine (concentration of
corticosterone in plasma) data to cluster the animals. The use of this
composite allows a more complex separation as not all animals with
behaviour deficits present a strong hormonal response, and vice
versa. This strategy (a k-means clustering, see Supplementary Table 4
for further statistics) allowed us to subdivide the stressed animals in 2
subgroups of 21 high responders (higher levels of corticosterone and
more anxious-like behaviour in the EPM) and 27 low responders
(lower levels of corticosterone and with less anxious-like behaviour),

Figure 1. Control versus stressed animal comparison after chronic exposure to stress: (a) corticosterone levels as measured at day 21 of stress
(significant difference where **** denotes Po0.0001); (b) time spent on the open arms of the elevated plus maze (significant difference where
* denotes P= 0.033); (c) clusters of decreased grey matter volume in the stressed animals obtained through voxel-based morphometry (VBM)
in blue (voxel-level threshold P-uncorrectedo0.005, cluster size4300 voxels); (d) network of increased functional connectivity in the stressed
animals as calculated in network-based statistics (NBS; connection-level threshold P-uncorrectedo0.005, networks were significant at
Po0.05, family-wise error (few) corrected), nodes and edges colour coded according to statistical strength (t-value); (e) mean modulated grey
matter values within the affected areas, where **** denotes Po0.0001, (f) mean connectivity within the significant network, where ****
denotes Po0.0001.
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with significant different levels of corticosterone (t=4.50, d.f. = 25,
P=0.0001 and h=6.61 95% CI= (4.53–8.28), Figure 2a) and time
spent in open arms of the EPM (t=2.12, d.f. = 25, P=0.044 and
h=2.95 95% CI= (1.77–3.93), Figure 2b). For a side-by-side compar-
ison of all three final groups please see Supplementary Figure 1.
Restricting the analysis to the subjects who underwent the

stress protocol in set one and comparing the brain structure of
high and low responders after 21 days of stress, we found a global
atrophy in several brain regions, including: ventral orbital cortex,
primary somatosensory, retrosplenial and temporal associative
cortices, the hippocampal formation, the ventral tegmental area
(VTA, paranigral), the hypothalamus (dorsomedial), sensitive
trigeminal nucleus and the pontine reticular nucleus regions
(parvicellular) (Figures 2c and e; see Supplementary Table 2b for
full list of significant FWE-corrected clusters).

When comparing the functional connectome of the high and
low responders, we found a network composed of 11 nodes
displaying increased functional connectivity in the high respon-
ders (d.f. = 18, P= 0.044, h= 1.68 (1.52–1.82), 10 connections;
Figures 2d and e; statistics available in Supplementary Table 2)
that can be further subdivided into two main sub-networks. One
of these sub-networks has a hub in the right thalamus (no. 44) and
is connected with brain stem nodes such as the PAG (no. 31) and
ventral tegmental area (no. 42), but also with the subiculum (nos.
26 and 35). Another network has a hub on the subiculum (no. 26)
and is linked with the ipsilateral cingulum (no. 4), dorsomedial
striatum (nos. 22 and 62) and hippocampus (no. 10). Interestingly,
the latter displays increased connectivity with the ipsilateral visual
cortex (no. 59). Contrasting with the previous comparison, the
affected edges in this network are mostly short-range connections

Figure 2. Low- versus high-responder animal comparison after chronic exposure to stress: (a) corticosterone levels measured at day 21 of
stress (significant difference where *** denotes P= 0.0001); (b) time spent on the open arms of the elevated plus maze (significant difference
where * denotes Po0.044); (c) clusters of decreased grey matter volume in the high-responder animals obtained through voxel-based
morphometry (VBM) in blue (voxel-level threshold P-uncorrected o0.005, cluster size 4300 voxels); (d) network of increased functional
connectivity in the high responders as calculated in network-based statistics (NBS; connection-level threshold P-uncorrected o0.005,
networks were significant at Po0.05 family-wise error (few) corrected), nodes and edges colour coded according to statistical strength (t-
value); (e) mean modulated grey matter values within the affected areas, where **** denotes Po0.0001; (f) mean connectivity within the
significant network, where **** denotes Po0.0001.
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between posterior (cortical and sub-cortical) and medial thalamic
areas (statistics for the comparison of connection length distribu-
tion available in Supplementary Table 5 and Supplementary
Figure 2).

Temporal dynamics in stress-induced changes
To test the longitudinal temporal dynamics of the stress-induced
shifts in brain volumes and in the functional connectome between

high and low responders to stress, using the second set of
animals, a mixed design analysis of variance was performed with
time as repeated measures within-subject factor (days 0, 7 and 21),
and cluster (high and low responders) as between- subject factor.
Between days 0 and 7, at the structural level, we found a trend for

decreased volumes in the raphe nuclei (paramedian), but increased
volumes in the precuneiform and cuneiform nuclei, and in the
isthmic reticular formation (Figure 3a; full list of significant FWE-
corrected clusters is available in Supplementary Table 2c and d).

Figure 3. Results from the interaction between response cluster (low and high responders) and stress duration (a, c between days 0 and day 7;
(b, d) between days 7 and 21). (a, b) Clusters of grey matter displaying different volume changes obtained through voxel-based morphometry
(VBM). Clusters with increasing volumes in high responders compared with low responders are presented in red, and decreasing volumes in
blue (voxel-level threshold P-uncorrected o0.005, cluster size 4300 voxels). (c, d) Network of altered functional connectivity as calculated in
network-based statistics (NBS; connection-level threshold P-uncorrected o0.005, networks were significant at Po0.05 family-wise error (few)
corrected), nodes and edges colour coded according to statistical strength (F-value). Increasing connectivity in high responders when
compared with low responders is coloured in red (days 0 to 7), and decreasing connectivity in blue (days 7 to 21). (e) Box plot of mean,
minimum and maximum connectivity change within the significant networks of (c, d) from days 0 to 7 to 21 relative to the day 0 mean. Mean
network changes were significant at day 7 (where ** denotes Po0.0001) and day 21 (where * denotes Po0.042).
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In terms of functional connectivity, we found a network where high-
responders showed increasing connectivity, whereas low-responders
displayed a very small decrease (d.f. = 1,18, P=0.010, η2 =0.20±0.04
(0.18–0.21), 16 connections; Figure 3c; all statistics available in
Supplementary Table 3). In this network, there were 14 nodes that
presented significantly affected edges, with important hubs in the
retrosplenial (nos. 14 and 60), somatosensory cortices (nos. 7, 13 and
15) dorsolateral striatum (no. 23) and hippocampus (no. 32). Of
notice is the increased connectivity between PAG (no. 31) and
cingulate (no. 3), and between the hippocampus (no. 32) and raphe
regions (no. 51).
In contrast, between days 7 and 21, there was a widespread

reduction in the volumes of the ventral orbital cortex, hippocampus,
lateral posterior hypothalamus, substantia nigra (reticular), nucleus
interpeduncular and VTA, sensitive trigeminal nucleus and the pontine
reticular nucleus regions (parvicellular) (Figure 3b; all significant FWE-
corrected clusters are available in Supplementary Table 2e). As for the
functional connectome analysis, a significant network was found with
decreasing connectivity in high responders that matched with a small
increase of connectivity in low responders (d.f. = 1,18, P=0.004,

η2=0.19±0.05 (0.18–0.21), 19 connections; Figure 3d; all statistics
available in Supplementary Table 3). Most significant changes occur in
cortical nodes of primary somatosensory cortices (nos. 15 and 27) and
their connections to retrosplenial regions (nos. 14 and 60) and to VTA
(no. 42) and thalamic regions (no. 52); there is also a strong
involvement of prelimbic region of the medial prefrontal cortex (no.
45), thalamic (no. 46), habenular (no. 52), hippocampal (nos. 19 and
20) and PAG (no. 31) nodes. Also of note is the decreased connectivity
between hippocampal regions (nos. 19 and 20) and sensory and
insular cortices (nos. 23 and 53), as well as between the pontine
reticular/subcoeruleus region (no. 43) and the retrosplenial cortex (no.
60). Again, we have an involvement of the frontal cortical areas with
long-range connections to posterior areas, although in this case
thalamic and hippocampal regions also display a role as can be seen
through the presence of more of these nodes and its increased
centrality. In Figure 3e we plot the mean network changes from day 0
to day 7 to day 21 revealing that despite the two opposing directions
of results, this effect is much stronger in the first week and revealing a
mean functional connectivity increase in high responders at day 21
relative to day 0.

Figure 4. Comparison between animal category (low and high responders) at day 0 (a, b) and day 7 (c, d). (a, c) Network of altered functional
connectivity as calculated in network-based statistics (NBS; connection-level threshold P-uncorrected o0.005, networks were significant at
Po0.05 family-wise error (FWE) corrected), nodes and edges colour coded according to statistical strength (t-value). Decreasing connectivity
in high responders when compared with low responders is coloured in blue (day 0), and increasing connectivity in red (day 7). (b, d) Mean
connectivity within the network between animal categories (where **** denotes Po0.0001 in both).
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Performing the same comparisons with control animals in place
of the low responder yielded very similar results (see
Supplementary Figure 3 and Supplementary Tables 6 and 7 for
all clusters and statistics).

Predictive markers of the response to stress
To test whether the maladaptive response to stress is purely
developed during the stress exposure, or whether there are some
predictive markers that allow the early identification of vulnerable
individuals, independent sample t-tests were done at days 0 and 7
between high and low responders.
At day 0 we found a network surviving a connection threshold

of Po0.0075, where the high responders have lower connectivity
than the low responders; this network is composed by 15 nodes
(d.f. = 18, P= 0.042, h= 1.66 ± 0.22 (1.57–1.76), 9 connections;
Figures 4a and b; see Supplementary Table 3 for all statistics)
and includes midbrain PAG (no. 31), median raphe regions (no. 51)
and thalamic and hippocampal regions (nos. 20, 38 and 46).
In contrast, at day 7, there was a network of increased

connectivity in the high responders (d.f. = 18, P= 0.027,
h= 1.48 ± 0.78 (1.17–1.80), 12 connections; Figures 4c and d; see
Supplementary Table 3 for all statistics) that involves connections
between hypothalamic (nos. 34 and 56), thalamic (nos. 44 and 46)
and habenular (no. 52) nodes, but also between these regions and
the cingulate/prelimbic cortex (no. 17), the amygdala and piriform
cortex (nos. 29, 39 and47), the hippocampus (no. 19) and the
septum (no. 33). Interestingly, this network mostly involves areas
that are known to be critical for the stress response. No significant
volumetric variations between high and low responders at day 0
were found.

DISCUSSION
The current work, using voxel-based morphometry, reveals that
several brain regions become atrophic after prolonged stress
exposure, including numerous cortical areas, the hippocampus
and the bed nucleus of stria terminalis. Voxel-based morphometry
analysis involve a voxel-wise comparison of the local grey matter
concentration. The exact nature and association of these
mesoscopic grey matter modifications with neurological and
psychiatric dysfunction are still a matter of debate but, generally,
variation of grey matter concentration is interpreted as cell size
modification, neural or glial cell genesis/apoptosis, spine density
or blood flow modifications.16,17 Our findings are in line with
previous studies assessing the morphological impact of stress in
the rat brain.28,33–35 Previous histopathological studies show that a
chronic exposure to stress reduces dendritic arborization and
synapse density in many of these brain regions, as well as
neurogenesis within the hippocampus.22,36,37

The next step of our analysis provided another insightful, and
biologically more relevant, view of the impact of stress upon the
central nervous system. Discriminating between resistant (low
responders) and vulnerable (high responders) subjects to a
biological challenge is of the utmost importance, but most studies
fail to undertake such contrast. The strategy of dividing stressed
animals into two groups that display a high versus a low response
to stress, based on a composite with behavioural-endocrine
measurement, allowed to distinguish the networks, and the nodes,
that are critical for such differential response.
This subsequent analysis revealed that some of the stress-

induced changes (for example, in the hippocampus) were similarly
present in high and low responders, but other changes such as
those in the orbital cortex, the VTA, the hypothalamus and the
pontine reticular nucleus were specific to high or low responders,
suggesting that these areas might be critical for determining a
differential response to stress. Interestingly, a previous study
described the VTA as a critical node for such maladaptive

response to stress, where increased phasic firing of dopaminergic
neurons in the VTA was found to be a key factor in determining
susceptibility to depression under a social defeat protocol,38

suggesting a role in passive resilience to stress.2 Although no
structural alterations were previously reported in this context, our
results corroborate the important role of this structure. Impor-
tantly, alterations in gene expression in the VTA and nucleus
accumbens suggest the existence of secondary mechanisms of
resilience in these areas that may explain why antidepressants
promote adaptations.39,40

From the dynamics perspective, the longitudinal analysis of
voxel-based morphometry data revealed two different progres-
sion patterns marked by small opposite volumetric variations in
brain stem nuclei after the first week of stress exposure, with
trends for a decrease in the raphe and for an increase in
precuneiform and cuneiform nuclei, and in the isthmic reticular
formation. Such pattern is followed in subsequent weeks by a
reduction in the volumes found in the previous comparison with
the addition of the substantia nigra (also a key area of the
dopaminergic system), the nucleus interpeduncular and sensitive
trigeminal nucleus. These shifts reveal the dynamics of the stress
response in terms of structural alterations, and reveal a progres-
sion pattern that is mechanistically relevant to understand the
causal effects of stress exposure in the whole brain.
Our second dimension of analysis was based on resting-state

functional connectomics. This innovative approach allowed us to
reveal a network of increased connectivity after stress that
includes connections between brain stem and cortical regions,
as well as widespread thalamic connections (with the hippocam-
pus, amygdala, prelimbic, insular and retrosplenial cortices),
highlighting the role of thalamic regions as a hub in the shifts
of connectivity after stress exposure. The increased connectivity
might seem a paradoxical result, given that stress exposure is
typically viewed as leading to decreased complexity of neuronal
connections. Nonetheless, this decrease may result in a reduced
specificity and segregation of the networks, and in an overall
increase of the synchrony of the signals, a tendency observed in
other studies where stress was also found to increase functional
connectivity.25,26

Comparing different responders to stress, our analysis revealed
a hub in the right thalamus, exhibiting an increased connectivity
to brain stem nodes such as the PAG and ventral tegmental
nucleus, but also with the subiculum and entorhinal cortex.
Dendritic remodeling of parts of the thalamus have previously
been associated with increased anxious-like behaviour in stressed
animals41 but, to the best of our knowledge, this is the first to
report on the key role of this area in mediating the response to
stress. In turn, the right subiculum and entorhinal cortex display
stronger links with the ipsilateral cingulum, caudate and
hippocampus. Connections between the entorhinal cortex and
the hippocampus have been shown to play a key role in
neurogenesis in the dentate gyrus42 under the modulatory
regulation of glucocorticoids, and anti-depressants are known to
improve neurogenesis in the hippocampus by reducing the
synchronicity between these regions,43 an idea supported by our
results.
The study of the longitudinal dynamics in the functional

connectome between high and low responders to stress exposure
also revealed two contrasting events. In the acute phase (days 0to
7) of the stress response, high responders display an increased
connectivity in a sub-network that recapitulates well the described
acute stress response networks.44 In contrast, later in the stress
exposure (days 7 to 21), even though there is a decreased
connectivity in a similar sub-network in high responders, this does
not reach the levels of low responders, revealing that the shift to
maladaptation to stress results from a faster and more intense
initial activation of these networks. Also of note across the
functional results is the presence of areas responsible for stimuli
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processing, from somatosensory to the visual cortex. Although
these areas are not commonly studied in stress, our results seem
to indicate that the way that these animals perceive the stressors
may be altered through an exacerbation of these circuits.
Comparing the temporal dynamics of the functional and

structural alterations, our results seem to point to an interdepen-
dence of effects. Considering the changes found during the first
week, it seems that the initial changes predominantly occur at the
functional level, with increased connectivity within a functional
network constituted by several regions commonly related to
stress. Such a functional response eventually triggers comple-
mentary anatomical alterations in key regions, such as the
orbitofrontal cortex and raphe nucleus, that are important in the
regulation of the serotonergic system, thus further consolidating
the functional alterations at day 21.
Finally, in a retrospective analysis, we decided to search for

predictors of differential response to stress. We found, before
the start of stress exposure, a functional network where high
responders had lower connectivity than low responders, that
includes links between mesencephalic reticular regions, pontine
raphe regions and thalamic and hippocampal regions. In contrast,
later at day 7 of the exposure to stress, we also found that high
responders displayed higher connectivity mostly in limbic
connections that are known to be critical targets of the stress
response, with a focus on the connectivity of the hypothalamus
and thalamus with the infralimbic/prelimbic cortices, the amyg-
dala and piriform cortex, the hippocampus and the septum. These
findings, especially at day 0, are also consistent with previously
published results describing the predictable relationship between
anxiety and exploratory behaviour with the development of stress
vulnerability.12–14

It is important to consider that all the functional data presented
here were obtained under anaesthesia. Although we controlled for
the effects of variations, isoflurane is known to act as an overall
inhibitor of neuronal activity and synchronicity, as measured by
functional MRI. These may reduce the effects observed, as more
subtle changes may be found if these experiments were
conducted in awake rats or during tasks.
In conclusion, the present study reveals a profound impact of

stress in the brain that results from two waves of changes, with an
inflection point around 1 week after the beginning of the stress
exposure (see Supplementary Video where we display first the
overall alterations resulting from the comparison of controls and
stressed animals, followed by all the differences in the temporal
evolution of the low and high responders from days 0 to 21). This
inflection point could play an important role in how stress-
associated psychiatric conditions are treated, for example, by
allowing tailoring of treatments to specific points in the course of
psychopathological development. More importantly, we were able
to distinguish the neuromatrix of subjects displaying distinct
responses to stress and highlight the critical role of the VTA,
thalamus and entorhinal cortex in the establishment of a
maladaptative response to stress, an interesting avenue to
investigate for future pharmacological intervention and therapeu-
tic innovation in psychiatry. Finally, we identified several
signatures, namely reduction in connectivity between mesence-
phalic reticular, pontine raphe, thalamic and hippocampal regions,
which may work as potential a priori markers of vulnerability to
the harmful effects of stress, serving as likely translatable aids for
early diagnosis of stress related brain pathologies.
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Supplementary Information 

Chronic Unpredictable Stress paradigm - Chronic unpredictable stress-exposed group of 

animals was submitted to 21 days of stress and compared to non-stressed controls that were 

gently handled for the same period (Cerqueira et al., 2007). Briefly the chronic unpredictable 

stress paradigm consisted in the exposure to one of the following aversive stressors once a day 

at an unpredictable time during the light phase of the light/dark cycle: restrain (one hour), cold 

water (18ºC, for one hour), exposure to a hot stream of air (15 minutes), shacking (15 

minutes), overcrowding (one hour) and during the weekend the light cycle of the room was 

inverted. This protocol was previously proven to result in chronic hypercortisolism, along with 

reduced weight gain during the stress period, increased adrenal glands weight and atrophy of 

the thymus (Sousa et al., 2000).  

Corticosterone quantification - Blood was collected from stress and control animals on the 

day before an MRI acquisition, at nadir phase (08:00 AM). Blood was collected through the tail 

by venopuncture within a maximum of 60 seconds after the animal is taken out of its home 

cage until the end of blood collection. Sera were separated by centrifugation at 13000 r.p.m. 

for 15 minutes and stored at -80ºC.  Serum corticosterone levels were assessed by ELISA 

immunoassay using a commercially available kit (Corticosterone Immunoassay®, Enzo Life 

Sciences, Farmingdale, NY, USA). 

Elevated plus maze - Anxious-like behavior was assessed using the EPM (Walf et al., 2007). 

Animals performed EPM after 21 days of exposure to stress together with respective controls. 

Briefly, rats were placed in the hub (10 cm x 10 cm) of a plus shape maze elevated 50 cm 

from the floor, with two opposing open bright (10 lux) arms (40 cm x 10 cm) and two opposing 

closed dark (4 lux) arms and explored freely the maze for five minutes. Time spent in the open 

arms was used as a parameter of anxiety. 

Preparation for scanning - Animals were anesthetized using Isoflurane (as in other studies 

(Henckens et al., 2015; Zhou et al., 2014)) at 5% concentration with a 1/1 mix of air and O2 

and placed on a MRI compatible water heated bed with a breathing mask circulating the same 

gas mixture and fixed with teeth and ear bars. After placement the Isoflurane level was reduced 

and maintained at 2%. During acquisitions the breathing rate and body temperature were 

monitored using SAM-PC monitoring software from SAII (http://www.i4sa.com). 
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Isoflurane is a worldwide used volatile anesthetic agent known to enhance GABAA and glycine-

mediated inhibition as well as dopamine releasing and glutamatergic and serotoninergic 

neurotransmission decreasing. In other hand, isoflurane is also well known to induce 

bradypnea, hypotension and reduced CMRO2 within the brain (A systematic review of 

physiological methods in rodent pharmacological MRI studies). Taken together, all these 

changes could modify brain functioning, BOLD fluctuations and affect functional connectivity 

analysis. Therefore, a sustained effort to keep animals under similar level of anesthesia based 

on breathing (70-80 BPM) has been done all experiment long to ensure that anesthesia does 

not interfere with functional connectivity analysis 

Rat Brain Template - Anatomical images were segmented and co-registered to an in-house 

anatomical rat brain template (see Fig.S.2). Our high-resolution template (0.09-mm isotropic 

voxels) was created using ex vivo T2*-weighted images acquired from sixteen rats. First, each 

T2-weighted image was segmented into probability maps of grey matter (GM), white matter 

(WM), and cerebrospinal fluid (CSF) using SPM8 (http://www.fil.ion.ucl.ac.uk) unified 

segmentation approach (J. Ashburner et al., 2000) and GM, WM and CSF rat brain tissue 

priors (Valdes-Hernandez et al., 2011). Second, we applied, to tissue class images, a 

diffeomorphic anatomical registration using exponentiated lie algebra (DARTEL) approach, 

which is an automated, unbiased, and nonlinear template-building algorithm (John Ashburner, 

2007). This resulted in 1) an anatomical template used for all registrations (see Supplementary 

Figure 4 for an overview of the template) as well as 2) a new set of tissue priors.  

Voxel-Based Morphometry: data pre-processing - Voxel-Based Morphometry (VBM) data 

were pre-processed with SPM8 and SPMmouse (v1.1, http://www.spmmouse.org/). First, 

each anatomical RARE image was registered to our stereotaxic space (rat brain template) using 

SPMmouse. Then, each image was bias corrected and segmented into GM, WM, and CSF 

probability maps using SPM8 and our prior’s images. Each GM probability map was 

normalized to our stereotaxic space, resampled (1.25mm isotropic) and used to create a more 

study-specific template using DARTEL. Each normalized GM image was finally non-linearly 

warped using deformation parameters calculated by the DARTEL routine and finally modulated 

to correct volume changes occurring during the deformation step. The normalized-warped-

modulated GM images were spatially smoothed with an isotropic Gaussian kernel (6mm 

FWHM) to create gray matter volume maps (GMV). 

Voxel-Based Morphometry: statistic and analysis - SPM8 was used to reveal the 
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temporal and regional changes in gray matter occurring in GMV maps. Using the second level 

analysis of SPM, a flexible factorial model was computed for each time point (day zero, seven 

and 21) to explore the main effect of stress (Controls, Stress, Low-responders, and High-

responders) and the time-by-group interactions. The flexible factorial model of SPM is 

equivalent to a 2×2 mixed-model ANOVA with between-subject factor group and within-subject 

factor condition. Factors included in the analysis were subject, group (Controls, Stress, Low-

responders, and High-responders), and time (day zero, seven and 21). A brain mask was used 

to constrain the analysis within the brain. For each cluster the significance of the peak voxel 

was set as p < 0.005 (t(82) = 2.6371, uncorrected), and the minimum cluster extent set to 

300 voxels. 

Rs-fMRI preprocessing - Processing of fMRI data was done using Matlab and FMRIB 

Software Library (FSL, v. 5.0, http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/). The trigger timing 

information saved by Paravision was used to resample the data and remove the effect of 

varying breathing rates. Pre-processing steps included slice-timing correction, motion 

correction, motion scrubbing and outlier detection, skull stripping and confounding signal 

regression (parameters included were the movement parameters, movement outliers, global 

brain signal and global skull signal). This was followed by a spatial normalization step: the 

most representative subject of the study was determined (as the one that requires the least 

amount of transformations applied); all subjects were normalized to this most representative 

subject using a combination of linear and non-linear normalization and all data was resampled 

to isotropic resolution of 0.5 mm.  Next, spatial and temporal smoothing was applied, with a 

FWHM spatial kernel of 8 mm and band pass filtering between 0.005 and 0.1 Hz (as 

previously described (Lu et al., 2014; Zhou et al., 2014)). Finally to remove the effect of 

possible artifacts, an Independent Component Analysis (ICA) was done for each subject using 

Melodic from FSL and the resulting components visually inspected. The components identified 

as artifacts (see Supplementary Figure 5 for a sample of these artifacts) were selected for 

removal through linear regression (Kelly et al., 2010).  

RS-fMRI data analysis and statistics - Due to excess of movement, poor data quality or 

excess of artifacts nine subjects were further removed from the analysis. The final groups in 

the rs-fMRI analysis consisted of: 33 animals on data set one (20 stressed animals, 11 of 

which low responders and 13 controls); 28 animals of set two (20 stressed animals, 14 of 

which low responders and 8 controls). Statistical testing of the functional data was done using 
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the Network Based Statistics toolbox (NBS, (Zalesky et al., 2010)). To define the networks for 

testing a group ICA was done using Melodic and a set of 170 fMRI acquisitions. Of the 

resulting components those identified as artifacts were excluded and the remaining were 

defined as functional regions of interest (ROI): each component was limited to the 2.5% voxels 

with higher contribution; voxels that were present in more then one ROI were assigned to the 

one on which it presented higher significance. Each ROI was given a name according to the 

Paxinos & Watson rat brain atlas (see Supplementary Table 8 for a list of ROI’s and 

Supplementary Figure 6 for a visualization; (Paxinos, 2013)). The clean time-series of each 

subject of each ROI was extracted and the functional connectivity between each pair of areas 

was calculated as the Pearson correlation coefficient resulting in matrices of connectivity that 

were further Z-transformed using the Fisher transformation. Two different types of statistical 

testing were done in NBS: independent samples t-test, to test the impact of stress (Control 

versus CUS animals at day 21, using set one), to test the effect of the differentiated response 

to stress (high- versus low-responders to stress) and to test the ability do detect early 

differences in the response to stress (high- versus low-responders at day zero and seven using 

set two); a mixed design ANOVA with the stress response classification (high- or low-

responders), as between subject factor with two levels, and assessment day (day zero, seven 

and 21) as within subject factor with two levels (comparing day zero against seven and seven 

against 21), to test the interaction between the factors which translates how the different 

responders to stress evolve along time. As NBS did not support this statistical design it was 

implemented as a new option in the toolbox. To allow the separate interpretation of positive 

and negative effects within the network, effects on the connections were divided into positive or 

negative before the network significance testing. Statistical testing in NBS is done in two steps: 

first the hypothesis is tested at each connection; connections are thresholded at a user defined 

level and the surviving components (interconnected sub-networks) size identified. Permutation 

testing is used to determine the Family Wise Error corrected significance of the network. As the 

authors of the toolbox suggested, we tested three different connections thresholds: 0.0075, 

0.005 and 0.0025. For ease of interpretation and visualization priority will be given to 

presenting the results at 0.005, unless otherwise stated. 5000 permutations were used. 

Visualizations of functional brain connectomes were done using Brain Net Viewer 

((http://www.nitrc.org/projects/bnv; (Xia et al., 2013)). 
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To test whether the affected connectome was topologically different in the similar comparisons 

(the daily transversal effects, or the longitudinal effects), we have compared the length 

distribution of the connections of the significant sub-networks in the comparative tests. We 

compared the connectome length distribution between: the 21 day results test (Control versus 

Stress comparison against Low versus High responders); the interaction results (interaction 

between Low and High responders between day zero and seven against day seven and 21); 

and between the predictive tests (comparison between Low and High responders at day zero 

against day seven). 

Methodological Issues - All of the functional analysis here presented result from data 

acquired in resting-state conditions. Thus our analysis is only revealing “basal” states of activity 

as the animals were under anesthesia. It is relevant to note that different results may be 

obtained under different conditions. In fact, the analysis of the functional connectome in awoke 

rats would be of remarkable interest but it is currently technically challenging. Similarly, the 

choice of anesthetic is known to affect the functional networks (Nallasamy et al., 2011). 

Nonetheless the use of the same protocol for all the animals allows us to reveal the biological 

effects, remaining the question of whether others could be found under different conditions. 

Still, such analysis is very relevant as has been shown in other studies. Another possible issue 

previously raised (Altholtz et al., 2006; Dispersyn et al., 2009; Henckens et al., 2015; Zhou et 

al., 2014) is that repeated scanning and recovery from anesthesia could have an effect similar 

to a stressor. This poses a difficulty in the use of control animals in the longitudinal design, 

however our focus on the comparison of low and high responders in the longitudinal analysis 

allows us to ignore this problem. Furthermore, we have in Fig.S.1 shown similar results to 

Fig.3, showing that our data and analysis seems to surpass this possible defect. 

The tools available to conduct neuroimaging studies also limit the statistical analyses here 

presented. In the comparisons at day 21 an ANOVA including the three groups (controls, high- 

and low- responders) should have been used. However, to answer the specific questions we 

want to address this would require two complex contrasts: a first contrast that would allow us 

to compare the control animals to both stressed groups; a second contrast that would 

compare only the stressed animals. Such tests are not available in the tools used. We have 

instead opted to use two t-tests that should yield the same results. 
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Supplementary Figures 

 

Supplementary Figure 1 Scatter plot of corticosterone (a) and time spent in the open arms of the EPM (b) for 

all animals of each cluster for Control animals, Low- and High-responder animals. 

 

Supplementary Figure 2 Comparison of the spatial length of the affected edges. Resulting from the Control 

versus Stress analysis in grey and the Low versus High responders in black. 
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Supplementary Figure 3 Interaction between control animals and high responder stressed animals and stress 

duration (a, c and e between day 0 and day 7; b, d and f between day 7 and 21): a and b, clusters of grey matter 

displaying different volume changes obtained through VBM. Clusters with increasing volumes in high-responder 

compared to controls are presented in red, and decreasing volumes in blue (voxel-level threshold p-

uncorrected<0.005, cluster size > 300 voxels); c and d, network of altered functional connectivity as calculated in 

NBS (connection-level threshold p-uncorrected < 0.005, networks were significant at p < 0.05 FWE corrected), 

nodes and edges color coded according to statistical strength (F-value). Increasing connectivity in high-responders 

when compared to controls is colored in red (day 0 to day 7), and decreasing connectivity in blue (day 7 to day 

21); e and f, mean connectivity within the network between the stress days and the groups. 
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Supplementary Figure 4 Anatomical template created through DARTEL using 16 ex-vivo acquisitions and 

90µm resolution; 

 

Supplementary Figure 5 Sample artifact components removed from the analysis. Each map is the spatial 

representation of the voxels most correlated with the isolated component (in red); 
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Supplementary Figure 6 Two views of the functional regions of interest used in the functional connectivity 

analysis; 

Supplementary Tables 

Supplementary Table 1 Evolution of total brain volume during the experimentation. Total brain volumes were 

calculated from the sum of grey matter and white matter images from each animal at day 0, 7 and 21. 

Percentage of change was calculated between day 0 and 7 and between day 0 and day 21. Brain growth was 

significantly lower in both Low- and High-responders compared to controls with p < 0.01, calculated in a two way 

ANOVA  

Time 
Controls 

CUS Low-
responders 

CUS High-
responders 

Mean                              
(% of change) 

SEM 
Mean                         

(% of change) 
SEM 

Mean                        
(% of change) 

SEM 

D07 1,210 1,646 0,502 0,690 0,910 1,512 

       

D21 6,808 2,085 2,514* 0,635 1,319* 0,783 

 

Supplementary Table 2 Clusters with significant effects as calculated using Voxel Based Morphometry (VBM, 

voxel threshold = 0.005, cluster size = 300 voxels. p (FWE) - Family Wise Error corrected p value for the cluster; k 

– cluster size; x, y and z – coordinates of cluster peak voxel in mm; label – associated brain region labels 

classified using the Paxinos Watson atlas. a, Clusters with reduced volume on the stressed animals after 21 days 

of stress; b, Clusters with reduced volume on the high responder animals when compared to low responders after 

21 days of stress; c, Cluster with interaction effect between day 0 and day 7, with reducing volume in the high 

responders; d, Clusters with interaction effect between day 0 and day 7, with increasing volume in the high 

responders; e, Clusters with interaction effect between day 7 and 21 with reducing volumes in the high 

responders when compared to low responders. 

p (FWE) k Grey Matter Concentration x (mm) y (mm) z (mm) Peak label 

 a Stress < Control at day 21 
  

0.085 784 

Control: 0,234 (±0,014)  
Stress: 0,191 (±0,006) 
-18,4 % -0.2 -1.5 -6.9 Left IP(A/C/L) 

0.017 1104 Control: 0,160 (±0,017) 
3.5 -2.0 -11.5 Left VCP  
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Stress: 0,123 (±0,007) 
-22,8 % 

0.011 1205 

Control: 0,920 (±0,005) 
Stress: 0,890 (±0,004) 
-3,3 % 7.5 1.8 -3.0 Right Au1 

0.005 1380 

Control: 0,086 (±0,001) 
Stress: 0,067 (±0,003) 
-21,5 % -3.0 -2.1 -10.8 Left Sp5O 

<0.001 16797 

Control: 0,666 (±0,007) 
Stress: 0,642 (±0,002) 
-3,6 % 3.3 6.7 -1.0 Right S1HL/M1 

<0.001 4191 

Control: 0,852 (±0,006) 
Stress: 0,827 (±0,005) 
-3 % -7.1 2.2 -2.8 Left Au1 

<0.001 3042 

Control: 0,974 (±0,003) 
Stress: 0,951 (±0,003) 
-2,4 % 6.5 3.4 -0.4 Right S1BF  

 b High < Low responders at day 21 
  

0.004 1409 

Low CUS: 0,794 (±0,004) 
High CUS: 0,764 (±0,007) 
-3,9 % -4.0 4.6 -9.4 Left RSD/TeA 

0.002 1559 
Low CUS: 0,111 (±0,004 High CUS: 
0,081 (±0,008 -26,8 % -1.9 -0.9 -10.8 Left PCRtA/IRtA 

0.001 1743 

Low CUS: 0,702 (±0,007) 
High CUS: 0,669 (±0,004) 
-4,7 % -1.2 2.5 5.9 Left VO 

0.001 1651 

Low CUS: 0,795 (±0,004) 
High CUS: 0,767 (±0,006) 
-3,6 % 6.7 3.7 -0.3 Right S1ULp 

<0.001 2507 

Low CUS: 0,103 (±0,005) 
High CUS: 0,076 (±0,007) 
-25,7 % 3.3 -1.7 -9.7 Right Pr5VL 

<0.001 2651 

Low CUS: 0,760 (±0,004) 
High CUS: 0,739 (±0,006) 
-2,8 % -3.3 3.3 -4.5 Left DG 

<0.001 2003 

Low CUS: 0,643 (±0,006) 
High CUS: 0,615 (±0,007) 
-4,3 % 5.9 3.7 -8.4 Right TeA  

<0.001 2284 

Low CUS: 0,770 (±0,006) 
High CUS: 0,720 (±0,012) 
-6,5 % 1.5 3.0 6.2 Right VO 

<0.001 5297 

Low CUS: 0,224 (±0,004) 
High CUS: 0,202 (±0,003) 
-9,8 % -1.3 -1.2 -5.4 Left PN 

 c High < Low responders between day 0 and 7 

0.137 693 

Low CUS: 0,114 (±0,004) 
High CUS 0,091 (±0,004) 
-19,9 % 1.1 -1.7 -6.7 Right DRL 

 d High > Low responders between day 0 and 7 

0.135 695 

Low CUS: 0,051 (±0,001) 
High CUS: 0,061 (±0,002) 
20,7 % 2.7 1.9 -7.6 Right PrCnF 

0.610 392 

Low CUS: 0,051 (±0,001) 
High CUS: 0,061 (±0,002) 
20,7 % 1.7 1.5 -8.2 Right isRt 

 e High < Low responders between day 7 and 21 

0.061 850 

Low CUS: 0,693 (±0,008) 
High CUS: 0,632 (±0,010) 
-8,8 % -1.3 3.3 6.5 Left VO 

0.003 1481 

Low CUS: 0,086 (±0,003) 
High CUS: 0,065 (±0,006) 
-23,8 % 3.5 -2.0 -9.7 Right Pr5VL  
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Supplementary Table 3 Comparison of the functional connectomes using NBS for the comparison of control 

and stressed animals and the different low and high responders comparisons. df – degrees of freedom; p – FWE 

corrected network significance; effect size (Cohen’s h and eta squared) - mean±standard deviation and [95% 

Confidence interval] for the network; n - number of surviving connections. 

 df P 
value 

effect size (mean±sd [CI]) n 

Control versus Stress at day 21 31 0.029 h=1.27±0.20 [1.20 1.35] 13 

Low versus High responders at 
day 21 

18 0.044 h=1.68±0.34 [1.52 1.82] 10 

Low versus High responders: day 
0 to day 7 

1 
18 

0.010 η2= 0.20±0.04 [0.18 0.21] 16 

Low versus High responders: day 
7 to day 21 

1 
18 

0.004 η2=0.19±0.05 [0.18 0.21] 19 

Low versus High responders at 
day 0 

18 0.042 h=1.66±0.22 [1.57 1.76] 9 

Low versus High responders at 
day 7 

18 0.027 h=1.48±0.78 [1.17 1.80] 12 

 

Supplementary Table 4 Clustering of the animals. Algorithm converged after four iterations and the k was a 

priori fixed to two. For each cluster we show: the normalized corticosterone score (Cort); the normalized score of 

the open arm exploration time in the elevated plus maze (EPM OA); and the number of subjects in each cluster 

(n). 

k=2 Cluster 1 Cluster 2 
Iterations=4 Cort z=1.04 z=-0.44 

EPM OA z=-0.73 z=0.34 
N 21 (21 stressed; 15 

set 1 and 6 set 2) 
49 (22 control, 27 
stressed; 26 set 1, 23 
set 2) 

 

Supplementary Table 5 Comparison of different significant connectomes lengths distribution. Between: a, the 

Controls and Stressed animals comparison to the Low vs High responders comparison; a, the interaction effect 

0.002 1570 

Low CUS: 0,801 (±0,004) 
High CUS: 0,739 (±0,011) 
-7,7 % -3.0 4.9 -3.1 Left CA1/CA2 

0.099 755 

Low CUS: 0,054 (±0,004) 
High CUS: 0,038 (±0,002) 
-30 % -2.1 -0.9 -10.8 Left PCRtA 

0.003 1485 

Low CUS: 0,804 (±0,007) 
High CUS: 0,652 (±0,010) 
-18,9 % 2.1 2.1 5.6 Left MO 

0.013 1167 

Low CUS: 0,228 (±0,008) 
High CUS: 0,100 (±0,009) 
-56,3 % -1.8 -1.2 -5.2 Left SNR 

0.011 1199 

Low CUS: 0,117 (±0,003) 
High CUS: 0,092 (±0,006) 
-21,2 % 0.0 -1.1 -6.9 IP(A/C/L) 
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between the cluster and day, between day 0 and 7 to between day 7 and 21; c, and the clusters comparison at 

day 0 to the clusters comparison at day 7 . 

 Connection length comparison 

 pvalue lengths - mm t, df 

a 0.035 12.40±1.14 
8.40±0.74 

2.76, 21 

b 0.122 8.92±0.40 
10.38±0.53 

2.13, 33 

c 0.004 5.26±0.37 
8.49±0.57 

3.43, 41 

 

Supplementary Table 6 Clusters with significant effects comparing controls and high responders as calculated 

using VBM (voxel threshold = 0.005, cluster size = 300 voxels. p (FWE) - Family Wise Error corrected p value for 

the cluster; k – cluster size; x, y and z – coordinates of cluster peak voxel in mm; label – associated brain 

region labels classified using the Paxinos Watson atlas. a, Clusters with increased volume on the high responder 

animals between 0 and 7 days of stress; b, Clusters with reduced volume on the high responder animals between 

zero and seven days of stress; c, Clusters with reduced volume on the high responder animals between 7 and 21 

days of stress; 

p (FWE) k x mm y mm z mm label 

a Control < High responder between day 0 and 7 

0.167 655 2.6 0.1 -7.6 Right PTG 

b Control > High responders between day 0 and 7 

0.284 553 1.9 5.8 -2.8 Right M1/M2 

0.001 1897 -2.8 39 -3.1 Left CA3 

0.779 325 -0.3 -0.3 -7.0 Left mRt 
c Control > High responders between day 7 and 21 

0.000 2434 -2.7 3.7 -3.3 Left DG 

0.161 662 3.2 3.4 -2.5 Right DG/CA3 

0.017 1103 2.1 2.1 2.1 Right CPu 

0.343 516 -7.5 0.9 -3.3 Left AuV 
 

Supplementary Table 7 Comparison of the functional connectomes using NBS for the comparison of control 

and High responders. df – degrees of freedom; p – FWE corrected network significance; effect size (Cohen’s h 

and eta squared) - mean±standard deviation and [95% Confidence interval] for the network; n - number of 

surviving connections. 

 df 
pvalue 

effect size (mean±sd [CI]) n 

Control versus High responders: 
day 0 to day 7 

1 
18 

0.008 η2= 0.31±0.07 [0.29 0.34] 18 

Control versus High responders: 
day 7 to day 21 

1 
18 

0.023 η2= 0.24±0.09 [0.21 0.27] 14 
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Supplementary Table 8 Number, coordinates of the centre and name of all 62 functional regions of interest 

(ROI) used in the rs-fMRI connectomic analysis. 

Node Label x  

(mm)({m

m}resemb

le in part 

µ 

y  z 
1 Left Retrosplenial Cortex 0.00 5.60 -4.20 
2 Right Retrosplenial Cortex 0.50 5.60 -5.80 
3 Right Cingulate cortex  0.50 5.40 0.80 
4 Left Cingulate cortex, -0.30 4.70 -1.80 
5 Right Postsubiculum/ Retrosplenial Granular Cortex zona A (RSGa) 3.00 4.30 -7.50 
6 Right Primary and secondary visual cortex 4.30 5.20 -7.00 
7 Left Primary somatosensory cortex -4.20 4.50 0.00 
8 Right Retrosplenial Granular cortex c 0.30 6.40 -4.10 
9 Right inferior colliculus 2.50 3.80 -9.30 
10 Left CA3 hippocampus  -4.30 3.50 -3.00 
11 Left superior Retrosplenial Granular Cortex b  -1.20 5.40 -7.60 
12 Left Retrosplenial Dysgranular Cortex 0.10 6.30 -7.10 
13 Left Primary somatosensory cortex (BF) 5.20 3.90 -1.70 
14 Left Retrosplenial Granular a,  -1.80 4.30 -6.10 
15 Right Primary Somatosensory, 4.10 3.70 2.60 
16 Left Insular Cortex -5.10 1.50 1.40 
17 Left Cingulate Cortex 2 -0.10 3.30 1.90 
18 Right External cortex inferior colliculus 3.40 2.60 -8.20 
19 Left dorsal dentate gyrus of the hippocampal formation -3.80 4.00 -4.10 
20 

different 

20 

Right dorsal dentate gyrus of the hippocampal formation 3.40 4.00 -4.10 
21 Left Accumbens -2.10 0.20 1.30 
22 Dorsal medial Striatum -2.10 3.10 0.10 
23 Posterior lateral Striatum -4.90 1.90 -1.30 
24 Left Parasubiculum -3.90 3.80 -8.80 
25 Right Medial Mammilary nucleus 0.50 -1.30 -4.70 
26 Left Subiculum (parsubiculum) -4.80 2.20 -7.60 
27 Left Primary Somatosensory  -3.80 3.40 3.10 
28 Right Temporal association cortex 6.80 1.90 -5.10 
29 Right Piriform cortex 6.20 -2.70 -3.80 
30 Right Striatum 3.40 1.10 3.90 
31 Right Dorsal Lateral PAG 0.50 2.30 -6.20 
32 Left CA1 (transition dorso-ventral) -5.70 2.90 -5.90 
33 Right Septal nucleus (triangular) 0.60 1.70 -0.50 
34 Left hypothalamus (dorsomedial nucleus) 0.00 -1.60 -2.60 
35 Right Subiculum 5.80 1.90 -7.20 
36 Right Raphe (pallidum/Magnun) nuclei 0.10 -3.00 -10.50 
37 Left Amygdalar nuclei (Ce) -4.30 -1.40 -1.10 
38 Left medial geniculate nucleus -2.90 -1.60 -6.00 
39 Right amygdala (central, BLA nuclei)  4.70 -1.20 -2.00 
40 Right Retrosplenial dysgranular cortex 2.20 5.50 -8.60 
41 Dorsolateral amygdaloid nucleus 5.30 -0.20 -3.50 
42 Right ventral tegmental nucleus  0.50 0.20 -8.20 
43 Left pontine reticular /subcoeruleus -1.30 -1.90 -9.50 
44 Left Ventrolateral Thalamic  -2.10 1.00 -2.70 
45 Right prelimbic cortex 0.00 3.20 4.00 
46 Right posterior thalamic nu 2.50 1.50 -4.70 
47 Left CA1 (Ventral) -5.50 0.10 -6.30 
48 Left Interpeduncular nucleus 0.10 -1.80 -6.80 
49 Right Lateral Accumbens Shell 3.30 -1.30 -1.00 
50 Right Intermedial Entorhinal cortex 6.10 -0.70 -7.00 
51 Right raphe (median (paramedian)pontine reticular nu  0.10 -1.80 -8.30 
52 Right (medial) habenula nuclei 0.20 1.90 -3.80 
53 Right Insular cortex 6.10 0.80 -0.20 
54 Right subcoreleus nu, pontine reticular nu 1.60 -1.80 -9.40 
55 Right Pontine nu 0.20 -3.40 -8.70 
56 Left hypothalamus (para/periventricular/medial preoptic nucleus and 

areas) 

-0.20 -1.50 -1.30 
57 Right Cingulum cortex 1 0.20 5.10 4.00 
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58 Left Retrosplenial Granular cortex a -2.00 4.60 -7.40 
59 Left Primary Visual Cortex -3.70 5.40 -7.40 
60 Right Superior Colliculus 2.10 3.40 -6.30 
61 Left Piriform cortex -5.40 -3.30 -3.40 
62 Left Striatum  -3.00 1.70 1.00 
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Abstract  

Exposure to chronic stress triggers an array of anatomical, functional and metabolic changes within the 

brain, which differs between individuals. The hippocampus is a well-known target of maladaptive stress 

at distinct levels. To capture the stress-induced changes in metabolic and functional connectivity in the 

hippocampus, we conducted a multimodal neuroimaging assessment in animals exposed to a Chronic 

Unpredictable Stress (CUS) model, that were categorized as resistant (Low-responders) or susceptible 

(High-responders) to stress according to their hormonal and behavior responses. 

Stressed (n=25) and control (n=15) rats were investigated using localized 1H MR spectroscopy (MRS) 

and resting-state functional MRI (rs-fMRI) at 11,7T. Functional and neurochemical alterations (and their 

correlations) were examined in regards to a clustering of our animals as High or Low Responders to 

stress.  

Chronic stress led to an increase in GABA/Glutamine (+19%) accompanied with an increase in 

Glutamate/Glutamine (+17%) ratios and a decrease in macromolecules group 1 concentration (-11%) in 

susceptible animals. These changes were also significantly associated with plasma corticosterone 

levels. Neurotransmitter levels were also differently associated with the functional connectivity between 

the hippocampus and the amygdala, piriform cortex and the thalamus in resistant and susceptible 

animals to stress. 

Our observations show that stress induces several metabolomic changes with an overall 

neurotransmitter dysfunction in the hippocampus and that this is stress-response dependent. Through 

their association with fMRI, we reveal how these local alterations are associated with changes in the 

hippocampus neuro-circuitry. 

 

Keywords: MRI, Stress, resistance, susceptibility, functional MRI, NMR Spectroscopy, hippocampus. 
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3.3.1 Introduction 

There are established associations between maladaptive stress and neuropsychiatric disorders, as 

prolonged stress alters the structure, metabolism and function of several brain regions and 

networks(Sousa, 2016). Key to understand how stress may lead to the development of such disorders 

are the concepts of resistance and susceptibility to stress (de Kloet et al., 2005; Fleshner et al., 2011; 

McEwen, 2005; Sousa, 2016), which dictate how a subject is able to cope with the changes provoked 

by stressors and avoid, or not, the detrimental shifts in homeostasis. 

Several studies have previously documented how stress impacts the brain at multiple levels (Anacker et 

al., 2015; Brown et al., 2005; Cameron et al., 1995; Czeh et al., 2001; Dias-Ferreira et al., 2009; Gray 

et al., 2016; Gronli et al., 2007; Magalhaes et al., 2017a; Magalhaes et al., 2017b; Popoli et al., 2011; 

Sousa et al., 2000). Among the techniques that can be used to study the changes in the brain during 

stress exposure, in vivo Magnetic Resonance Imaging (MRI) and Spectroscopy (MRS) stand out as the 

most suitable approaches for the concomitant, non-invasive assessment of brain anatomy, function and 

metabolism. So far, only a few studies (Czeh et al., 2001; Delgado y Palacios et al., 2011; Hemanth 

Kumar et al., 2012; Xi et al., 2011) have used either in vivo MRS to study changes in neurometabolism 

or rs-fMRI (Henckens et al., 2015; Magalhaes et al., 2017a; Nephew et al., 2018) to explore functional 

networks after stress exposure in rodent models. Using MRS, changes in the concentration of N-

acetylaspartate (NAA) (Hemanth Kumar et al., 2012; Xi et al., 2011), glutamate (Delgado y Palacios et 

al., 2011; Hemanth Kumar et al., 2012), glutamine, GABA, taurine and myo-inositol (Hemanth Kumar 

et al., 2012), and N-acetylaspartatyl-glutamate (NAAG) (Delgado y Palacios et al., 2011) have been 

reported in the hippocampus with exposure to stress, as well as in the prefrontal cortex (Hemanth 

Kumar et al., 2012). Other studies have also conducted ex-vivo MRS acquisitions to assess changes 

resulting from the exposure to stress (Knox et al., 2010; Llorente et al., 2012; Perrine et al., 2014). 

However the results presented in these works are often inconsistent, possibly due to the variability in 

the stress and MRS protocols, and only one (Delgado y Palacios et al., 2011) of these studies 

attempted to reveal how the response to stress interacts with such measures. 

The response to stress is variable in distinct individuals. In fact, one of the most interesting questions in 

stress research is the contrast between resistant and susceptible individuals to stress. Herein we used a 

composite combination of the levels of the corticosterone hormone and the time spent in open arms in 

the elevated plus maze (EPM) as parameters to classify rats as high- (susceptible) and low- (resistant) 

responders to stress. To the best of our knowledge, no attempt has been made to measure 

simultaneously, metabolic and functional connectivity alterations in well categorized experimental 
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groups in the context of stress (controls, high- and low-responders to stress). Herein we will build on the 

existing literature by studying the effect of stress on the concentrations of neurotransmitters in the 

dorsal hippocampus, one of the key regions of the brain affected by stress, using MRS and its 

relationship with the functional connectivity as measured through resting state fMRI to better 

understand how different individuals develop distinct responses to stress. 

 

3.3.2 Methods and Materials 

Animal groups and handling procedures 

A set of 40 animals with 8 weeks of age (Janvier, Le Genest-St-Isle, France) was housed in standard 

laboratory conditions (light cycle from 07:00 AM to 07:00 PM; 22ºC temperature and relative humidity 

of 55%) with ad libitum access to food and water, unless otherwise specified by the stress or behavior 

assessment paradigms. Animals were housed in pairs. The 40 animals were divided into two sub-

groups: one with 15 animals as a control group; the other with 25 animals assigned as the 

experimental group. This group was exposed for 21 days to a Chronic Unpredictable Stress (CUS) 

protocol. During this protocol animals were stressed every day with a randomly assigned stressor 

(which included: overcrowding during 1 hour, wet cage with water at 18ºC for 1 hour, restrain during 1 

hour, hot air exposure during 15 minutes and light cycle inversion during the weekend). This protocol is 

known to lead to the development of a stressed phenotype with increased levels of plasma 

corticosterone levels and the development of stress-related behaviors (Magalhaes et al., 2017a). During 

the same period, the control animals were gently handled daily. 

Animal assessment 

Assessment of both groups included behavioral assessment, blood sampling for plasma corticosterone 

quantification and a MR scanning session. Behavior assessment included the Elevated Plus Maze 

(EPM), quantifying the time spent in the open arms (OA) as a measure of anxiety-like behavior (Pego et 

al., 2008). Behavior testing was done in the day after the end of the stress protocol and previous to the 

blood sampling. Blood was collected on the day of the MRI scanning session at 08:00 AM, through tail 

venopuncture in a period of 90 seconds after the animal was taken out of the cage. Centrifugation at 

13000 rpm during 15 minutes was used to separate the sera which was then kept at -80ºC. 

Corticosterone (Cort) levels in the serum were assessed by ELISA immunoassay (Corticosterone 

Immunoassay, Enzo Life Sciences, Farmingdale, NY, USA). 
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MR Data Acquisition 

MRI scanning sessions were performed on a preclinical BioSpec 11.7T scanner (Bruker, Ettlingen, 

Germany) running on Paravision 6.0. A 72 mm diameter volume coil was used for transmission and a 

4-channel phased array surface coil was used for reception. Prior to scanning, animals were 

anesthetized using isoflorane at 4-5% concentration using a 1/1 mixture of air and oxygen. Next, 

animals were placed on a MR compatible mechanical cradle and fixed using bite and ear bars, after 

which isoflorane was reduced to 1–2% to keep the breathing rate close to 70 breaths per minute. Body 

temperature was maintained at 37–38°C using a circulating hot water system. The scanning session 

included the acquisition of a three-shot SE-EPI sequence (TE/TR=17.5/2000ms, 450 repetitions, slice 

thickness of 750 µm, in plane resolution of 375 x 375 µm2, FoV of 24x24x19.75 mm3) and a localized 

spectrum with the LASER (Garwood et al., 2001) sequence (TE/TR=25/3500ms, 128 averages) from a 

18�L voxel positioned at the level of the right dorsal hippocampus. B0-shimming was performed using 

the MAPSHIM Bruker routine leading to typical water line widths of 11–13Hz. Water suppression was 

achieved using VAPOR (Tkáč et al., 1999). A breathing wave trigger was used to reduce breathing 

movement artifacts. EPI data were reconstructed using an in-house developed Matlab (version 7, 

http://mathworks.com) script. 

MR Data processing 

Spectra were analyzed using LCModel (Provencher, 1993) 6.3 and a simulated basis-set. Twenty 

metabolites were considered and the macromolecule baseline was parameterized as described 

elsewhere (Lopez-Kolkovsky et al., 2016). Metabolite concentrations were derived using total creatine 

(tCr= 8 mmol/L) as an internal reference of concentration. Based on the literature, 8 metabolites or 

ratios of-interest were considered for our statistical analysis: GABA and Glutamate (Glu), as well as their 

ratios to Glutamine (Gln) ratios, as an expression of their metabolism, myo-Inositol (Ins), Taurine (Tau), 

N-acetyl-aspartate (NAA), total choline (tCho) and the group of macromolecular resonances visible 

between 0.9 and 1.9 ppm (MM1). The positioning of the voxel and a representative spectrum is 

depicted in Figure 1. 

Processing of fMRI EPI data was done using FMRIB Software Library (FSL, 

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki). Pre-processing steps included slice timing and motion correction, 

motion scrubbing and outlier detection, extraction of the skull from the brain, non-linear registration to 

the in-house developed SIGMA template, spatial smoothing with a FWHM kernel of 8 mm, band pass 

filtering between 0.005 and 0.1 Hz and artifact cleanup using single subject ICA (Kelly et al., 2010). 
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The in-house developed SIGMA functional atlas, which divides the brain into 58 regions of interest (ROI) 

built using a group ICA (Beckmann et al., 2005) and RAICAR (Yang et al., 2008) for component 

validation, was used to analyze the functional data. The signal from each ROI was extracted for each 

subject and the correlation between each ROI and the right dorsal hippocampus calculated and 

normalized using the fisher-z transformation, yielding a measure of functional connectivity (FC) from the 

right dorsal hippocampus to the rest of the brain. 

 

 

Figure 1. On the left, the positioning of the MRS voxel over the right dorsal hippocampus. White mesh represents the rat 

Corpus Callosum, red mesh the CA1 field, blue mesh the CA2 field, green mesh the CA3 field and yellow the Dentate Gyrus. 

The box mesh represents the mean position of the SRMN voxel used for the experiment. On the right, an individual 

metabolic profile acquired from the right dorsal hippocampus, its LCModel fit (in red dotted line) and the contributions from 

our metabolites or resonances of interest. No filtering was applied. 

Clustering 

Using the serum corticosterone levels and the time spent in the EPM open arms, we classified the 

response of these animals in two clusters as previously described (Magalhaes et al., 2017a). Briefly, we 

applied to our biochemical and behavioral data a k-means clustering algorithm with two cluster centers. 

This allowed us to divide the stressed animals between “High” (with high Cort and low OA) and “Low 

Responders” (low Cort and high OA) and investigate their rs-fMRI and MRS data as a function of their 

resistance to stress. 

Data analysis 

Metabolite concentrations were compared first between the two experimental groups (control and CUS) 

and then between the two stress clusters (Low and High responders) using independent samples t-

tests. The metabolites found to be different were further explored via correlation analyses with the 
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individual stress assessment parameters through a Pearson correlation analysis conducted using SPSS 

(v25, https://www.ibm.com/analytics/data-science/predictive-analytics/spss-statistical-software).  

Association between the GABA/Gln and Glu/Gln ratios and the functional connectivity (FC) of the 

hippocampus were explored by testing the interaction effect of the ratios and the response cluster on 

the functional connectivity of the hippocampus between the High and Low Responders groups using 

Matlab. Analysis was done using the General Linear Model using FC as the dependent variable, the 

cluster-by-neurotransmitter interaction as variable of interest and the individual terms as co-variables.  

The normality of all variables was confirmed through its skewness and kurtosis. Three subjects (2 CUS 

and 1 control) were identified as outliers in their behavior scores (diverging by more than 3 standard 

deviations from the group average) and excluded from the analysis. Furthermore, one control was found 

to have spectra with insufficient quality and for that reason was also excluded, resulting in 36 animals 

(23 CUS and 13 Control) used in the first part of the analysis. All raw statistics values, significances 

(with results considered significant at p<0.05), measures of effect sizes (Hedges g) and group averages 

are presented whenever possible. Out of the considered data-set, 4 additional animals were excluded 

from the association between neurotransmitter ratios and FC data due to movement artifacts leading to 

low rs-fMRI data quality, resulting in 32 animals (20 CUS and 12 Control). By default no correction for 

multiple comparisons is presented and a stricter significance threshold of p<0.01 was used. However, 

emphasis was placed on results surviving correction for the Family Wise Error Rate (FWER), correcting 

for the number of connections. Visualization of the altered connections was done using BrainNet Viewer 

(Xia et al., 2013) (https://www.nitrc.org/projects/bvn). 
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3.3.3 Results 

Response to stress 

Comparing the two groups of control and CUS animals, we confirmed the effectiveness of the CUS 

protocol. Increased levels of corticosterone in CUS animals (t-value=5.6, degrees of freedom=30.7, 

p<10-4, with Hedge’s g=1.53; Figure 2a) as well as reduced time spent in the OA of the EPM were 

observed, translating an anxious-like behavior (t=-2.8, d.f.=34, p=0.008, g=0.97; Figure 2b).  

 

Figure 2. Comparison between control and CUS animals with: a, corticosterone levels increased in the CUS animals 

(**p<10-4); b, reduced z score of the time spent in the of open arms for CUS animals (*p=0.008). Boxes represent the 25th to 

75th percentiles and whiskers range from the minimum to maximum values. 

Using a k-means clustering algorithm, animals were divided into two clusters(Magalhaes et al., 2017a), 

with 10 animals falling in each cluster. Our previous observations were confirmed, with the High 

Responders cluster presenting reduced levels of corticosterone (t=6.9, df=34, p<10-4, g=2.40; Figure 

3a) and increased time spent in the OA of the EPM (t=-4.8, df=34, p<10-4, g=1.30; Figure 3b) when 

compared to the Low Responders cluster. 

 

Figure 3. Comparison between Low and High responders to stress with: a, corticosterone levels increased in the High 

responder animals (**p<10-4); b, reduced z score of the time spent in the open arms for High responder animals (*p<10-4). 

Boxes represent the 25th to 75th percentiles and whiskers range from the minimum to maximum values. 

Metabolic changes with stress 

When comparing the metabolite concentrations between control and CUS animals, only the GABA/Gln 

ratio displayed a significant difference (Table Ia). When comparing the metabolites concentrations 
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between High and Low Responders, significant differences for MM1 (survives FWER correction), 

GABA/Gln and Glu/Gln were found (Table Ib). The average spectra for both groups can be found as 

Supplementary Figure 1. 

Table I. Differences in metabolite concentrations in the right dorsal hippocampus between: a, Control and CUS animals; b, 

the clusters of Low and High Responders. Here presented is the t-statistic (t), the test significance (p), mean values for each 

group and a measure of effect sizes (Hedge’s g).  

	 a	Control	vs	CUS	 b	Low	vs	High	responders	

	 t	 p	 mean	

Cntll	

mean	

CUS	

g	 t	 p	 mean	

Low	

mean	

High	

g	

GABA	 -2	 0.06	 2.32	 2.68	 0.68	 -1.24	 0.22	 2.47	 2.71	 0.43	

GABA/Gln	 -2.1	 0.04	 0.71	 0.90	 0.71	 -2.11	 0.04	 0.77	 0.95	 0.73	

Gln	 0.47	 0.64	 3.31	 3.19	 0.16	 1.51	 0.14	 3.36	 2.98	 0.52	

Glu	 0.58	 0.56	 9.57	 9.23	 0.19	 -1.43	 0.16	 9.08	 9.91	 0.49	

Glu/Gln	 -0.59	 0.56	 2.94	 3.13	 0.20	 -2.05	 0.05	 2.87	 3.46	 0.71	

Ins	 0.41	 0.68	 8.11	 8.01	 0.14	 1.48	 0.15	 8.17	 7.82	 0.51	

MM1	 1.13	 0.27	 22.41	 21.51	 0.38	 3.05	 0.004	 22.59	 20.12	 1.06	

NAA	 1.90	 0.06	 10.08	 9.73	 0.64	 0.67	 0.51	 9.90	 9.77	 0.23	

Tau	 0.17	 0.86	 6.41	 6.31	 0.06	 -1.39	 0.17	 6.09	 6.86	 0.48	

tCho	 -0.17	 0.86	 1.08	 1.09	 0.06	 -0.27	 0.79	 1.08	 1.09	 0.09	

 

While testing for the correlation between those significant 

metabolic changes and corticosterone levels across all 

animals, significant associations were found: positives for 

GABA/Gln (ρ=0.43, p=0.008, Figure 4a) and Glu/Gln 

(ρ=0.36, p=0.029, Figure 4b) and a negative association 

for MM1 (ρ=-0.43, p=0.009, Figure 4c). By looking at 

those correlations within each sub-group, stronger effects 

were found for GABA/Gln in the High Responders (ρCtrl-

LowResp=0.09, ρCUS-LowResp=0.18	and	ρCUS-HighResp=0.35). For 

Glu/Gln (ρCtrl-LowResp=0.17, ρCUS-LowResp=0.36	 and	

ρCUS-HighResp=0.14) the association was stronger for the 

Figure 4 Significant associations between corticosterone levels and: a, 

GABA/Gln, ρ=0.43, p=0.008; b, Glu/Gln, ρ=0.36, p=0.029; c, or MM1 

ρ=-0.43, p=0.009. Compact lines represent the overall described 

association while the individual dotted lines represent the different 

groups or clusters. 
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CUS-Low responders. Finally for MM1 (ρCtrl-LowResp=0.12, ρCUS-LowResp=-0.36	 and	 ρCUS-HighResp=-0.19) 

effects, the correlations displayed an opposite direction and the correlation was stronger in Low 

Responders. The individual fits can be seen in Figure 4.  

No significant associations were found between metabolic changes and the time spent in the open 

arms of the EPM. 

Correlation between neurotransmitter levels in the hippocampus and its functional 

connectivity 

First, we tested if stress impacted on the correlation between GABA/Gln ratio in the right dorsal 

hippocampus and its FC. To do this, the product of the ratios with the cluster membership was 

calculated and used as a co-variable of interest and the FC of each connection were used as the 

dependent variable. The data obtained reveals that no associations surviving correction for multiple 

comparisons nor a less stringent threshold of p<0.01. Weaker associations where p<0.05 were found 

for the right posterior thalamic nucleus (node 26), superior colliculus (node 32), right entorhinal cortex 

(node 41) and the right accumbens (node 57). 

Subsequently, we tested in the stressed animals if the correlation between GABA/Gln and Glu/Gln 

ratios in the right dorsal hippocampus and its FC were dependent on the response to stress through the 

interaction with the clustering response group. The statistics for the associations of all connections can 

be found in Supplementary Table I. Significant associations were found (Figure 5a and 5b) between 

GABA/Gln and the response to stress and the connectivity of the hippocampus with the piriform cortex 

(node 3, t=3.71, p=0.002); the left thalamus (node 18, t=3.98, p=0.001, survives FWER correction); 

and the right amygdala (node 34, t=3.01, p=0.008). Other significant associations, with lower effects 

can be found in Supplementary Table I; from these, we should highlight those involving the nucleus 

accumbens, the striatum and the raphé.. 

Noticeably, for the interaction between Glu/Gln and the clustering response to stress, the association 

with FC was also present (Figure 5d and 5e) and very similar to the one observed for GABA/Gln. Again 

stronger associations were found with the piriform cortex (node 3, t=3.17, p=0.006) and the left 

thalamus (node 18, t=2.94, p=0.009). Several other associations with lower significance are presented 

in Supplementary Table I, amongst which is the right amygdala.  

Importantly, an increase in the GABA/Gln and Glu/Gln ratios correlates with an increased FC in High 

Responders, while the opposite happens in Low Responders (Figure 5c and f). 
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Figure 5. Significant associations between GABA and Glutamatergic metabolism and animal response group interactions 

and functional connectivity of the right dorsal hippocampus for: a axial and b sagittal views of the connections with 

significant interactions for GABA/Gln; c, plot of the average network association of each subject for each cluster of the 

interaction with GABA/Gln; d axial and e sagittal views of the connections with significant interactions for Glu/Gln; f, plot of 

the average network association of each subject for each cluster of the interaction with Glu/Gln. We show all connections 

where p<0.05. Connections color coded in “hot” color-map. Brain plots created using BrainNet Viewer. 
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3.3.4 Discussion 

In this experiment we studied, using neuroimaging tools, how chronic stress affects the metabolism of 

the dorsal hippocampus and how these changes correlate with individual behavioral and endocrine 

biomarkers of stress susceptibility. The hippocampus is one of the areas of the brain most affected by 

stress (McEwen, 2002), which is often reflected by structural (McEwen, 1999; Sapolsky, 2000; Sousa 

et al., 2000), but more notably functional (Conrad et al., 1996; Kim et al., 2002; Luine et al., 1994) 

alterations. Our results add further evidence to the body of literature documenting such alterations in 

the hippocampus. 

The exposure to stress triggered a tendency for GABA concentrations to increase in the dorsal 

hippocampus and an opposite trend was observed for NAA. While the first is likely related to 

accumulation of this inhibitory neurotransmitter in the tissue, most likely in the intracellular component, 

the second may translate the impact of stress on the tissue integrity. 

As the response to stress is heterogeneous, we decided to explore these differences in the comparison 

between High and Low Responders, as a proxy for exploring metabolic shifts that may explain stress 

susceptibility. While there were no differences in NAA, GABA or Glu absolute values, the ratio of 

GABA/Gln and Glu/Gln were increased in susceptible animals. More striking, though, was the decrease 

in MM1 in High responders.  

Previous studies on this topic produced contradictory results. Some studies, showed increased 

Glutamate/tCr levels in the ventral hippocampus of anhedonic rats (Delgado y Palacios et al., 2011) 

and increases in GABA levels in the dorsal hippocampus (de Groote et al., 2007) and in the anterior 

cingulate of stressed rats in the absence of any other metabolic changes (Perrine et al., 2014) or 

decreases in NAA in both rats (Xi et al., 2011) and tree shrews (Czeh et al., 2001). Others, though, 

show decreases in the concentrations of glutamate and GABA in similar contexts (Hemanth Kumar et 

al., 2012; Shao et al., 2015). Therefore, our observations do not exactly confirm other previous MRS 

studies of chronic stress in animal models. Hong et al. (2009) did not observe any significant metabolic 

change from the right dorsal hippocampus of rats exposed to a forced swim test paradigm. But those 

spectra were acquired using a longer TE of 144ms oblivious of the short-lived signals from 

macromolecules and J-coupled metabolites such as GABA or Glutamate. Hemanth Kumar et al. (2012) 

detected decreased total NAA, Glutamate, Glutamine and GABA levels in stressed rats from a 

comparable spectroscopic voxel (24µL). However, their spectral decomposition exhibited Cramér-Rao 

Lower Bounds two times larger than our own and most importantly a free-moving macromolecule 

baseline subjecting their study to substantial quantification errors (Xin et al., 2017). In a similar fashion, 
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Shao et al. (2015) also detected decreased levels of Glutamate, Glutamine and NAA from a bilateral 

dorsal hippocampus voxel (137µL) in a rat model of chronic social isolation using an inappropriate free-

moving macromolecule baseline. 

A novelty revealed by our study concerns the MM1 signal, these resonances correspond mostly to 

methylene and methyl resonances from semi-mobile macromolecules (proteins and lipids)(Behar et al., 

1994). Their reduction could be linked to the inhibition of cell proliferation by chronic stress, or to the 

disruption of brain lipidome by chronic stress (Oliveira et al., 2016), namely in ceramide (E. Gulbins et 

al., 2013; Oliveira et al., 2016). Interestingly, changes in ceramide levels have been recently linked with 

adult hippocampal neurogenesis (A. Gulbins et al., 2016; E. Gulbins et al., 2013), and proposed as a 

key pathway for the development of diseases associated with stress, which could help to explain the 

bifurcation between adaptive and maladaptive stress responses.  

By considering GABA and Glutamate ratios to Glutamine as proxies for metabolism in hippocampal 

neurons, we observed relevant associations with plasma corticosterone level, placing emphasis on the 

association of these changes with stress-driven hormonal alterations. Increases in Glutamate turnover in 

the hippocampus have been previously described in the context of a stressed brain (Delgado y Palacios 

et al., 2011; Lowy et al., 1995; Popoli et al., 2011; Venero et al., 1999). Increased extracellular 

glutamate levels have been associated with neuronal atrophy or reduced neurogenesis (Cameron et al., 

1995; Sapolsky, 2000) and as a consequence of glucocorticoid exposure (Stein-Behrens et al., 1994; 

Venero et al., 1999). As glucocorticoids have been shown to lead to a reduced reuptake of glutamate 

(Olivenza et al., 2000; C. H. Yang et al., 2005), and increased excitation of glutamatergic neurons 

(Musazzi et al., 2011), we consider that our observations could reflect an increased de novo synthesis 

of Glutamate combined to a slowed down Glutamate-Glutamine recycling in the context of chronic 

stress. However, given that glutamate may also be an intermediate step in the metabolic pathway of 

GABA metabolism, it is also conceivable that the current changes are mainly due to alterations in 

inhibitory pathways. This is further reinforced by the overlap of FC nodes and connections herein 

observed. 

Of notice, this pattern of increased resting state FC in high responders, linked to metabolic changes, is 

likely to have relevant functional implications. The increase in GABA, likely occurring in the intracellular 

component, may explain the increased in FC in a network centered in the dorsal hippocampus. The 

connections between the hippocampus and the amygdala have been previously described (PitkÄNen et 

al., 2000), as well as their interactions in the context of stress with the amygdala having a key role in 

the modulation of memory formation and learning in the hippocampus(Akirav et al., 1999; Kim et al., 
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2001; Richter-Levin et al., 2000; Roozendaal et al., 2009), and the inhibition or stimulation of the 

amygdala modulates some stress induced memory deficits. Our results suggest that an increased 

metabolism of these neurotransmitters in the hippocampus modulates or is associated with the 

development of a stressed phenotype through an increased synchronization of the two structures.  

The thalamus on the other hand is known for its role as a key relay of information between the different 

parts of the limbic system (Su et al., 1990). In particular the anterior-dorsal nuclei, with which our 

region of interest partially overlaps, are known to project to the hippocampus (Amaral et al., 1980; 

Jankowski et al., 2013; Shah et al., 2012; Wyss et al., 1979), with this connection being, once again, 

thought to be involved in memory formation and retrieval (Aggleton et al., 2010; Dillingham et al., 

2015; Harding et al., 2000). This role has also been tested using fMRI (Stein et al., 2000). We have 

previously reported the role of the thalamus as a central node of functional alterations in subjects 

susceptible to stress (Magalhaes et al., 2017a). The piriform cortex is not an area typically studied in 

stress. Although mainly associated with odor processing (Haberly, 2001; Staubli et al., 1987) this area 

has been shown to have a heterogeneous functioning, especially in its posterior sections where many 

interconnections exist (Litaudon et al., 2003). The function of these posterior areas can be associated 

with processes of integration of information (Calu et al., 2007), in similarity to the thalamus, with which 

it shares strong connections (Ray et al., 1992). In the context of stress this area and its association with 

the amygdala have been suggested to play an important role in the integration of predatory scent 

information and fear conditioning (Kondoh et al., 2016), a process which may be key in determining the 

resistant or susceptible response to stress. When considered together the three areas discussed share 

some commonalities in their relationship with the hippocampus in processes of integration and retrieval 

of fear-related memories. If we step further back into higher order systems, a standout characteristic of 

these results is that they all involve sub-elements of the limbic system, this becomes even more evident 

if we consider some of the other trends present in Supplementary Table I which include the striatum, 

the raphé nucleus and the nucleus accumbens. The limbic system is one of the key mediators of the 

stress response (Morgane et al., 2005), being closely associated with the HPA axis. The raphé and the 

serotonergic system, and its known interaction with GABAergic pathways (Jacobs et al., 1992) and the 

rest of the system may help further explain the triggering of the response to stress. Morgane et al. 

(2005) proposed that the dysfunction of individual elements of the system, such as changes in the 

GABAergic neurons of the hippocampus can lead to extended alterations and dysfunctions across the 

system. Our results seem to be direct evidence of this. 
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This work also presents some limitations that need to be considered. Although we are able to show 

alterations of the limbic system associated with neurotransmitter changes in the response to stress the 

approach here used is unable to establish relations of causality between the different variables 

analyzed. We are still unable to tell if the alterations in the neurotransmitters drive the changes in 

connectivity or vice-versa, or if they are independently driven by a common factor (perhaps 

corticosterone), or the direction of the changes in connectivity. The MRI and MRS acquisitions were 

done during an exposure to anesthesia (albeit light), which may dampen the measurable effects and 

reduce the range of functional and neurotransmitter dynamics. Future studies should seek to do such 

experiments under awake conditions. 

In conclusion, this neuroimaging study reveals how chronic stress affects metabolism in the dorsal 

hippocampus of the rat brain and, for the first time, how such changes interact with the functional 

connectivity of the brain. Overall, our observations are consistent with the body of literature 

documenting the remodeling of the hippocampus within the limbic system following chronic stress 

exposure (McEwen et al., 2016; Mirescu et al., 2006; Sousa et al., 2000).  
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Supplementary Information 

 

Supplementary Figure 1 Average spectra for the Low and High responders (mean±sd, in black), corresponding LCModel 

fit (in red dotted line) and average Glutamate, Glutamine and GABA changes between both clusters.  

Supplementary Table I Association between the neurotransmitter ratio concentration and cluster interaction with the FC 

of the right dorsal hippocampus for every ROI in the MIDAS atlas. Here we report the p-value (with higher significances 

highlighted) and the corresponding t-statistic value. 

	 	 a	GABA/Gln	 b	Glu/Gln	
Label	 #	 p	 t	 p	 t	
Right	Primary	Somatosensory	 1	 0.376	 0.910	 0.497	 0.695	
Right	Cingulate	Cortex	 2	 0.569	 0.582	 0.302	 1.067	
Right	Piriform	Cortex	 3	 0.002	 3.707	 0.006	 3.174	
Right	Primary	Somatosensory		Cortex	(BE)	 4	 0.181	 1.399	 0.152	 1.505	
Left	Posterior	lateral	striatum	 5	 0.073	 1.920	 0.179	 1.404	
Cingulate	Cortex	2	 6	 0.103	 1.728	 0.368	 0.926	
Cingulate	Cortex	3	 7	 0.710	 0.379	 0.528	 0.646	
Prelimbic	Cortex	 8	 0.206	 1.319	 0.466	 0.746	
Right	Temporal	Association	Cortex	 9	 0.410	 0.846	 0.326	 1.013	
Cingulate	Cortex	1	 10	 0.955	 -0.057	 0.973	 -0.035	
Left	Primary	Somatosensory	 11	 0.086	 1.833	 0.296	 1.080	
Left	Primary	Somatosensory		Cortex	(BE)	 12	 0.161	 1.471	 0.185	 1.387	
Left	Pontine	reticulqr/subcoeruleus	 13	 0.079	 1.877	 0.538	 0.629	
Right	Striatum	 14	 0.020	 2.580	 0.275	 1.130	
Retrosplenial	Cortex	 15	 0.956	 -0.057	 0.319	 1.028	
Left	Dorsal	Medial	Striatu,	 16	 0.408	 0.850	 0.277	 1.127	
Left	CA1	(transition	dorsal	ventral)	 17	 0.361	 0.940	 0.348	 0.968	
Left	ventrolateral	thalamic	 18	 0.001	 3.983	 0.010	 2.945	
Left	CA3	hippocampus	 19	 0.171	 1.434	 0.090	 1.805	
Left	Insular	Cortex	 20	 0.165	 1.456	 0.107	 1.708	
Raphe	(pallidum/magnun)	nuclei	 21	 0.030	 2.386	 0.013	 2.781	
Pontine	nuclei	 22	 0.084	 1.846	 0.384	 0.894	
Retrosplenial	Cortex	 23	 0.443	 0.787	 0.141	 1.548	



 156 

Right	Postsubiculum/Retrosplenial	Granular	Cortex	Zone	A	 24	 0.881	 -0.152	 0.864	 0.174	
Right	Subcoeruleum/pontine	reticular	nucleu	 25	 0.022	 2.531	 0.128	 1.606	
Right	posterior	thalamic	nucleus	 26	 0.095	 1.775	 0.076	 1.900	
Left	Amgydalar	nuclei	(Ce)	 27	 0.022	 2.532	 0.050	 2.121	
Right	Medial	Mammilary	nucleus	 28	 0.021	 2.563	 0.607	 0.525	
Left	Accumbens	 29	 0.174	 1.423	 0.357	 0.948	
Right	Lateral	Accumbens	shell	 30	 0.019	 2.598	 0.011	 2.888	
Right	Insular	Cortex	 31	 0.168	 1.444	 0.053	 2.091	
Superior	Colliculus	 32	 0.431	 0.809	 0.063	 2.000	
Right	Subiculum	 33	 0.101	 1.738	 0.185	 1.384	
Right	Amygdala	(central,	BLA,	nuclei)	 34	 0.008	 3.010	 0.049	 2.136	
Right	(medial)	habenular	nuclei	 35	 0.500	 0.690	 0.451	 0.773	
Right	Raphe/Median(paramedian)	pontine	reticular	nu	 36	 0.029	 2.396	 0.158	 1.482	
Left	Interpeduncular	nucleus	 37	 0.446	 0.782	 0.993	 -0.010	
Hypothalams	(para/periventricular/medial	preoptic	nucleus)	 38	 0.147	 1.523	 0.373	 0.917	
Right	Septal	nucleus	(triangular)	 39	 0.423	 0.822	 0.478	 0.726	
Left	dorsal	dentate	gyrus	of	the	hippocampal	formation	 40	 0.507	 0.678	 0.271	 1.141	
Right	Intermedial	Entorhinal	cortex	 41	 0.283	 1.110	 0.349	 0.965	
Right	primary	and	secondary	visual	cortex	 43	 0.492	 0.704	 0.338	 0.987	
Left	subiculum	(parasubiculum)	 44	 0.243	 -1.214	 0.624	 -0.500	
Left	CA1	(Ventral)	 45	 0.549	 0.612	 0.591	 0.549	
Retrosplenial	Granular	Cortex	c	 46	 0.876	 0.158	 0.217	 1.286	
Right	Ventral	tegmental	nucleus	 47	 0.134	 1.578	 0.477	 0.729	
Right	external	cortex	inferior	colliculus	 48	 0.473	 0.735	 0.414	 0.840	
Left	Parasubiculum	 49	 0.876	 -0.158	 0.904	 -0.122	
Dorsal	Lateral	PAG	 50	 0.088	 1.814	 0.173	 1.427	
Left	medial	geniculate	nucleus	 51	 0.128	 1.605	 0.214	 1.293	
Right	inferior	colliculus	 52	 0.366	 0.930	 0.543	 0.622	
Retrosplenial	Cortex	 53	 0.524	 -0.651	 0.725	 0.358	
Left	Piriform	Cortex	 54	 0.558	 0.598	 0.234	 1.236	
Left	Striatum	 55	 0.024	 2.494	 0.074	 1.912	
Left	Retrosplenial	Granular	cortex	a	 56	 0.967	 0.042	 0.843	 0.201	
Right	Accumbens	 57	 0.944	 0.071	 0.849	 0.194	
Left	Primary	Visual	Cortex	 58	 0.726	 0.357	 0.530	 0.642	
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CHAPTER 4 

General discussion, conclusions and future perspectives 
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4.1 Discussion 

In modern society stress is a nearly unavoidable factor and a key trigger and/or exacerbating factor for 

a variety of psychiatric and neurological disorders (Selye, 1955). Ever-changing lifestyles coupled with 

increasing professional and social pressures, as reflected in increasing workloads and rates of burnout, 

have led over recent decades to an increase in the incidence of neuropsychiatric diseases, such as 

depression or anxiety disorder, which have become major health issues (de Kloet et al., 2005; 

Hammen, 2005; Mazure, 1998; Saxena et al., 2014). Understanding the neuronal underpinnings of the 

effect of stress on the brain is essential to improve the associated health outcomes by providing new 

biomarkers for diagnosis, identification of targets for treatment and mechanisms to explain the changes 

occurring in the brain (Sousa, 2016). In addition to the goal of understanding the general effects of 

stress on the brain the field has moved towards exploring the concepts of resistance and susceptibility 

to it (McEwen, 2005; Russo et al., 2012). Individual subjects, when facing similar situations, are known 

to manifest different responses, either adapting and thus avoiding or resisting the noxious effects on the 

system, or not, consequently suffering an accentuated disturbance of homeostasis (McEwen, 2003). 

This emphasis parallels the recent trend in biomedical research directed toward the development of 

stratified or personalized medicine (Hamburg et al., 2010), fitting diagnosis and treatments to the 

unique characteristics of the individual. In this work we strove to understand the basis of the individual 

response to chronic stress, to discover new biomarkers of that response and to elucidate the underlying 

mechanisms. 

Herein, we used multimodal ultra-high field magnetic resonance imaging (MRI) to characterize the 

changes in structure, function under anesthesia and metabolism of rat brains exposed to stress. We 

revealed differences between resistant and susceptible responders to stress using two different 

experimental designs. First, we compared animals with different genetic backgrounds already known to 

respond differently to stress and, second, we studied animals from the same outbred line presenting 

different phenotypes after stress exposure. These contrasting approaches allowed us to explore the two 

primary design strategies used in the field so as to better understand how each may be useful to 

uncover the impact of stress on the brain. The integration of the conclusions able to be drawn from 

each approach within a single research project is a difficult one that requires further consideration.  

The first strategy belongs to the category of what may be called prospective studies. This strategy 

examines populations where an a-priori hypothesis defines the segregation of the groups from the start 

(as in (Castro et al., 2012; Faraji et al., 2017; Hodes et al., 2015; Uchida et al., 2010)). When applying 

this design to study the differences between rat lines F344 and SD (Uchida et al., 2010; Uchida et al., 
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2008) a compromise was made between the power of the analysis and the generalizability of the 

results. Such well-established genetic differences resulting in unique responses may not be easily 

extended to other populations where the interaction with different genetic and environmental factors 

may play a greater role. On the other hand, the study design is more powerful and there is an increased 

likelihood of finding effects. The design benefits from pre-existing knowledge of the magnitude of the 

response differences, thus allowing for an easier definition of the necessary sample size for the study. 

The existence of underlying mechanisms responsible for the differences in response to stress will make 

the existence of measurable effects more likely and reduce the inter-studies variability, leading to 

improved comparability of different research works. This approach can also provide a better opportunity 

than others to establish the causal mechanisms that, step-by-step, drive the ultimate functional and 

phenotypic changes. However, most studies using this strategy are not able to take full advantage of its 

potential. To do this would require one to uncover several more parts of the puzzle, demonstrating how 

the genetic differences drive the changes in white matter diffusion properties and then confirm such 

alterations using a hypothesis driven analysis. Of course, this step-by-step approach is only feasible if all 

the intermediate steps of the puzzle can be observed and tested, which may not yet be possible. As an 

obvious conclusion additional information is still needed for better and more hypothesis driven studies 

to be effective.  

In Chapter 3.1, we revealed how white matter diffusion properties are differently affected by stress in 

these animals, thus providing another important piece of information, with implications for the 

mechanisms of adaptation and resistance to stress. In addition we have shown that independently of 

the response to stress, all animals still manifest some degree of impact from this exposure, visible both 

in the corticosterone levels (Chapter 3.1 Figure 3) and in the white matter properties (Chapter 3.1 

Figure 4). These findings highlight the difference between the total avoidance of the negative impact of 

chronic stress, and the partial resistance to it, hence the choice of the keyword “resistance” throughout 

this thesis. The results here presented in the context of the differential response to stress (Chapter 3.1 

Figure 5) also support the existence of adaptation mechanisms in the resistant strain that protect these 

animals (Russo et al., 2012). Interestingly, the effects uncovered resemble changes found during 

learning processes (Blumenfeld-Katzir et al., 2011; Sagi et al., 2012), indicating these animals may be 

able to develop coping mechanisms to deal with stress exposure - a possible active adaptation 

mechanism; alternatively, and not mutually exclusive, one may consider the existence of brain reserve 

mechanisms in the resistant animals (Katzman et al., 1988; Satz et al., 2011), which may allow them 
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to sustain greater challenges without loss of function and temporarily avoid other negative 

consequences of stress - such mechanism may be coined as a passive mechanism of resistance. 

The second approach described employs a different design, one that does not rely on specific a-priori 

hypotheses to drive the response classification, but depends solely on the final phenotype to segregate 

the groups (as has been previously reported (Benatti et al., 2012; Elliott et al., 2010; Lebow et al., 

2012)). It is of a more exploratory nature and has been primarily employed in the search for new 

biomarkers. Its unbiased character makes it especially well-suited to be paired with multimodal MRI 

studies.This approach shifts the experimental design balance in the opposite direction of the previously 

described strategy. Results are expected to be more generalizable and not a consequence of a single 

dominant factor, as the source of these differences may be the reflection of the interaction of multiple 

genetic and environmental factors. On the other hand, the assessment of the required statistical power 

is harder due to the uncertainty of effect size and the comparatively higher dispersion within the 

response groups. This is partially visible in our results, where a larger dispersion of the levels of 

corticosterone within response group as well as higher overlap between groups can be found in the 

experiments utilizing the second strategy (Chapter 3.2 Figure 2a) compared to the first (Chapter 3.1 

Figure 1b). A direct consequence of this difference is the need for larger groups, thus demanding a 

substantial increase in resources. Another requirement that emerges naturally from this design 

approach is to develop a strategy for classification of the animals into resistant or susceptible groups. 

While some studies apply an investigator-defined threshold to divide the response, we have opted both 

to use a clustering algorithm, which allows us to reduce the use of arbitrary choices that may strongly 

impact the final results as well as to use a combination of factors for the final classification. 

The observed dispersion of the endocrine and behavioral measurements also brings us closer to the 

concept of a spectrum of responses replacing the binary classification (resistant/susceptible), as a 

spread of responses can still be found within the two clusters. A key factor in this push are the 

dimensions used for the classification. We combined endocrine (corticosterone) and behavioral (time 

spent in the open arms of the elevated plus maze) components as markers of stressed behavior. The 

second marker was chosen as it is a dimension typically affected by stress (Gregus et al., 2005; Mineur 

et al., 2006; Pego et al., 2008; Pego et al., 2010). We also recognize there are other dimensions one 

may want to consider that may lead to different classifications, such as markers of social-behavior 

alterations (Anacker et al., 2015; Chen et al., 2015; Elliott et al., 2010), depressive like behavior 

(Bergstrom et al., 2007; Febbraro et al., 2017; Henningsen et al., 2012; Shao et al., 2013; Yang et al., 

2015) and different aspects of memory and cognitive function (Okuda et al., 2004; Reznikov et al., 
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2015; Sousa et al., 2000; Xi et al., 2011). A thorough characterization of all these dimensions might 

yield a more precise classification scheme where the response to stress can be divided into sub-

branches with different overlaps and shared commonalities. Some of these branches may be 

characterized by more resistant or susceptible responses or even a unique susceptibility to specific 

disorders. However, when considering such a large number of dimensions, the sample size of the study 

would also need to grow accordingly, further increasing the resources required, thus making such a 

characterization considerably harder to execute. 

 

This thesis also points to a potentially paradigm-changing technique for classification of the response to 

stress – the imaging biomarkers. If one can determine the specific functional and structural networks, 

as well as the metabolic alterations associated not only with the overall resistance and susceptibility to 

stress, but also with potential sub-groups, it is possible that one might be able to characterize new 

populations with greater precision and accuracy than with behavioral tests. There are two primary 

advantages to adopt such strategy. First, tools such as MRI are expected to be characterized by 

reduced measurement error when compared to the traditional behavioral assessment, thereby 

improving the precision of the classification. In the context of the work presented in this Thesis one 

should expect to be able to image new animals and, by measuring the average FC of the network found 

to be different between the groups of responders (Chapter 3.2 Figure 2d), to be more precise in 

classifying their response. Additionally, it may be feasible to predict the response before any exposure 

to stress using the results of the characterization at day 0 (Chapter 3.2 Figure 4a and b). Second, one 

is able to simultaneously capture all the correlates associated with the different dimensions of the 

response during a single scanning session, thereby reducing the burden of doing a multitude of 

behavioral tests. However, this requires the brain imaging correlates of the different dimensions to be 

characterized and some uniformity of the available methodologies to measure them, goals to which this 

thesis contributed. 

Using the second approach several imaging biomarkers were uncovered, first through an exploratory 

approach and then through a more directed analysis, specifically studying the hippocampus and its 

circuitry. The exploratory analysis revealed different patterns of structural and functional alterations in 

response to stress, some overlapping traditional stress associated regions (e.g. the hippocampus, the 

raphé nuclei or the pre-frontal cortex), as well as others that are not so commonly associated (e.g. the 

thalamus and sensory areas). These findings highlight the usefulness of employing exploratory tools as 

they allow us to not only confirm the relevance of the traditional areas in an unbiased way, but also to 
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reveal others which might not otherwise have been considered. When studying the brain structure a 

VBM analysis revealed widespread decreases in grey matter density in several key regions. While we 

lack support data to detail the cytological changes underlying these alterations, other works allow us to 

point to the dendritic and synaptic remodeling as the likely mechanisms beyond it (Kassem et al., 

2013), which would fit well with some of the known effects of stress (Cerqueira et al., 2007; Cook et 

al., 2004; Magarinos et al., 1995; Sousa et al., 2000). Still, it may be interesting to attempt to 

understand if these alterations will reflect different cellular alterations in different areas of the brain. 

From the functional standpoint, increased FC with stress can be found after chronic exposure, a result 

that matches the trends found in the literature (Henckens et al., 2015; Soares et al., 2013). The exact 

mechanisms responsible for these changes in connectivity are still unknown. While increased FC can 

usually be thought as an increase in the tendency of these regions to work together, it is also possible it 

translates a loss of function, resulting in the reduction of the specificity and segregation of these areas 

and thus increasing its functional connectivity in general. 

When one considers studies with a transverse design one problem when interpreting results, is the 

difficulty in establishing which variable may contribute to drive the observed changes at different time 

points. The second component of our analysis sought to help understand the transition between the 

healthy and stressed brain by tracking the changes longitudinally (i.e. at multiple time-points) in the 

same group of animals, which revealed several interesting patterns. The structural changes found in the 

grey matter of the stressed brain appear to be a consequence of the chronicity stress exposure, as only 

minimal alterations can be found in the first week, while many others arise during the later periods of 

exposure. Functionally the longitudinal patterns are more enlightening, as not only profound functional 

differences are found after just one week of exposure, but also a network with different FC can be found 

before any exposure to stress allowing us to point at these networks as key elements driving the chronic 

response to stress. The network revealed at day 0 (Chapter 3.2 Figure 4a and b), in particular, appears 

to be a credible imaging biomarker which has the potential to help identifying subjects particularly 

vulnerable to stress-associated disorders. It will also be interesting to understand if this network can in 

the future be associated with genetic or exposure differences that may help explain the resistance and 

susceptibility profiles. Looking at this network important indications of its relevance are already evident 

in its nodes as it involves not only several of the areas typically expected to be affected by exposure to 

stress, but also involved in its response, namely the raphé nuclei, the prefrontal cortex and the 

hippocampus. Overall, and in contrast to what was found in the first study, the results here are mostly 

present as alterations in the susceptible animals and do not necessarily provide direct insight into the 
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adaptation mechanisms of the resistant animals. Still, several more aspects of the characterization will 

need to be covered where such mechanisms can be fully uncovered. 

The characterization of longitudinal profiles also enables the identification of critical time points in the 

development of the response to stress, with different patterns of functional and structural alteration 

occurring during the earlier periods when compared to the later. This suggests the utility of using 

different therapeutic strategies during different periods of the exposure to stress, such as intervening 

earlier in subjects suspected to be susceptible. Because during the first week of exposure the functional 

changes have not yet fully translated into structural changes, treatments may be more efficient at 

preventing long term consequences of stress, possibly allowing one to design intervention strategies for 

susceptible subjects. When testing intervention strategies in animal models of disorders such as 

depression (Bessa et al., 2009; Mateus-Pinheiro et al., 2013; Morais et al., 2014), where stress is used 

to induce the phenotype, intervening before or after the inflection point may yield quite different results. 

For this reason, the findings herein presented may be able to contribute to the design of new studies 

testing intervention strategies. It is necessary to acknowledge that the longitudinal characterization 

herein described may be incomplete as only three time points were considered. That said, the study 

has clearly demonstrated the relevance and potential of the approach, supporting the existence of follow 

up investigations. For example a time point with a unique nature is the post-exposure period of 

recovery. It is of great interest to observe whether susceptible animals are able to fully recover and 

match the resistant and never exposed animals, thus helping understand the long-term consequences 

of stress. 

 

Exploratory analyses are extremely useful for bringing new hypotheses to the table and for allowing 

maximal flexibility of interpretation, however more directed approaches are necessary to explore the 

effects found. After having demonstrated altered networks of functional connectivity, it was important to 

dissect the sub-elements of these networks in order to understand how they are modulated and interact 

with one another. Such refinement may benefit from the use of multimodal approaches, where the 

interaction between structural, functional and metabolic biomarkers are studied and causality and 

mediation models may be used in order to understand how these variables relate to each other. The 

last part of our analysis took steps in this direction as it explored how the metabolism of the 

hippocampus and its functional circuits are affected by stress. The hippocampus was chosen because it 

is one of the brain areas most commonly studied in stress (Joels et al., 2009; Kim et al., 2002; 

McEwen, 1999, 2002; Sapolsky, 1985, 2000; Sapolsky et al., 1985), with notorious changes in 
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function (Cerqueira et al., 2007; Sousa et al., 2000; Xi et al., 2011; C. H. Yang et al., 2005), 

metabolism (Holm et al., 2011; Hu et al., 2010), cellular morphology (Magarinos et al., 1995; 

Sapolsky, 2000; Sousa et al., 2000) and neurogenesis (Mateus-Pinheiro et al., 2013; Mirescu et al., 

2006; Morais et al., 2014; Snyder et al., 2011). In our analysis, by combining the MRS and fMRI data, 

we have shown not only that the response to stress is associated with changes in markers of 

neurotransmitter metabolism, but also that these changes modulated differently the functional 

connectivity of the hippocampus to other brain areas. The connections reported, in particular with the 

amygdala, may be directly involved in some stress-induced memory and cognitive dysfunctions. 

Although no relationships of causality or underlying mechanisms have been established that would 

allow us to point exactly to how the neurotransmitters and the localized function affects the functional 

connectivity, the prospect of applying other MR tools to help dissect these interactions is exciting. We 

have shown that the function of the GABAergic system in the hippocampus is altered in our cohort 

(Chapter 3.3 Table Ib), that these changes are directly correlated with increased levels of corticosterone 

(Chapter 3.3 Figure 4a) and with the functional connectivity between the hippocampus and the 

amygdala (Chapter 3.3 Figure 5a, b and c). One might further explore how the change in the reversal 

potential of GABA in the hippocampus due to stress (MacKenzie et al., 2015) affects the local potentials 

and the synchronization with the amygdala with electrophysiological techniques.  

Another area reported to be altered is the piriform cortex, not commonly studied in stress. While a part 

of its function has been associated with information integration, it is also a major area for processing 

olfactory stimuli (Calu et al., 2007; Haberly, 2001). The piriform cortex is not the only area associated 

with the processing of sensory information we found to be affected by stress. FC alterations to the visual 

cortex (Chapter 3.2 Figure 2) and somatosensory cortex (Chapter 3.2 Figure 3) and structural 

alterations in the visual, somatosensory and auditory cortex (Chapter 3.2 Supplementary Table 2) were 

also found. When studying the response to stress most studies emphasize the modulation of the 

autonomic system, the hormonal alterations and how these affect the brain, however these are not the 

first processes involved in the response to stress. The first step must be sensory, i.e. the perception of 

the stressful stimulus. It is therefore possible that the differences in the response to stress may also 

arise from different perception and processing of these stimuli, which will then trigger the response. 

Greater sensitivity to the stressful stimuli may induce faster and stronger responses, leading to an 

accentuated wearing of the system and a more susceptible response. This concept is closer to the idea 

of the existence of susceptibility factors rather than resistance mechanisms, but both concepts may co-

exist and contribute to a differential response to stressors. 
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Throughout this thesis we have, using a variety of complimentary methods, revealed potential 

biomarkers of the response to stress. However, as discussed previously, there are other dimensions of 

the response that must be considered. To enable the comparison with future work, we described the 

methodologies used to conduct our analysis, as well as the supporting resources developed, such as 

brain templates and atlases. These are gathered in the SIGMA resources, developed as a part of the 

project FCT-ANR/NEU-OSD/0258/2012 (also known as the SIGMA project) and include two 

overlapping templates with different resolutions and contrasts and two atlases. The SIGMA resources 

should be useful to all researchers conducting rodent MRI research. We hope that by providing 

overlapping templates with different properties, we will allow researchers to choose the one that best 

suits the study. In comparison to other templates (Kjonigsen et al., 2015; Papp et al., 2014; Valdes-

Hernandez et al., 2011; Wisner et al., 2016) the T2* Sigma template presents significant advantages, 

such as improved contrast to noise ratio, full brain coverage and balanced resolution and anatomical 

detail.  

Complementing the templates there are two different atlases: the Waxholm-Tohoku Sigma anatomical 

atlas, built from two previously existing anatomical atlases, the Waxholm (Kjonigsen et al., 2015; Papp 

et al., 2014) and the Tohoku (Valdes-Hernandez et al., 2011), which divides the brain into 246 different 

ROIs, and a functional atlas dividing the brain in 58 functional regions. The choice of the atlas used in 

an analysis is critical (Magalhaes et al., 2015; Zalesky et al., 2010).  In recent years the subject of atlas 

choice has become more relevant, particularly in human connectomic studies where different 

modalities like functional and diffusion MRI are being used to create new parcellations (Glasser et al., 

2016; Shen et al., 2013). It is hoped that access to these resources will lead to more precise analysis 

by allowing researchers to study effects over more meaningful regions of interest. By providing both 

anatomical and functional atlases as well as the pipelines used to create them we sought to provide 

users with a set of robust tools with which to conduct their research and test their hypothesis. 
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4.2 Conclusions 

The work described in this thesis focused on the use of ultra-high field MRI to study the impact of stress 

on the rodent brain. Although differences between experimental subjects and controls were observed 

and reported, the primary emphasis of the study was the characterization of the attributes associated 

with animals that were resistant and those that were susceptible to stress. From this characterization 

the following points should be highlighted: 

• We described and explored different contrast strategies for studying the response to stress. We 

explored the use of a clustering algorithm using two dimensions of the stress phenotype, 

producing a more complex but more accurate and natural classification. Following this line of 

research, we propose the expansion of such methodologies to more accurately classify the 

response through the inclusion of more biomarkers including imaging ones; 

• We demonstrated alterations in white matter properties using diffusion tensor imaging as a 

function of strain and stress exposure interaction, revealing biomarkers and possible 

mechanisms of the resistance to stress. These alterations most likely reflect plastic or brain 

reserve processes; 

• We observed alterations in the grey matter of rats susceptible to stress in areas such as the 

dorsal hippocampus and the cingulate cortex. These alterations should be associated with other 

cytological alterations previously reported, such as dendritic atrophy; 

• Alterations in the metabolism of two neurotransmitters, Glutamate and GABA, in the dorsal 

hippocampus were found in different responders to stress. This finding most likely suggests a 

stress-induced dysfunction of the GABAergic system, which may justify some of the 

hippocampus functional alterations. Strong decreases on the concentration Macromollecules 

group 1 was also found, possibly a sign of lipid disruption; 

• Networks of altered functional connectivity in different groups of stress responders were found, 

with higher functional connectivity seen in susceptible animals. The chronically disrupted 

network was centered in the right dorsal thalamus and extended to the entorhinal cortex and 

the ventral tegmental area. Changes in functional connectivity of the hippocampus were 

associated with changes neurotransmitter metabolism;   

• Two distinct time patterns of functional and structural changes in the response to stress were 

revealed. This finding may indicate that the early period of exposure is inherently different from 

the later chronic periods. We also identified a network whose functional connectivity differed 
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before any exposure to stress in different groups of responders. Both of these findings suggest 

exciting new possibilities for diagnosis and for intervention strategies; 

 
4.3 Future Perspectives 

The work presented in this thesis is another step towards a more complete understanding of the 

response to stress. It explored the role of ultra-high field rodent MRI in neuroscience research and 

opened new paths for both diagnosis and intervention in human stress-related disorders. As much as it 

has provided new insight into these subjects, it also uncovers new challenges to be addressed. 

Much work lies ahead in the characterization of the response to stress, for which carefully designed 

experiments and research projects will be required. When considering studies which employ a 

prospective design one is attracted by the possibility to more easily establish causal mechanisms 

between the initial known differences and the phenotype of the response to stress. To reach such goal a 

more thorough characterization of these models is required, for example using fMRI and MRS, which we 

have not explored, as well as other assessment techniques and longitudinal designs. Once a thorough 

characterization is achieved and the impact upon the brain is made clearer, hypothesis-driven studies 

may be able to elucidate the mechanisms that connect the triggering factors (e.g. genetic differences) to 

the consequential effects upon the system. Such an approach may bring great value not only to the 

study of the response to stress, but also to the neuroimaging field by providing mechanisms capable of 

explaining system wide alterations measured using the technique. 

When exploring retrospective strategies, much can be gained from the knowledge of the mechanisms 

discovered using complementary approaches, yet different challenges must be faced. One such 

challenge is the issue of how best to classify or stratify the observed phenotype. We have previously 

discussed the possibility of considering more dimensions of the response to stress and of expanding the 

classification to consider a spectrum of responses. However, the usefulness of any expansion must be 

put to the test, critically, to understand if it has any impact in the accuracy of predicting the 

susceptibility to neuropsychiatric disorders. Another challenge is that of understanding whether imaging 

biomarkers identified through this approach can themselves be used to classify the response and if 

such an approach would result in more accurate and precise classifications. Alternatively, might a 

combination of imaging, behavioral and endocrine biomarkers yield better results? To build and 

compare such classification models it would be interesting to explore the use of Artificial Intelligence (AI, 

or Synthetic Intelligence) approaches. AI can be used to explore and optimize different models and 

combinations of biomarkers (using support vector machines, neuronal networks, classification trees, 
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etc.). The use of AI for this purpose will require two things: a selection of input feature (the candidate 

biomarkers, which we and others have begun to provide); and large enough data sets upon which to 

train, test and validate the models (or strategies to build synthetic datasets). 

The imaging biomarkers described in this work will require further validation and reproducibility testing, 

first in rodent models and eventually in humans. The reproducibility of neuroimaging findings has 

recently been heavily scrutinized (Eklund et al., 2016). This has been in large part due to concerns 

regarding statistics thresholds, but also to the variety of data processing pipelines (Carp, 2012; 

Poldrack et al., 2017), so the careful reproduction of these results is essential. The translation of rodent 

imaging results to humans is another crucial challenge that must be addressed. It is our hope that 

using an assessment technology that can be used in both species will facilitate the transfer of 

knowledge. For example, it would be most valuable to know whether some of the altered functional links 

found in our results may also be altered in certain human populations, such as depressed patients, or 

stressed individuals, through hypothesis driven studies. However this may require more knowledge on 

how factors such as different cytological composition, anatomical organization and static magnetic field 

strength may affect the measurements here described. 

A parallel line of research might seek to understand how one could intervene in these animals to try to 

modulate their response to stress (for which the ability to classify them before stress exposure would be 

critical), while using imaging to characterize the effects. Different intervention approaches may include 

the use of pharmacological intervention. Pharmaco-fMRI studies would not only have the potential to 

help us to understand how the response can be improved, but also to track the immediate drug 

induced functional alterations. Another approach might be the use of stimulation to directly modulate 

the function of the key network nodes, not only testing a still largely underexplored and poorly 

understood intervention approach, but also revealing how local modulation affects the rest of the 

network and shapes brain function. Techniques include deep brain stimulation, which is already used in 

some stress-associated disorders, optogenetics, a tool with widespread applicability in the neuroscience 

field, and focused ultra-sound (FUS) functional stimulation (Gavrilov et al., 1996). FUS is a relatively 

new tool of great potential as it is non-invasive, is fully compatible with simultaneous fMRI acquisition 

and allows for both stimulation and suppression of functional activity. Because the underlying 

mechanisms of FUS stimulation are still largely unknown, much work must also be done on the subject, 

independently of the study of stress. 

The future prospects discussed so far considers only experimentation and modulation in-vivo, however 

interesting possibilities also exists in the use of in-silico approaches, through the use of computational 
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modeling to simulate brain function (Deco et al., 2014). The study of the brain connectomics has over 

the last few years advanced greatly, revealing brain-wide functional and structural alterations using 

either network (Zalesky et al., 2010) or graph theory analysis (Rubinov et al., 2010). Still, the field 

remains mostly unable to explain how widespread system changes propagate throughout the brain. This 

is reflected in our work. We were able to reveal system wide changes that represent the transition from 

a healthy to a chronically stressed brain, revealing useful and significant biomarkers. We were not, 

however, able to demonstrate the mechanisms connecting local alterations, such as altered function 

due to exposure to increased levels of corticosterone, to changes seen across the entire system. 

Computational modeling may be a way to address this issue. If one was able to accurately simulate 

functional activity and connectivity across the entire system, considering all the structural and metabolic 

constraints, one might be able to simulate the mechanisms that drive the brain-state transitions, be 

they changes in the underlying structural connectivity, in local field potentials, in the coupling strength 

between network elements or other factors. The development of such models in rodents is potentially 

aided by the myriad of data that can be acquired using MRI, but also other imaging tools. This approach 

is being explored in initiatives such as the Human Brain project through the Brain Simulation Platform. 

On the technical side there is much that can be done in the data acquisition and processing pipelines. 

A recurring issue in our EPI data is the various artifacts detected. This problem needs to be better 

addressed in two major fronts: on the acquisition side, where the exact origin of these artifacts (such as 

those associated with the breathing induced movement) can be explored, as well as new sampling and 

reconstruction schemes (some studies have already explored the use of multi-echo EPI acquisitions in 

human studies to address such issues); and on the data processing side where other methodologies to 

detect and filter these artifacts may be applied. In the studies here described our methodologies rely on 

visual inspection and user intervention, which results in a heavy workload and relies on subjective 

choices. Developing precise algorithms capable of automatically detecting such specific patterns can be 

quite hard, however AI algorithms may be better suited for such a classification task. It will also be 

interesting to explore how these artifacts are reflected in the k-space where they may be more obvious 

to detect and easier to clean. Post-reconstruction, when preparing MRI data for analysis several 

improvements can also be implemented. In the processing pipeline there are at least two key steps 

where results are often unsatisfactory. First, the brain extraction step often results in defective masks 

that may need to be manually corrected (an issue that also extends to human studies). Of the existing 

tools SPM segment seems to yield the best results, however it still requires the existence of suitable 

TPM’s and a heavy processing load. We have begun to explore with success the ability of deep learning 
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algorithms to learn how to execute this task (as well as tissue classification (Figure 1)), a strategy we 

hope to further develop in the future. The other critical step that requires improvement is the spatial 

registration step. While satisfactory results have been achieved using FSL’s fnirt tool, this often requires 

the adjustment of individual parameters (such as the warp resolution). It will be interesting to 

understand if AI algorithms will be able to improve this parameter choice, or even take over the entire 

process (possibly through auto-encoders).  

 

Figure 1. Voxel wise classification of rat brain tissue into gray matter (green), white matter (pink) and CSF (blue), using 

SPM’s segment tool (A), and a U-Net neuronal network (B), on T2 weighted EPI acquisitions. The network was trained using 

SPM results as the ground truth. 175 data sets were used: 116 for training, 29 for validation and 30 for testing. Accuracy of 

0.99, specificity of 0.99, sensibility of 0.92 and Dice similarity coefficient of 0.90 were achieved.  

As previously described another important contribution resulting from this thesis was the creation of the 

SIGMA atlas and template resources. We envision expanding both in the future, for example by 

incorporating additional approaches for segmenting functional data, such as using spectral clustering 

(Craddock et al., 2012) or other alternative strategies (Thirion et al., 2014). We will also seek to 

improve our anatomical segmentations by including sub-segmentations of regions such as the 

thalamus, which will need to be divided into sub-units. Finally, we will also explore the creation of an 

atlas of fibber tracts using ex-vivo high-resolution DTI acquisitions. 

All the in-vivo data acquired in this thesis was done under Isoflorane anesthesia, a known depressant of 

the vascular system, which has been shown to impact the BOLD contrast. The logical modification 

necessary to address this issue is to conduct studies with awake animals, a subject which has received 

increasing attention in the field (Desai et al., 2011; Low et al., 2016), or to explore measures not 

dependent on the brain vasculature. Although this may not be suitable for all study designs, fMRI 

studies would potentially benefit greatly from it. However, the interaction between the stress and the 

training protocols would have to be considered, including how exposure to stress may make the training 

more difficult and how the training might make the animals more resistant. 

In sum, there is a lot of work to be done. Let’s do it! 
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